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FISH and AgNor mapping of the 45S and 5S rRNA genes in
wild and cultivated species of Capsicum (Solananceae)
Marisel A. Scaldaferro, M. Victoria Romero da Cruz, Nicolás M. Cecchini,
and Eduardo A. Moscone

Abstract: Chromosome number and position of rDNA were studied in 12 wild and cultivated species of the genus
Capsicum with chromosome numbers x = 12 and x = 13 (22 samples). For the first time in these species, the 5S and
45S rRNA loci were localized and physically mapped using two-color fluorescence in situ hybridization and AgNOR
banding. We focused on the comparison of the results obtained with both methods with the aim of accurately
revealing the real functional rRNA genes. The analyzes were based on a previous work that reported that the
18S–5.8S–25S loci mostly coincide with GC-rich heterochromatic regions and likely have given rise to satellite
DNAs, which are not active genes. These data show the variability of rDNA within karyotypes of the genus
Capsicum, providing anchor points for (comparative) genetic maps. In addition, the obtained information might be
useful for studies on evolution of repetitive DNA.

Key words: Capsicum chromosomes, fluorescence in situ hybridization, AgNOR banding, 5S rRNA genes, 45S rRNA
genes, physical gene mapping.

Résumé : Le nombre de chromosomes et l’emplacement de l’ADNr ont été étudiés chez 12 espèces sauvages et
cultivées du genre Capsicum avec x = 12 et x = 13 (22 échantillons). Pour la première fois chez ces espèces, les locus
codant l’ARNr 5S et 45S ont été localisés sur la carte physique tant par hybridation in situ en fluorescence bicolore
que par coloration AgNOR. Les auteurs se sont concentrés sur les résultats obtenus avec ces deux méthodes afin
d’identifier de manière précise les gènes fonctionnels codant pour les ARNr. Les analyses se sont appuyées sur des
travaux antérieurs qui avaient démontré que les locus 18S–5,8S–25S coïncidaient principalement avec les régions
hétérochromatiques riches en GC et auraient donné naissance à des ADN satellite ne contenant pas des gènes
actifs. Ces données illustrent la variabilité de l’ADNr au sein des caryotypes rencontrés au sein du genre Capsicum,
ce qui fournit une assise pour la cartographie génétique (comparée). De plus, certaines des informations obtenues
seront possiblement utiles dans le cadre d’études sur l’évolution de l’ADN répété. [Traduit par la Rédaction]

Mots-clés : Capsicum chromosomes, hybridation in situ en fluorescence, coloration AgNOR, gènes de l’ARNr 5S,
gènes de l’ARNr 45S, cartographie physique.

Introduction
Capsicum L. (Solanaceae) comprises up to 40 species,

some of which are quite variable (Carrizo García et al.
2013); it is a small genus of the Americas that occurs in
tropical and temperate areas distributed from southern
Mexico to central Argentina. Capsicum has great eco-
nomic significance, as it includes the sweet and hot chili
peppers, vegetables, and spices consumed worldwide. It
comprises exclusively of diploid species with two basic

chromosome numbers, x = 12 and x = 13. The karyotypes
of the latter are more asymmetrical than those of the
former; therefore, they are assumed to be derived (Pickersgill
1971, 1991; Moscone 1990, 1993, 1999; Moscone et al. 1993,
1995, 1996a, 2007; Tong and Bosland 2003; Scaldaferro
et al. 2013), although Pozzobon et al. (2006) hypothesized
that x = 13 is the ancestral basic number of the genus.

In earlier studies, corola color has been utilized in a
practical way to characterize the cultivated species and
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their wild relatives, which were provisionally subdivided
into a “white flower group” (some species exhibit single-
colored flowers, i.e., white, cream) and a “purple flower
group” (pink, lilac, violet; Pickersgill 1991), although dif-
ferent color combinations in lobules, throat, and tube,
and with spots of varying colors, complicates species de-
limitation (Hunziker 2001; Barboza and Bianchetti 2005).
Currently, we also recognize the “yellow flower group”,
which comprises species from Central America and
north-western areas of South America (Moscone et al.
2007; Scaldaferro et al. 2013).

The phylogenetic relationships presented to date pro-
pose Capsicum monophyletic, diploid and including four
clades with two different chromosome base numbers, x =
12 and x = 13 (Sehr et al. 2013). The origin of x = 13 oc-
curred in two independent events, resulting in two sub-
groups of the 2n = 26 species, with the Andean x = 13
group (C. rhomboideum among them) appearing in the
most basal position (Walsh and Hoot 2001; Olmstead
et al. 2008; Guzmán et al. 2009), and clearly related the
Brazilian x = 13 group (C. recurvatum and C. villosum among
them). Then occurred a single phylogenetic return to x =
12 indicated by several, closely following and basal x = 12
clades, e.g., C. flexuosum. They mark phylogenetic steps
towards the speciose x = 12 core complex of the genus
that includes C. pubescens group (C. eximium and C. tovarii
among them), C. baccatum group, and C. annuum group
(C. annuum, C. chinense, and C. frutescens among them; Sehr
et al. 2013).

Physical mapping of 5S and (or) 18S–5.8S–25S (45S)
rRNA genes by fluorescence in situ hybridization (FISH)
provides valuable chromosome landmarks. These land-
marks have proven to be important in understanding the
evolution and diversification of the genus Capsicum (Park
et al. 1999, 2000; Scaldaferro et al. 2006; Kwon and Kim
2009); in the same way these sequences have been widely
employed to study 5S and 18S–25S ribosomal genes local-
ization, chromosome evolution, transgene localization,
rDNA evolution, genetic maps, linkage groups, phyloge-
netic, etc., in many kinds of plants (e.g., Triticeae, Nico-
tiana, Brassicaceae, etc.). As a result, a variation in the
distribution of ribosomal genes has been reported in
numerous studies, e.g, in Nemesia (Datson and Murray
2006), Triticeae (Leitch and Heslop-Harrison 1993;
Dubcovsky and Dvorák 1995), Brassicaceae (Ali et al.
2005), etc.

In Capsicum, FISH revealed the presence of the unique
5S rDNA intercalary locus and one to several 18S–25S
rDNA loci per haploid genome (Park et al. 1999, 2000;
Scaldaferro et al. 2006; Kwon and Kim 2009). The latter
loci mostly coincides with GC-rich heterochromatic re-
gions and likely has given rise to satellite DNAs in some
species of the genus (e.g., C. pubescens; Scaldaferro et al.
2006), thus affecting total genome size (Scaldaferro et al.
2006, 2013; Moscone et al. 2007). Karyotypes of numerous
species of Capsicum were analyzed using fluorochrome

banding, Giemsa C-banding, AgNOR staining, as well as
the localization of rDNAs and telomeric sequences using
FISH (Moscone et al. 1993, 1995, 1996b, 2007; Park et al.
2000; Scaldaferro et al. 2006, 2013). These methods are
important, established tools for cytotaxonomy and de-
lineation of karyotype evolution in Capsicum. Patterns of
heterochromatin distribution has allowed the identifica-
tion of all 20 species of Capsicum examined to date, al-
though some intra- and interspecific variation has been
documented (Moscone et al. 2007; Scaldaferro et al. 2013).

Fluorochrome banding has revealed that GC-rich het-
erochromatin is located mostly at the terminal regions
of some chromosomes and is a common feature of all
species of Capsicum. These GC-rich regions are typically
equivalent to nucleolar organizer region (NOR)-associated
heterochromatin in plants (Moscone et al. 1996a, 2007;
Scaldaferro et al. 2013). The NORs are an evolutionarily
very important but poorly studied component of the ge-
nome of chili peppers.

In the present study, we report the number, size, and
physical mapping of active NORs by AgNOR banding and
the physical mapping of the active and inactive 45S rRNA
genes and 5S rRNA genes by FISH within the karyotypes
of 12 species of Capsicum (22 samples). In addition, we
analyzed the relationships between the active AgNOR
sites and the number and position of 45S sites, and com-
pared the results of both FISH and AgNOR-banding meth-
ods, with the aim of accurately revealing the functional
45S rRNA genes in the genus. A physical map with active
and inactive 45S rRNA genes and 5S rRNA genes of
12 Capsicum taxa chromosomes was constructed.

Materials and methods

Plant material
The provenance of the plant material studied is pre-

sented in Table 1. In the Table and Figures, the species
were arranged, in general, according to their karyotypic
affinities. Voucher specimens were identified by Gloria
E. Barboza and are deposited in the herbarium of Museo
Botánico de Córdoba, Argentina (CORD).

Chromosome preparations
Somatic chromosomes were examined; root tips

(5–10 mm long) were collected and pre-treated with
p-dichlorobenzene-saturated solution in the dark at
room temperature for 2 h, then fixed in a freshly pre-
pared 3:1 mixture (ethanol : glacial acetic acid) at 4 °C for
a minimum of 12 h and stored at −20 °C until use. Chro-
mosome spreads for AgNOR and FISH were performed
after digestion of the material with enzymes (2% cellu-
lase (w/v) (Serva, Heidelberg, Baden-Wurtemberg State,
Germany), 1% pectinase (v/v) at 37 °C for 40 min (Sigma,
Munich, Baviera State, Germany)) (Schwarzacher et al.
1980). The meristems were squashed in a drop of 45%
acetic acid and, after removal of the coverslip with CO2,
slides were air-dried, aged for 1–2 days at room tempera-
ture, and stored at −20 °C until use.
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Table 1. List of species of the genus Capsicum studied, provenance, voucher number, karyotype features, and ribosomal RNA genes mapped by FISH.

Species and voucher No.a Provenanceb 2n
Karyotype
formulac

Ordering no. of
AgNOR-bearing
pairsc

No. of
AgNOR-bearing
chromosomesd

Max.
no. of
nucleoli

No. and position
of rDNA sitese

45S 5S

Capsicum annuum L.var.
annuum NMCA 10272
cytotype 2 (10, 35)

Mexico, unknown place (c) 24 10m+1sm+1st 11 (sm), 12 (st) 4 (15.15%), 3 (42.42%),
2 (36.37%), 1 (6.06%)

4 3 [2 major, 1 small]
(4p; 11–12p)

1 (6p)

NMCA 10544 cytotype 2 (2, 4) Mexico, unknown place (c) 24 10m+1sm+1st 11 (sm), 12 (st) 4 (25%), 3 (75%) 4 3 [2 major, 1 small]
(4p; 11–12p)

1 (6p)

Capsicum annuum var.
glabriusculum (Dunal)
Heiser & Pickersgill NMCA
10955 cytotype 1 (3, 6)

USA, Florida (w) 24 10m+1sm+1st 11 (sm) 2 (83.33%), 1 (16.67%) 2 1 [major] (11p) 1 (6p)

NMCA 10983 cytotype 2 (5, 9) USA, Texas (w) 24 11m+1st 1 and 5# (m) 4 (33.33%), 3 (22.23%),
2 (11.11%), 1 (33.33%)

4 2 [major] (1p; 5q) 1 (6p)

LQ w.no. cytotype 3 (3, 14) Peru, unknown place (w) 24 11m+1st 11 (m) 2 (79.60%), 1 (21.40%) 2 5 [1 major, 4 small]
(1p, q; 4q; 9q; 11p)

1 (5p)

YSG w.no. cytotype 4 (3, 20) Venezuela, Capital
District, Caracas, Quinta
Crespo, bought at the
market place (w)

24 11m+1st 5# (m), 12 (st) 4 (35%), 3 (30%),
2 (25%), 1 (10%)

4 4 [2 major, 2 small]
(5q; 7q; 10q; 12p)

1 (4p)

Netherlands 804750009
cytotype 5 (5, 7)

Netherlands, Nijmegen,
Hortus Botanicus,
Universitatis
Nijmegen (w)

24 11m+1sm 12 (sm) 3 (14.29%), 2 (71.42%),
1 (14.29%)

4 3 [1 major, 2 small]
(7p; 8q; 12p)

1 (2p)

PI 511885 cytotype 6 (4, 5) Mexico, Tepehuán (w) 24 11m+1st 1, 5, and 6# (m),
12 (st)

8 (10%), 6 (20%),
5 (60%), 4 (10%)

4 6 [4 major, 2 small]
(1p; 5p; 6q; 9p, q;
12p)

1 (4p)

PI 511886 cytotype 7 (4, 11) Mexico, Tepehuán (w) 24 11m+1st 1, 2, 5#, and 8 (m) 8 (9.09%), 7 (9.09%),
6 (36.37%),
5 (27.27%),
4 (18.18%)

8 4 [4 major]
(1p; 2p; 5q; 8p)

1 (4p)

Capsicum chinense Jacq. GEB
807 (3, 3)

Brazil, Pará State, Belém,
bought at the market
place (c)

24 11m+1st 7 (m), 12 (st) 4 (67%), 3 (33%) 3 5 [2 major, 3 small]
(2p; 7p; 8q; 12p, q)

1 (6p)

Capsicum frutescens L. GEB,
FC, MM 795 (3, 8)

Brazil, Minas Gerais
Estate, Belo Horizonte,
bought at the market
place (c)

24 11m+1st 1 (m), 12 (st) 4 (50%), 3 (50%) 4 9 [2 major, 7 small]
(1p; 3p, q; 4q; 5p;
8p, q; 9q; 12p)

1 (5p+)
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Table 1 (continued).

Species and voucher No.a Provenanceb 2n
Karyotype
formulac

Ordering no. of
AgNOR-bearing
pairsc

No. of
AgNOR-bearing
chromosomesd

Max.
no. of
nucleoli

No. and position
of rDNA sitese

45S 5S

Capsicum baccatum L. var.
baccatum GEB 163 (10, 48)

Argentina, Salta province,
Capital Department,
Salta, cultivated on
private land (w)

24 11m+1st 1, 3, and 10 (m), 12 (st) 8 (10%), 7 (13%),
6 (38%), 5 (29%),
4 (6%), 3 (4%)

7 15 [4 major,
11 small] (1p; 3p,
q; 4p; 5p; 6p, q;
7q; 8p, q; 9q;
10p, q; 12p, q)

1 (5p+)

var. pendulum (Willd.)
Eshbaugh ‘Cayenne’ EAM
& RN 211 (8, 10)

Argentina, Salta province,
La Viña department,
Osma (c)

24 11m+1st 1, 3, and 10 (m), 12 (st) 8 (40%), 7 (20%),
6 (10%), 5 (10%),
4 (20%)

8 14 [4 major,
10 small] (1p; 3p,
q; 4q; 5p, q; 6q;
8p, q; 9q; 10p, q;
12p, q)

1 (5p+)

Capsicum eximium Hunz. EAM
255 cytotype 2 (5, 12)

Argentina, Salta province,
Capital department,
Salta, cultivated on
private land (w)

24 11m+1sm 7# (m), 12 (sm) 4 (9.09%), 3 (18.18%),
2 (63.64%),
1 (9.09%)

4 6 [2 major, 4 small]
(2–3p; 4q; 7–8q;
12p)

1 (9p)

Capsicum cardenasii Heiser &
Smith Netherlands
904750136 cytotype 1 (5, 9)

Bolivia (w) 24 11m+1sm 7# (m), 12 (sm) 4 (22.22%),
3 (33.33%),
2 (44.45%)

4 8–11 [2 major,
6–9 small] (1p,
or p, p�, q; 2p;
4q; 6q; 7q; 9q;
11q, or p, q; 12p)

1 (9p+)

AAC w.no. cytotype 2 (2, 6) Bolivia, Murillo province,
La Paz department, La
Paz, bought at the
market place (w)

24 11m+1sm 7# (m), 12 (sm) 4 (67%), 3 (33%) 4 18f [6 major,
12 small]
(1p, q; 2–3p; 4q;
5p, q; 6–7q; 8–
10p, q; 11q; 12p, q)

1 (9p+)

Capsicum flexuosum Sendtn.
GEB, FC, EMa 1034 (5, 13)

Argentina, Misiones
province, Guaraní
department, Guaraní
land (w)

24 11m+1st 2 and 5 (m) 4 (38.46%),
3 (30.77%),
2 (30.77%)

4 14–15 [2 major,
12–13 small]
(1q�; 2p; 3q�;
4q, q�; 5p, q�;
6q, q�; 7q; 8q�;
9p, q�, or q�;
12q, q�)

1 (9p+)

Capsicum praetermissum
Heiser & Smith EFM 05-17
cytotype 2 (4, 6)

Brazil, San Pablo State,
Mogi das Cruzes (w)

24 11m+1sm 6 (m), 12 (sm) 4 (40%), 2 (60%) 4 11–13 [2 major,
9–11 small]
(1p; 2p, q; 3q�;
5q�; 6p; 7p, or
p, q; 9p; 10p�, q;
12p, or p, q)

1 (7p+)
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Table 1 (concluded).

Species and voucher No.a Provenanceb 2n
Karyotype
formulac

Ordering no. of
AgNOR-bearing
pairsc

No. of
AgNOR-bearing
chromosomesd

Max.
no. of
nucleoli

No. and position
of rDNA sitese

45S 5S

Capsicum rhomboideum (Dunal)
Kuntze YSG 20 (2, 11)

Venezuela, Táchira state,
San Cristóbal
department, La Laja (w)

26 10m+1sm+2st 9 (m) 2 (36.36%),
1 (63.64%)

2 1 [major] (9p) 1 (3p)

Capsicum recurvatum Witas.
GEB, MM, RSc, RM 915 (3, 12)

Brazil, Paraná state,
Morretes municipality,
La Graciosa (w)

26 10m+2sm+1st 12 (sm), 13 (st) 2 (25%), 1 (75%) 2 4 [2 major, 2 small]
(5p�; 12p, q�;
13p)

1 (3q)

Capsicum tovarii Eshbaugh,
Smith & Nickrent NMCA
90008 cytotype 2 (5, 13)

USA, New Mexico, Las
Cruces, cultivated
at New Mexico
University (w)

24 11m+1sm 6 and 7#(m), 12 (sm) 6 (23.08%), 5 (15.38%),
4 (15.38%),
3 (15.38%),
2 (7.70%), 1 (23.08%)

6 8 [3 major, 5 small]
(1q; 3p, q; 4 q; 6 p;
7q; 11 q; 12 p)

1 (9q)

Capsicum villosum Sendtn.
GEB, EFi, AG, GB 1653 (5, 9)

Brazil, Rio de Janeiro
state, Resende
municipality, National
Park Itatiaia (w)

26 9m+3sm+1t 10 and 12 (sm) 3 (22.22%), 2
(77.78%)

4 30 [2 major,
28 small] (1p, q,
q�; 2p, p�, q;
3p, p�; 4p, q;
5p, q, q�; 6p,
p�; 7q; 8p p�, q;
10p, q; 11p, p�,
q; 12p, q; 13p, q,
q�, q�)

1 (1p)

Note: Collectors: GEB, G.E. Barboza; GB, G. Bertone; AAC, A.A. Cocucci; FC, F. Chiarini; EFi, E. Filippa; AG, A. Gutiérrez; EFM, E. Forni-Martins, EMa, E. Marini; MM, M. Matesevach; RM, R.
Minhot; EAM, E.A. Moscone; RN, R. Neumann; LQ, Llatas Quiróz; YSG, Y. Sánchez García; RSc, R. Scrivanti; Netherlands, Hortus Botanicus, Universitatis Nijmegen;PI accession number of the
United States Department of Agriculture (USDA), Griffin, Ga., USA; NMCA accession number of the College of Agriculture and Home Economics, New México State University, Las Cruces, N.
Mex., USA.

aw.no., without number. The number of seedlings and somatic metaphases analyzed per sample, respectively, are indicated in parentheses.
bc, cultivated; w, wild.
cm, metacentric; sm, submetacentric; st, subtelocentric; t, telocentric; #, AgNOR on the long arm. Secondary constrictions are on the short arm, except in pair No. 7 of C. cardenasii and

C. eximium. References for karyotype formula and ordering number of chromosome pairs: Scaldaferro et al. (2013).
dPercentages of metaphases with respective numbers of NOR-bearing chromosomes are given in parentheses.
eThe corresponding chromosome arms involved are indicated in parentheses. Most 45S loci are terminal (intercalary 45S loci are indicated byˆ) and 5S loci are intercalary. Synteny of 5S site

to 45S site is denoted by +. p, short arm; q, long arm.
fData from Scaldaferro et al. 2006.
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AgNOR banding
Silver impregnation to detect NOR was performed af-

ter the silver-incubation procedure (Ag-I) (Bloom and
Goodpasture 1976), setting the slides flooded with the Ag
solution in moisture-tight plastic container, with modi-
fications of Kodama et al. (1980), using nylon cloth (mesh
size 0.243 mm) instead of coverslips (Figs. 1–3).

Satellites were termed according to the nomenclature
of Battaglia (1955) with some modifications: microsatel-
lite (diameter smaller than the chromosome diameter),
macrosatellite (diameter equal to chromosome diameter

and length equal to or smaller than that of the corre-
sponding chromosome arm), linear satellite (diameter
equal to chromosome diameter and length greater than
that of the corresponding chromosome arm), and tandem
satellite (two segments (plus two secondary constrictions)
of variable diameter and length, one terminal and the
other intercalary, in the same chromosome arm).

Probe labeling and fluorescence in situ hybridization
FISH was performed with 5S rDNA and 18S–25S rDNA

repeated sequences (Figs. 4, 5), using the following DNA

Fig. 1. Silver-stained somatic metaphases of species of the genus Capsicum. (a–b) Capsicum annuum var. annuum: (a) NMCA 10272
cytotype 2, (b) NMCA 10544 cytotype 2; (c–i) Capsicum annuum var. glabriusculum: (c) NMCA 10955 cytotype 1, (d) NMCA 10983
cytotype 2, (e) LQ w.no. cytotype 3, (f) YSG w.no. cytotype 4, (g) Netherlands 804750009 cytotype 5, (h) PI 511885 cytotype 6, (i) PI
511886 cytotype 7; (j) Capsicum chinense GEB 807; (k) Capsicum frutescens GEB, FC, MM 795. M, macrosatellite; T, tandem satellite.
Arrows indicate AgNORs. Scale bar = 10 �m.
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Fig. 2. Silver-stained somatic metaphases of species of the genus Capsicum. (a) Capsicum baccatum var. baccatum GEB 163;
(b) Capsicum baccatum var. pendulum EAM and RN 211; (c) Capsicum eximium EAM 255 cytotype 2; (d–e) Capsicum cardenasii:
(d) Netherlands 904750136 cytotype 1, (e) AAC w.no. cytotype 2; (f) Capsicum flexuosum GEB, FC, EMa 1034; (g) Capsicum
praetermissum EFM 05-17 cytotype 2; (h) Capsicum rhomboideum YSG 20; (i) Capsicum recurvatum GEB, MM, RSc, RM 915; (j) Capsicum
tovarii NMCA 90008 cytotype 2; (k) Capsicum villosum GEB, EFi, AG, GB 1653. M, macrosatellite; T, tandem satellite. Arrows
indicate AgNORs. Scale bar = 10 �m.
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probes: pXV1, a 349-base pair (bp) fragment of the 5S
rRNA gene repeated unit from Beta vulgaris, including the
adjacent intergenic spacer (Schmidt et al. 1994); 5S frag-
ment obtained by PCR from genomic DNA of C. annuum L.
var. annuum with the primers 5SrDNA-3 and 5SrDNA-4
(Kitamura et al. 2001); R2, a 6.5-kilobase (kb) fragment of
the 18S–5.8S–25S rDNA repeat unit from Arabidopsis
thaliana, including internal transcribed spacers ITS1 and
ITS2 and a short segment of the intergenic region (IGR)
(Wanzenböck et al. 1997); and pTa71, unit repetition
fragment of rRNA 18S–5.8S–25S (45S) genes of Triticum
(Gerlach and Bedbrook 1979). The 5S probes were labeled
with digoxigenin-11-dUTP (Boehringer Mannheim, Mann-
heim, Germany) and the 45S probes with biotin-11-dUTP
(Sigma), both by nick translation.

Pre-treatment of slides and probe denaturation, condi-
tions for in situ hybridization, post-hybridization wash-
ings, blocking, and indirect detection by fluorochrome
conjugated antibodies [anti-biotin conjugated with TRITC
(tetramethyl-rhodamine isothiocyanate, Dakopatts No.
R270, Glostrup, Hovedstaden Region, Denmark) (red);

and anti-digoxigenin conjugated with FITC (fluorescein
isothiocyanate, Dakopatts No. F135, Glostrup, Hovedsta-
den Region, Denmark)] were performed as previously
described (Moscone et al. 1996b).

Fluorescence microscopy and image acquisition
Metaphase chromosomes were observed and photo-

graphed, depending on the procedure, with transmitted
light or epifluorescence using an Olympus BX61 micro-
scope equipped with the appropriate filter sets (Olym-
pus, Shinjuku-ku, Tokyio, Japan) and a JAI® CV-M4 + CL
monocromatic digital camera (JAI, Barrington, N.J., USA).
Red, green, and blue images were captured in black and
white using appropriate filters for TRITC, FITC, and DAPI
excitation, respectively. Digital images were imported
into Photoshop 7.0 (Adobe, San Jose, Calif., USA) for
pseudo-colored and final processing.

Karyotype
For karyotype description, chromosomes were ar-

ranged in groups according to the position of the centro-
mere and in order of decreasing size within each type. In

Fig. 3. Silver-stained interphase nucleus of species of the genus Capsicum. (a–b) Capsicum annuum var. annuum: (a) NMCA 10272
cytotype 2, (b) NMCA 10544 cytotype 2; (c–i) Capsicum annuum var. glabriusculum: (c) NMCA 10955 cytotype 1, (d) NMCA 10938
cytotype 2, (e) LQ w.no. cytotype 3, (f) YSG w.no. cytotype 4, (g) Netherlands 804750009 cytotype 5, (h) PI 511885 cytotype 6, (i) PI
511886 cytotype 7; (j) Capsicum chinense GEB 807; (k) Capsicum frutescens GEB, FC, MM 795; (l) Capsicum baccatum var. baccatum GEB
163; (m) Capsicum baccatum var. pendulum EAM and RN 211; (n) Capsicum eximium EAM 255 cytotype 2; (o–p) Capsicum cardenasii:
(o) Netherlands 904750136 cytotype 1, (p) AAC w.no. cytotype 2; (q) Capsicum flexuosum GEB, FC, EMa 1034; (r) Capsicum
praetermissum EFM 05-17 cytotype 2; (s) Capsicum rhomboideum YSG 20; (t) Capsicum recurvatum GEB, MM, RSc, RM 915; (u) Capsicum
tovarii NMCA 90008 cytotype 2; (v) Capsicum villosum GEB, EFi, AG, GB 1653. Scale bar = 10 �m.
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each idiogram, chromosomes not identified for possess-
ing similar measures without markers were grouped.
Chromosome terminology followed Levan et al. (1964)
and satellites were classified according to Battaglia
(1955). The idiograms were based on chromosome mea-
surements of fluorochrome banded metaphase plate
photomicrographs, according to Moscone et al. (2007)
and Scaldaferro et al. (2013). Karyotype variants below
the species level were considered as “cytotypes”.

Results
Twenty two samples from 12 wild and cultivated Cap-

sicum taxa were studied: C. annuum var. annuum and var.
glabriusculum, C. chinense, C. frutescens, C. baccatum var.
baccatum and var. pendulum, C. eximium, C. cardenasii,
C. flexuosum, C. praetermissum, C. rhomboideum, C. recurvatum,
C. tovarii, and C. villosum (Table 1). Chromosome number,
karyotype formula, number of AgNOR-carrying chromo-
somes at metaphase (together with the ordering number
of the AgNOR-bearing pairs), maximum number of nu-
cleoli of interphase nuclei for each taxon and cytotype,
and number and position of rDNA sites of 12 species of
Capsicum studied in this work are included in Table 1.
Illustrations of silver-stained somatic metaphases and
interphase nucleoli are given in Figs. 1–3. In addition, 45S

and 5S rDNA repeated sequences were mapped by FISH
on metaphase chromosomes of the considered species
(Figs. 4, 5). A comparison of each Capsicum taxa chromo-
some bearing NORs, stained with AgNOR and labeled by
FISH, is presented in Fig. 6. The respective idiograms are
shown in Fig. 7.

AgNOR mapping
The Capsicum taxa studied had a maximum number of

active NORs at metaphase from one to four in the hap-
loid complement with the following distribution: one
AgNOR was found in two species: C. annuum var.
glabriusculum (cytotypes 1, 3, and 5, Figs. 1c, 1e, 1g) and
C. rhomboideum (Fig. 2h); two AgNORs were observed in
nine species: C. annuum var. annuum (cytotype 2, Figs. 1a,
1b) and C. annuum var. glabriusculum (cytotypes 2 and 4,
Figs. 1d, 1f), C. chinense (Fig. 1j), C. frutescens (Fig. 1k),
C. eximium (cytotype 2, Fig. 2c), C. cardenasii (cytotypes 1 and
2, Figs. 2d, 2e), C. flexuosum (Fig. 2f), C. praetermissum
(Fig. 2g), C. recurvatum (Fig. 2i), and C. villosum (Fig. 2k);
C. tovarii (cytotype 2) exhibited three AgNORs (Fig. 2j); and
C. annuum var. glabriusculum (cytotypes 6 and 7, Figs. 1h, 1i)
and C. baccatum var. baccatum and var. pendulum (Figs. 2a,
2b) showed four NORs in their haploid complements.

Fig. 4. Double fluorescent in situ hybridization to metaphase chromosomes of Capsicum taxa (2n = 24) using probes for the 455
and 5S rRNA genes. (a–b) Capsicum annuum var. annuum: (a) NMCA 10272 cytotype 2, (b) NMCA 10544 cytotype 2; (c–i) Capsicum
annuum var. glabriusculum: (c) NMCA 10955 cytotype 2, (d) NMCA 10983 cytotype 2, (e) LQ w.no. cytotype 3, (f) YSG w.no. cytotype
4, (g) Netherlands 804750009 cytotype 5, (h) PI 511885 cytotype 6, (i) PI 511886 cytotype 7; (j) Capsicum chinense GEB 807;
(k) Capsicum frutescens GEB, FC, MM 795. Arrows indicate the 45S hybridization to the biotin-labelled 45S probe, which was
detected with TRITC-conjugated antibodies. A five pointed star indicates hybridization to the digoxigenin-labelled 5S probe,
which was detected with FITC-conjugated antibodies. Scale bar = 10 �m.

Scaldaferro et al. 103

Published by NRC Research Press

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Sc
ot

t B
ry

an
t o

n 
03

/1
7/

16
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



Most AgNORs of the analyzed species (82.98%) were
located on the short arm of the corresponding chromo-
some, although some taxa, such as C. annuum var.
glabriusculum (cytotypes 2, 4, 6, and 7), C. eximium
(cytotype 2), C. cardenasii (cytotypes 1 and 2), C. tovarii
(cytotype 2), and C. villosum, also exhibited one nucleolar
organizer on the long arm in different chromosome
pairs (17.02%); pair No. 5 in cytotypes 2 and 4 of C. annuum
var. glabriusculum, pair No. 6 and pair No. 4 in cytotypes 6
and 7, respectively, in the same taxa (Fig. 1); pair No. 7 in
C. eximium (cytotype 2), C. cardenasii (cytotypes 1 and 2),
and C. tovarii (cytotype 2); and pair No. 10 in C. villosum
(Fig. 2). According to the arm position, 8 of the 12 species
studied showed both terminal and subterminal satellites
(Figs. 1i, 2a–2e, 2g, 2j). Capsicum annuum var. annuum (cyto-
type 2), C. annuum var. glabriusculum (cytotypes 4 and 6),
and C. rhomboideum possessed only terminal-associated

satellites (Figs. 1a, 1b, 1f, 1h, 2h). Finally, C. annuum var.
glabriusculum (cytotypes 1, 2, 3, and 5), C. flexuosum,
C. recurvatum, and C. villosum presented subterminal-
associated satellites (Figs. 2h, 2k). Only C. annuum var.
glabriusculum presented the three alternatives in their
cytotypes (only terminal, only subterminal, or both).

NOR-associated satellites displayed different sizes
among species, individuals, and often among cells from
the same plant. Different proportions of microsatellites,
macrosatellites, and tandem satellites were recorded
among species. Microsatellites were observed in 95.45%
of the taxa analyzed (Figs. 1, 2), whereas macrosatellites
(Figs. 2c, 2h, 2k; see M NOR bearing chromosomes) and
tandem satellites (Figs. 1j, 2a, 2d, 2f, 2g; see T NOR
bearing chromosomes) in 13.64% and 22.73%, respec-
tively. In some cases, sizes varied between homologous

Fig. 5. Double fluorescent in situ hybridization to metaphase chromosomes of Capsicum taxa (2n = 24 and 2n = 26) using
probes for the 455 and 5S rRNA genes. (a) Capsicum baccatum var. baccatum GEB 163; (b) Capsicum baccatum var. pendulum EAM
and RN 211; (c) Capsicum eximium EAM 255 cytotype 2; (d–e) Capsicum cardenasii: (d) Netherlands 904750136 cytotype 1, (e) AAC
w.no. cytotype 2; (f) Capsicum flexuosum GEB, FC, EMa 1034; (g) Capsicum praetermissum EFM 05-17 cytotype 2; (h) Capsicum
rhomboideum YSG 20; (i) Capsicum recurvatum GEB, MM, RSc, RM 915; (j) Capsicum tovarii NMCA 90008 cytotype 2; (k) Capsicum
villosum GEB, EFi, AG, GB 1653. Arrows indicate the 45S hybridization to the biotin-labelled 45S probe, which was detected
with TRITC-conjugated antibodies. A five pointed star indicates hybridization to the digoxigenin-labelled 5S probe, which was
detected with FITC-conjugated antibodies. In f, one chromosome is missing (No. 7). In k, two chromosomes are missing (Nos. 6
and 9). Scale bar = 10 �m.
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Fig. 6. Close-ups of the individual chromosome pairs of each Capsicum taxa simultaneously stained with AgNOR and FISH,
showing the size and morphology of NORs with both techniques. Scale bar = 5 �m.
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chromosomes, with heteromorphisms being detected
(Figs. 2d, 2f–2h, 2k).

There was variation in the size of nucleoli in inter-
phase nuclei and the size of AgNORs in late metaphase,
although there was no correlation in size variation of
both structures.

It was also found that silver nitrate binds not only the
NOR and the nucleoli, but sometimes also the chromo-
some centromere (Figs. 1a, 1d, 1k, 2j, 2k).

The number of AgNORs in metaphase matched the
maximum number of nucleoli observed in the silver im-

pregnated interphase nucleus in most of the taxa exam-
ined (Table 1), except in C. annuum var. glabriusculum
(cytotype 6, Fig. 1h; Table 1), in which the former was
smaller than the latter (four and eight, respectively). Fur-
thermore, unsteadiness in the number of chromosomes
with AgNORs among species was observed in all analyzed
cells. For example, a high percentage of metaphases
showed the maximum number of AgNORs among spe-
cies; in others, most metaphases showed the minimum
of AgNORs, and finally, distribution of intermediate val-
ues was mostly evidenced (Table 1).

Fig. 7. Idiograms of Capsicum taxa showing the distribution of 45S rDNA loci (red blocks) and 5S (green blocks). Euchromatic
regions appear in blue. Active 45S rDNA sites are indicated by a constriction. Chromosomes that have the same number on
the idiogram are not necessarily homeologous for the different taxa. In each idiogram, chromosomes with similar measures
without markers were grouped. m, metacentric; sm, submetacentric; st, subtelocentric; t, telocentric. Scale bar = 5 �m.
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The number and position of AgNORs in the taxa exam-
ined were in agreement with data on secondary constric-
tions in fluorochrome-stained chromosomes from the
same accessions (Moscone et al. 2007; Scaldaferro et al.
2013). In these cases, heterochromatic satellites (CMA+/
DAPI− or CMA+/DAPIo) allowed safe identification of
chromosomes carrying secondary constrictions.

Fluorescence in situ hybridization: cytological
mapping of the 45S–5S rRNA genes

The 45S–5S ribosomal repeated sequences were
mapped by FISH in every examined sample. The distribu-
tion pattern of the 18S–5.8S–25S rRNA (rDNA 45S) gene
family differed considerably among species. The number
of 45S loci varied between 1 and 30 pairs in diploid com-
plement of the studied taxa, whereas there was a unique
5S site in all cases (Figs. 4, 5; Table 1). The 5S FISH signal
usually had short arm interstitial location on a large or
median metacentric chromosome in every species of
Capsicum analyzed, with the exception of C. recurvatum
and C. tovarii, with the 5S locus placed on the long arm
(Figs. 5i, 5j, 7). The idiograms showed the 5S sites as fol-
lows: chromosome No. 1 in C. villosum; chromosome No. 2
in C. annuum var. glabriusculum (cytotype 5); chromosome
No. 3 in C. rhomboideum and C. recurvatum; chromosome
No. 4 in C. annuum var. glabriusculum (cytotypes 4, 6, and
7); chromosome No. 5 in C. annuum var. glabriusculum
(cytotype 3), C. baccatum var. baccatum and var. pendulum,
and C. frutescens; chromosome No. 6 in C. annuum var.
annuum (cytotype 2) and var. glabriusculum (cytotypes 1
and 2) and C. chinense; chromosome No. 7 in C. praetermissum;
and chromosome No. 9 in C. eximium (cytotype 2),
C. cardenasii (cytotypes 1 and 2), C. flexuosum, and C. tovarii
(cytotype 2). In addition, 5S was sintenic with a 45S locus
in C. baccatum var. baccatum and var. pendulum, C. cardenasii,
C. frutescens, C. flexuosum, C. praetermissum, and C. villosum
(Fig. 7). In most cases, CMA/DAPI banding on the same
species (Moscone et al. 2007; Scaldaferro et al. 2013)
helped us to find the correct location of this gene.

The cytological mapping of rRNA gene clusters
revealed possible intra- and interspecific chromosome
homeologies, in which the shared chromosome char-
acteristics indicate some original ancestral homo-
logy, as follows (Fig. 7): (1) chromosomes No. 12 of
C. annuum var. annuum (cytotype 2), C. annuum var.
glabriusculum (cytotypes 4, 5, and 6), C. chinense (cytotype 1),
C. frutescens, C. baccatum var. baccatum and var. pendulum,
C. eximium (cytotype 2), C. cardenasii (cytotypes 1 and
2), C. praetermissum, C. tovarii (cytotype 2), C. recurvatum,
and C. villosum, and chromosome No. 9 of C. rhomoboideum;
(2) chromosomes No. 1 of C. villosum; No. 2 of C. annuum
var. glabriusculum (cytotype 5); No. 3 of C. recurvatum and
C. rhomboideum; No. 4 of C. annuum var. glabriusculum
(cytotypes 4, 6, and 7); No. 5 of C. annuum var. glabriusculum
(cytotype 3), C. futescens, and C. baccatum var. baccatum and
var. pendulum; No. 6 of C. annuum var. annuum (cytotype 2),

C. annuum var. glabriusculum (cytotypes 1 and 2), C. chinense
(cytotype 1), and C. eximium (cytotype 2); No. 7 of
C. praetermissum and No. 9 of C. cardenasii (cytotypes 1 and
2), C. flexuosum, and C. tovarii (cytotype 2); (3) chromosome
No. 1 of C. annuum var. glabriusculum (cytotypes 2, 6, and 7),
C. frutescens, C. baccatum var. baccatum and var. pendulum,
and No. 2 of C. flexuosum; (4) chromosome No. 4
of C. frutescens, C. baccatum var. baccatum and var. pendulum,
C. eximium (cytotype 2), C. cardenasii (cytotypes 1 and 2),
C. flexuosum, and C. tovarii (cytotype 2); (5) chromosome
No. 5 of C. annuum var. glabriusculum (cytotypes 2, 4, and 7)
and No. 6 of C. annuum var. glabriusculum (cytotype 6);
(6) chromosome No. 5 of C. flexuosum and No. 6 of
C. praetermissum and C. tovarii (cytotype 2); (7) chromosome
No. 6 of C. baccatum var. baccatum and var. pendulum,
C. cardenasii (cytotypes 1 and 2), and C. flexuosum and No. 8 of
C. eximium (cytotype 2); (8) chromosome No. 7 of C. eximium
(cytotype 2), C. cardenasii (cytotypes 1 and 2), and C. tovarii
(cytotype 2); (9) chromosomes No. 3 of C. baccatum var.
baccatum and var. pendulum, C. eximium (cytotype 2),
C. cardenasii (cytotypes 1 and 2), C. praetermissum, and
C. tovarii (cytotype 2); (10) chromosome No. 10 of C. baccatum
var. baccatum and var. pendulum, C. cardenasii (cytotype 2),
and C. praetermissum; and (11) chromosome No. 11 of
C. annuum var. annuum (cytotype 2) and C. annuum var.
glabriusculum (cytotypes 1 and 3).

FISH patterns found on 45S ribosomal family loci evi-
denced high similarity in number, position, and size to
those of specific fluorescent banding. However, some dis-
crepancies were noted, such as the occurrence of a site
on long arm of chromosome No. 7 that was not observed
with triple staining CDD, in C. flexuosum. Moreover, a
small signal appeared on the long arm of chromosome
No. 5 of C. baccatum var. pendulum, which was not recog-
nized by fluorescent banding (Moscone et al. 2007).

In C. cardenasii (cytotype 1), C. praetermissum, and
C. flexuosum, some heteromorphisms were found: chro-
mosome pair Nos. 1 and 11 in C. cardenasii, chromosome
pair No. 9 in C. flexuosum, and chromosome pair Nos. 7
and 12 in C. praetermissum (Figs. 5, 7).

Discussion

Nucleolar activity
The results obtained from AgNOR banding were con-

siderably informative, together with other banding tech-
niques already implemented in Capsicum (Moscone et al.
1996a, 2007; Scaldaferro et al. 2013), in terms of the iden-
tification of chromosomes and the recognition of num-
ber and position of NORs in the studied samples. This
technique demonstrates its value for evidencing intra-
and interspecific chromosome variation in the genus.
Silver impregnation allowed us to detect active rDNA
sites that were not evidenced by fluorochrome banding,
although they might have been recognized as CMA+/DAPI−
or CMA+/DAPIo regions; this technique also allowed us to
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distinguish FISH signals that were not active NORs (see
above).

In Capsicum, AgNORs are frequently accompanied
by satellites that are not always differentially dyed
with silver nitrate. NORs appear as a constriction in
chromosomes stained with fluorescent dyes in every case
(Scaldaferro et al. 2013). NORs and associated satellites
are shown as CMA+/DAPI− or CMA+/DAPIo heterochro-
matic bands with fluorochrome banding technique, re-
vealing that they are of GC-rich constitution. In Capsicum,
NORs and their associated heterochromatin are rich in
GC base pairs (Moscone et al. 1996a, 2007; Scaldaferro
et al. 2013) as is the rule in plants (Sinclair and Brown
1971). Therefore, all NORs are considered descendants of
one ancestral NOR (Berg and Greilhuber 1993).

In some of the examined taxa, the number of AgNORs
in metaphase disagrees with the maximum number of
nucleoli in interphase nuclei. In C. annuum var. glabriusculum
(cytotype 6), C. baccatum var. baccatum, and C. chinense,
the first number was higher than the second. This is
probably due to nucleolar association, merging the nu-
cleolus during interphase (Nicoloff et al. 1977; Sato et al.
1981; Lacadena et al. 1984), which is also influenced by
the non-random position of NORs in the cell (Jordan et al.
1982). Moreover, we should consider the occurrence of
interchromosomal nucleolar dominance where nucleo-
lar organizers from different chromosome pairs com-
pete in making up the nucleoli (Flavell and O’Dell 1979;
Nicoloff et al. 1979). Furthermore, low transcriptional
activity is attributed when AgNOR number is lower than
nucleoli number (C. annuum var. glabriusculum cytotype 5,
and C. villosum), in particular rDNA sites (small NORs) that
are not detected by metaphase chromosome silver stain-
ing, but that may produce micronucleus in interphase
(Sato et al. 1980).

The observed infraspecific variations with varying
numbers of AgNORs in metaphase chromosomes re-
sulted from the differences in rDNA locus activity, as
detection with silver nitrate was not possible when loci
were inactive (Moscone et al. 1995).

In this study, the presence of nucleolar organizers on
the long arm enables us to detect chromosome homeo-
logies: in C. annuum var. glabriusculum pair No. 5 of cyto-
types 2, 4, 6, and 7 are considered homeologues.
In C. tovarii (cytotype 2), C. eximium (cytotype 2), and
C. cardenasii (cytotypes 1 and 2), there is homeology in
chromosomes No. 7, which, as the examples cited
above, carry a nucleolar organizer on the long arm.
Similarly, the following chromosomes are postulated
as homeologues, but due to the presence of AgNORs on
the short arm: chromosome pair No. 11 of C. annuum
var. annuum (cytotype 2), C. annuum var. glabriusculum
(cytotypes 1 and 3), and pair No. 12 of C. annuum var.
annuum (cytptype 2), C. annuum var. glabriusculum
(cytotypes 4, 5, and 6), C. baccatum var. baccatum and var.
pendulum, C. cardenasii (cytotypes 1 and 2), C. chinense,

C. eximium (cytotype 2), C. frutescens, C. praettermissum,
C. recurvatum, C. tovarii (cytotype 2), and C. villosum.

Phylogenetic interpretations can be made based on
the data mentioned, as the number of NORs present in
each species. Capsicum annuum var. annuum, C. annuum
var. glabriusculum, C. chinense, and C. frutescens, all belong-
ing to white flower group, present 1–4 NOR pairs, show-
ing the greatest dissimilarities in the cytotypes of the
wild variety of C. annuum. Another group is composed of
purple flower species C. cardenasii, C. eximium, and C. tovarii.
They have similarities in the position and number
of AgNORs, although C. tovarii (cytotype 2) presents an
additional rDNA site. In the group of white flowers with
greenish spots in the throat, C. baccatum var. baccatum
and var. pendulum have four pairs of nucleolar organizers
and C. flexuosum has two pairs, but in this case NORs are
located on unconventional positions, e.g., on large m
chromosomes. Capsicum praetermissum does not belong to
the previous groups, although it was considered to be a
variety of C. baccatum by Hunziker (2001). Data presented
by Moscone et al. (2007) support the specific rank of
C. praetermissum and an intermediate position between
C. baccatum and the purple flower group. This species pres-
ents only two pairs of NORs, which is very significant
because its specific position is far from C. baccatum. Fi-
nally, C. recurvatum and C. villosum show homeologies in
their NOR position; these species are also phylogeneti-
cally distant from the above groups, as they belong to the
Brazilian x = 13 group and both have nucleolar organizers
in pair Nos. 12 and 13 in C. recurvatum and in pair No. 10 in
C. villosum. Capsicum rhomboideum is the most distant taxa,
belonging to the yellow flower group and with x = 13
(Andean x = 13 group). Its NOR position, a unique orga-
nizer region in pair No. 9 (an m chromosome), is further
evidence of the remoteness of this group. All these data
have been corroborated with FISH using the correspond-
ing rDNA probes (see above).

Records of size differences in NOR-associated satellites
between cell and individuals, and even between homol-
ogous chromosomes, revealed the presence of micro-
satellites, macrosatellites, and tandem satellites in the
species studied. These polymorphisms between homolo-
gous chromosomes may have various origins, like a
different number of ribosomal genes, a dissimilar tran-
scriptional activity, a distinct condensation level of chro-
matin in the NOR, or tandem NOR due to duplications as
observed in barley (Linde-Laursen 1984) and in chili pep-
pers (Moscone et al. 1995).

No correlation between the size of the AgNOR in meta-
phase chromosomes and the size of nucleoli in the inter-
phase nuclei was noticed; this finding is consistent with
findings reported in a previous study in the same genus
by Moscone et al. (1995), and this is a phenomenon that is
well established in plants (Burger and Knälmann 1980;
Hizume et al. 1982; Linde-Laursen 1984). Regarding the
specificity of silver nitrate staining, we found that silver

108 Genome Vol. 59, 2016

Published by NRC Research Press

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Sc
ot

t B
ry

an
t o

n 
03

/1
7/

16
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



nitrate binds to the NOR, the nucleoli, and sometimes
shows a tendency to bind chromosome centromere in
some taxa, although its specificity has not been con-
firmed, as in Allium (Schubert 1984).

Distribution of 5S and 45S rDNA loci
The number and position of secondary constrictions,

satellites, AgNOR bands, and 45S rDNA sites are karyo-
type characters often used in cytotaxonomy (Baeza and
Schrader 2005; Xu et al. 2007; García et al. 2009, among
hundreds). All of them are related to the highly con-
served ribosomal 45S RNA genes, with the former three
markers being dependent on the transcription of these
genes, whereas the latter is independent of transcription
and may also detect non-functional rDNA sites (Kovarik
et al. 2008).

FISH is an important tool used in physical gene map-
ping. Ribosomal genes are highly repetitive sequences or
tandem arrangements found in a small number of sites
(loci) in the species genome. In higher eukaryotes, ribo-
somal RNA genes (rDNAs) are arranged in two different
families, the nucleolus forming major rDNA (45S rDNA)
family transcribed by RNA polymerase I and non-
nucleolus forming, and minor rDNA (5S rDNA) family
transcribed by RNA polymerase III. The major family is
composed of clusters of multiple copies of tandemly re-
peated units that consist of a transcribed zone with cod-
ing regions for 18S, 5.8S, and 28S rRNA genes separated
by internal transcribed spacers (ITS 1 and ITS 2) and
surrounded by non-transcribed spacer (NTS) sequences
(Long and Dawid 1980; Pendás et al. 1993). The minor
family is composed of multiple copies and arranged in
tandem arrays, which comprise a highly conserved
120-bp long coding sequence with a variable non-transcribed
spacer (NTS; Hemleben and Werts 1988; Kellogg and
Appels 1995).

These sequences have become valuable markers in the
study of 5S and 18S–25S ribosomal gene localization,
chromosome evolution, transgene localization, rDNA
evolution associated with polyploidy, genetic and
genomic relationships between species, genetic maps
and linkage groups, phylogenetic, draft genome, etc.,
in many plants (Leitch and Heslop-Harrison 1993;
Dubcovsky and Dvorák 1995; Moscone et al. 1996b;
Fransz et al. 1998; Osuji et al. 1998; Ali et al. 2000, 2005;
Hasterok et al. 2001; Matyášek et al. 2002; Shibata and
Hizume 2002; Seijo et al. 2004; Datson and Murray 2006;
Wang et al. 2012).

In Capsicum, FISH analysis of 5S and 45S rRNA gene
family shows significant differences in number, size, and
distribution among the species studied. Physical map-
ping of the 5S locus indicates a single site of this rDNA in
a conserved position, mostly intercalary and in an m
median chromosome in the genus. In the Solanaceae
family there are genetic maps including 5S rRNA gene
(Mueller et al. 2005), although their physical counterpart
is unknown. In Capsicum, established linkage groups do

not include the 5S rRNA gene (Livingstone et al. 1999;
Lefebvre et al. 2001).

The present results disagree with those obtained in
other organisms, in which the number of 5S loci broadly
differs from that found in Capsicum. In other plant spe-
cies number varies between two sites (e.g., Nicotiana,
Allium; Matyášek et al. 2002; Shibata and Hizume 2002),
three sites (e.g., Arabidopsis thaliana; Fransz et al. 1998),
four sites (e.g., Hordeum; Leitch and Heslop-Harrison
1993), and eight sites (e.g., Musa; Osuji et al. 1998). In the
family Brassicaceae, the maximum number of 5S loci
found was six sites (Ali et al. 2005). All these values
greatly exceed the only existing site in every Capsicum
taxa studied until now. In addition, Beta vulgaris (Schmidt
et al. 1994) and Paspalum in its diploid state (Vaio et al.
2005) share with peppers the unilocus condition of the
site. The most parsimonious explanation for the
5S rDNA distribution is that the ancestor of the group
had a single locus on a medium to large chromosome,
probably chromosome No. 6, considering its ancestral
species C. chacoense (Scaldaferro et al. 2006).

The character number and position of 45S rDNA loci
are useful for morphological identification of similar
chromosome sites and operate as evolutionary markers
between species. The variability of these analyzed char-
acters is remarkable, showing a wide range from one
pair in C. rhomboideum up to 30 pairs in C. villosum. Within
each species, 18S–5.8S–25S rDNA locus number and po-
sition remain constant, except some variations, e.g.,
C. annuum (1–6 sites), C. baccatum (14–15 sites), and
C. cardenasii (8–18 sites). Smaller landmarks are very vari-
able, unlike the major ones, which hold number and
position constant within each species and within each
cytotype in C. annuum. Major sites are coincident with
NORs that were previously identified by AgNOR banding
(Fig. 6) (see above).

In most plant genera, it has been observed that a dip-
loid species generally contains one pair of NORs (Raina
and Khoshoo 1971). Only in very few cases might a diploid
taxon contain more than two NORs. In situ hybridization
studies have identified several other rDNA loci but on
chromosomes that are devoid of NORs. However, the sig-
nals at those sites are generally considered to be inactive
sites that do not synthesize ribosomal RNA. Even in those
diploid species with more than two NORs, it has been
generally found by FISH that, of these, only two remain
active (Raina and Mukai 1999). In Carthamus, the distinc-
tive variability in the distribution, number, and signal
intensity of hybridization sites for 18S–26S and 5S rDNA
loci was often considered to distinguish the 14 Carthamus
taxa. Active 18S–26S rDNA sites were generally associ-
ated with NOR loci on the nucleolar chromosomes
(Agrawal et al. 2013).

The repetitive sequences of the 18S–5.8S–25S gene
family show a variable distribution triggered by pro-
found changes, including locus loss and gain, and se-
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quence dispersion, which are involved in the genomic
evolution of the genus Capsicum. Chromosome evolution
often takes place via structural rearrangements, such as
inversions and translocations, homologous and non-
homologous unequal crossing-over, gene conversion,
and transpositional events (Danna et al. 1996; Thomas
et al. 1996). These mechanisms were the ones responsible
for the variation in size, number, and position of rDNA
sites (Hall and Parker 1995; Sharma and Raina 2005). Ev-
idence suggests that positioning and remodeling rDNA
sites could be related to the rDNA gene shuffling or trans-
posable elements playing an important role in plant ge-
nome evolution (Dubcovsky and Dvorák 1995; Raskina
et al. 2004; Datson and Murray 2006).

Although in situ hybridization is not a truly quanti-
tative technique, signal size does reflect differences
in copy number (Maluszynska and Schweizer 1989;
Schwarzacher and Heslop-Harrison 1991). Hence, the
rRNA loci of most taxa analyzed probably have a similar
number of units repeated in tandem. However, two taxa
probably have a dissimilar number: in C. annuum var.
glabriusculum (cytotype 1, chromosome pair No. 11) and
in C. flexuosum (chromosome pair No. 2). This phenom-
enon has been recognized in plants (Flavell and Smith
1974; Rogers and Bendich 1987; Heslop-Harrison and
Schwarzacher 2011).

Many studies have reported variation of ribosomal
gene locus distribution, e.g., in Nemesia (Datson and
Murray 2006), Triticeae (Leitch and Heslop-Harrison
1993; Dubcovsky and Dvorák 1995), and Brassicaceae (Ali
et al. 2005). In Capsicum, the FISH landmarks of the 45S
gene family resemble specific fluorescent banding, al-
though not fully in number, position, or size (Moscone
et al. 2007; Scaldaferro et al. 2013). A relationship be-
tween 45S rDNA probes used in this study and GC-rich
heterochromatic regions should be considered. Lim et al.
(2004) reported the isolation and characterization of a
repetitive sequence composed of A1/A2 units (GC-rich
sub-repetition) that occurs as part of the IGS of 26S–18S
rDNA and independently as a high-copy satellite repeat
not associated with rDNA in the genomes of Nicotiana,
Tomentosae section (sensu Knapp et al. 2004) and to-
bacco. Park et al. (2012) investigated the evolution of con-
stitutive heterochromatin in detail, as this region was
identified as most of the pepper genome structure in
Capsicum. They showed that constitutive heterochroma-
tin in pepper was actively expanded 20.0–7.5 million
years ago through a massive accumulation of single-
type Ty3/Gypsy-like elements that belong to the Del sub-
group. Interestingly, derivatives of the Del elements
played important roles in the expansion of constitutive
heterochromatic regions. This process represents a char-
acteristic mechanism for genome expansion in plant
species through expansion of constitutive heterochro-
matic regions, which does not involve a genome-wide
duplication event. Most recently, Qin and Yu (2014) con-

firmed that the large genome size in Capsicum is due to
LTR expansion.

Our findings about the localization of 45S probes and
their relationship with heterochromatic regions and ac-
tive NORs also suggest their additional role in Capsicum
genome diversity.
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2002. Evolution of 5S rDNA unit arrays in the plant genus
Nicotiana (Solanaceae). Genome, 45: 556–562. doi:10.1139/g02-
017. PMID:12033624.

Moscone, E.A. 1990. Chromosome studies on Capsicum
(Solanaceae) I. Karyotype analysis in C. chacoënse. Brittonia, 42:
147–154. 10.2307/2807632.

Moscone, E.A. 1993. Estudios cromosómicos en Capsicum
(Solanaceae) II. Análisis cariotípico en C. parvifolium y
C. annuum var. annuum. Kurtziana, 22: 9–18.

Moscone, E.A. 1999. Análisis cariotípico en Capsicum baccatum
var. umbilicatum (Solanaceae) mediante bandeos AgNOR y de
fluorescencia. Kurtziana, 27: 225–232.

Moscone, E.A., Lambrou, M., Hunziker, A.T., and Ehrendorfer, F.
1993. Giemsa C-banded karyotypes in Capsicum (Solanaceae).
Plant Syst. Evol. 186: 213–229. doi:10.1007/BF00940799.

Moscone, E.A., Loidl, J., Ehrendorfer, F., and Hunziker, A.T.
1995. Analysis of active nucleolus organizing regions in
Capsicum (Solanaceae) by silver staining. Am. J. Bot. 82: 276–
287. doi:10.2307/2445534.

Moscone, E.A., Lambrou, M., and Ehrendorfer, F. 1996a. Fluores-
cent chromosome banding in the cultivated species of
Capsicum (Solanaceae). Plant Syst. Evol. 202: 37–63. doi:10.
1007/BF00985817.

Moscone, E.A., Matzke, M.A., and Matzke, A.J.M. 1996b. The use
of combined FISH/GISH in conjunction with DAPI counter-
staining to identify chromosomes containing transgene in-
serts in amphidiploid tobacco. Chromosoma, 105: 231–236.
doi:10.1007/BF02528771. PMID:9035961.

Scaldaferro et al. 111

Published by NRC Research Press

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Sc
ot

t B
ry

an
t o

n 
03

/1
7/

16
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1007/BF00292819
http://dx.doi.org/10.1007/BF00292819
http://dx.doi.org/10.1007/BF00328865
http://dx.doi.org/10.1046/j.1365-313X.1998.00086.x
http://dx.doi.org/10.1046/j.1365-313X.1998.00086.x
http://www.ncbi.nlm.nih.gov/pubmed/9681023
http://dx.doi.org/10.1139/G09-077
http://www.ncbi.nlm.nih.gov/pubmed/19953129
http://dx.doi.org/10.1093/nar/7.7.1869
http://www.ncbi.nlm.nih.gov/pubmed/537913
http://www.biology.utah.edu/bohs/PDFs/Poster-LycCap.jfg
http://www.biology.utah.edu/bohs/PDFs/Poster-LycCap.jfg
http://dx.doi.org/10.1007/BF00713891
http://www.ncbi.nlm.nih.gov/pubmed/8528586
http://dx.doi.org/10.1007/s001220100653
http://dx.doi.org/10.1016/0378-1119(88)90591-4
http://www.ncbi.nlm.nih.gov/pubmed/3371663
http://dx.doi.org/10.1111/j.1365-313X.2011.04544.x
http://www.ncbi.nlm.nih.gov/pubmed/7635297
http://dx.doi.org/10.1007/s001220100643
http://dx.doi.org/10.1007/s001220100643
http://dx.doi.org/10.1002/cfg.393
http://dx.doi.org/10.1007/BF01997700
http://dx.doi.org/10.1007/BF01997700
http://dx.doi.org/10.1093/aob/mcn019
http://dx.doi.org/10.1093/aob/mcn019
http://www.ncbi.nlm.nih.gov/pubmed/18310159
http://dx.doi.org/10.1007/s10059-009-0025-z
http://dx.doi.org/10.1007/s10059-009-0025-z
http://dx.doi.org/10.1007/BF00317037
http://www.ncbi.nlm.nih.gov/pubmed/24258550
http://dx.doi.org/10.1007/s001220051705
http://dx.doi.org/10.1007/s001220051705
http://dx.doi.org/10.1139/g93-071
http://www.ncbi.nlm.nih.gov/pubmed/18470006
http://dx.doi.org/10.1534/genetics.166.4.1935
http://www.ncbi.nlm.nih.gov/pubmed/15126410
http://www.ncbi.nlm.nih.gov/pubmed/10388833
http://dx.doi.org/10.1146/annurev.bi.49.070180.003455
http://dx.doi.org/10.1146/annurev.bi.49.070180.003455
http://www.ncbi.nlm.nih.gov/pubmed/6996571
http://dx.doi.org/10.1038/hdy.1989.8
http://dx.doi.org/10.1038/hdy.1989.8
http://www.ncbi.nlm.nih.gov/pubmed/2732088
http://dx.doi.org/10.1139/g02-017
http://dx.doi.org/10.1139/g02-017
http://www.ncbi.nlm.nih.gov/pubmed/12033624
http://dx.doi.org/10.1007/BF00940799
http://dx.doi.org/10.2307/2445534
http://dx.doi.org/10.1007/BF00985817
http://dx.doi.org/10.1007/BF00985817
http://dx.doi.org/10.1007/BF02528771
http://www.ncbi.nlm.nih.gov/pubmed/9035961


Moscone, E.A., Scaldaferro, M.A., Grabiele, M., Cecchini, N.M.,
Sanchez García, Y., Jarret, R., et al. 2007. The evolution of
chili peppers (Capsicum – Solanaceae): a cytogenetic perspec-
tive. In Proceedings of the PAA/Solanaceae Conference, Inter-
national Society for Horticultural Science, Leuvem, Belgium.
Acta Horticulturae, 745: 137–169.

Mueller, L.A., Solow, T.H., Taylor, N., Skwarecki, B., Buels, R.,
Binns, J., et al. 2005. The SOL Genomics Network. A Compar-
ative Resource for Solanaceae Biology and Beyond. Plant
Physiol. 138: 1310–1317. PMID:16010005.

Nicoloff, H., Anastassova-Kristeva, M., Künzel, G., and Rieger, R.
1977. The behavior of nucleolus organizers in structurally
changed karyotypes of barley. Chromosoma, 62: 103–109.
doi:10.1007/BF00292632.

Nicoloff, H., Anastassova-Kristeva, M., Rieger, R., and Künzel, G.
1979. ‘Nucleolar dominance’ as observed in barley transloca-
tion lines with specifically reconstructed SAT chromosomes.
Theoret. Appl. Genet. 55: 247–251. PMID:24306771.

Olmstead, R.G., Bohs, L., Migid, H.A., Santiago-Valentin, E.,
Garcia, V.F., and Collier, S.M. 2008. A molecular phylogeny of
Solanaceae. Taxon, 57: 1159–1181.

Osuji, J.O., Crouch, J.L., Harrison, G., and Heslop-Harrison, J.S.
1998. Molecular cytogenetics of Musa species, cultivars and
hybrids: location of 18S–5.8S–25S and 5S rDNA and telomere-
like sequences. Ann. Bot. 82: 243–248. doi:10.1006/anbo.1998.
0674.

Park, M., Park, J., Kim, S., Kwon, J.-K., Park, H.M., Bae, I.H., et al.
2012. Evolution of the large genome in Capsicum annuum
occurred through accumulation of single-type long termi-
nal repeat retrotransposons and their derivatives. Plant J.
69: 1018–1029. doi:10.1111/j.1365-313X.2011.04851.x. PMID:
22074025.

Park, Y.K., Kim, B.D., Kim, B.S., Armstrong, K.C., and Kim, N.S.
1999. Karyotyping of the chromosomes and physical map-
ping of the 5S rRNA and 18S–26S rRNA gene families in five
different species in Capsicum. Genes Genet. Syst. 74: 149–157.
doi:10.1266/ggs.74.149.

Park, Y.K., Park, K.C., Park, C.H., and Kim, N.S. 2000. Chromo-
somal localization and sequence variation of 5S rRNA gene in
five Capsicum species. Mol. Cell, 10: 18–24. doi:10.1007/s10059-
000-0018-4.

Pendás, A.M., Morán, P., and García-Vázquez, E. 1993. Multi-
chromosomal location of ribosomal RNA genes and hetero-
chromatin association in brown trout. Chromosome Res.
1:63–67. doi:10.1007/BF00710608. PMID:8143090.

Pickersgill, B. 1971. Relationships between weedy and cultivated
forms in some species of chili peppers (genus Capsicum). Evo-
lution, 25: 683–691. doi:10.2307/2406949.

Pickersgill, B. 1991. Cytogenetics and evolution of Capsicum L. In
Chromosome engineering in plants: genetics, breeding, evo-
lution. Part B. Edited by T. Tsuchiya, and P.K. Gupta. Elsevier,
Amsterdam. pp. 139–160.

Pozzobon, M.T., Schifino-Wittmann, M.T., and Bianchetti, L.B.
2006. Chromosome numbers in wild and semidomesticated
Brazilian Capsicum L. (Solanaceae) species: do x = 12 and x = 13
represent two evolutionary lines? Bot. J. Linn. Soc. 151: 259–
269. doi:10.1111/j.1095-8339.2006.00503.x.

Qin, C., Yu . 2014. Whole-genome sequencing of cultivated and
wild peppers provides insights into Capsicum domestication
and specialization. Proc. Nat. Acad. Sci. U.S.A. 111(14): 5135–
5140. doi:10.1073/pnas.1400975111.

Raina, S.N., and Khoshoo, T.N. 1971. Cytogenetics of tropical
bulbous ornamentals III: mitotic mosaicism in 3x Crinum
augustum. Theoret. Appl. Genet. 41: 375–378. doi:10.1007/
BF00277339. PMID:24430528.

Raina, S.N., and Mukai, Y. 1999. Detection of a variable number
of 18S–5.8S–26S and 5S ribosomal DNA loci by fluorescence

in situ hybridisation in diploid and tetraploid Arachis species.
Genome, 42: 52–59. doi:10.1139/g98-092.

Raskina, O., Belyayev, A., and Nevo, E. 2004. Activity of the
En/Spm-like transposons in meiosis as a base for chromo-
some repatterning in a small, isolated, peripheral population
of Aegilops speltoides Tausch. Chromosome Res. 12: 153–161.
doi:10.1023/B:CHRO.0000013168.61359.43. PMID:15053485.

Rogers, S.O., and Bendich, A.J. 1987. Ribosomal RNA genes in
plants: variability in copy number and in the intergenic
spacer. Plant Mol. Biol. 9: 509–520. doi:10.1007/BF00015882.
PMID:24277137.

Sato, S., Hizume, M., and Kawamura, S. 1980. Relationship be-
tween secondary constrictions and nucleolus organizing
regions in Allium sativum chromosomes. Protoplasma, 105:
77–85. doi:10.1007/BF01279851.

Sato, S., Matsumoto, E., and Kuroki, Y. 1981. Satellite association
of the nucleolar chromosomes in a plant. Protoplasma, 108:
139–147. doi:10.1007/BF01276888.

Scaldaferro, M.A., Seijo, J.G., Acosta, M.C., Barboza, G.E.,
Ducasse, D.A., and Moscone, E.A. 2006. Genomic character-
ization of the germplasm in peppers (Capsicum – Solanaceae)
by fluorescent in situ hybridization. Plant Sci. 43: 291–297.

Scaldaferro, M.A., Grabiele, M., and Moscone, E.A. 2013. Hetero-
chromatin type, amount and distribution in wild species of
chili peppers (Capsicum, Solanaceae). Genet. Resour. Crop
Evol. 60: 693–709. doi:10.1007/s10722-012-9867-x.

Schmidt, T., Schwarzacher, T., and Heslop-Harrison, J.S. 1994.
Physical mapping of rRNA genes by fluorescent in-situ hy-
bridization and structural analysis of 5S rRNA genes and in-
tergenic spacer sequences in sugar beet (Beta vulgaris).
Theoret. Appl. Genet. 88: 629–636. doi:10.1007/BF01253964.
PMID:24186156.

Schubert, I. 1984. Mobile nucleolus organizing regions (NORs)
in Allium (Liliaceae s. lat.)? — Inferences from the specificity
of silver staining. Plant Syst. Evol. 144: 291–305.

Schwarzacher, T., and Heslop-Harrison, J.S. 1991. In situ hybrid-
ization to plant telomeres using synthetic oligomers. Ge-
nome, 34: 317–323. doi:10.1139/g91-052.

Schwarzacher, T., Ambros, P., and Schweizer, D. 1980. Applica-
tion of Giemsa banding to orchid karyotype analysis. Plant
Syst. Evol. 134: 293–297. doi:10.1007/BF00986805.

Sehr, E.M., Ehrendorfer, F., Barfuss, M.H.J., Barboza, G.E., Mos-
cone, E.A., and Samuel, R. 2013. Phylogenetic relationships
and dysploidy in Capsicum: Evidence from DNA sequences
and other multidisciplinary data. [Talk]. BioSyst.EU. Global
Syst. 18–22 February. NOBIS Austria.

Seijo, G.J., Lavia, G.I., Fernández, A., Krapovickas, A.,
Ducasse, D.A., and Moscone, E.A. 2004. Physical mapping of
the 5S and 18S–25S rRNA genes by FISH as evidence that
Arachis duranensis and A. ipaensis are the wild diploid progen-
itors of A. hypogaea (Leguminosae). Am. J. Bot. 91: 1294–1303.
PMID:21652361.

Sharma, S., and Raina, S.N. 2005. Organization and evolution of
highly repeated satellite DNA sequences in plant chromo-
somes. Cytogenet. Genome Res. 109: 15–26. doi:10.1159/
000082377. PMID:15753554.

Shibata, F., and Hizume, M. 2002. Evolution of 5S rDNA units
and their chromosomal localization in Allium cepa and Allium
schoenoprasum revealed by microdissection and FISH. Theo-
ret. Appl. Genet. 105: 167–172. doi:10.1007/s00122-002-0950-0.
PMID:12582516.

Sinclair, J.H., and Brown, D.D. 1971. Retention of common nu-
cleotide sequences in the ribosomal deoxyribonucleic acid of
eukaryotes and some of their physical characteristics. Bio-
chemistry, 10: 2761–2769. doi:10.1021/bi00790a017. PMID:
5105183.

Thomas, H.M., Harper, J.A., Meredith, M.R., Morgan, W.G.,
Thomas, I.D., Timms, E., and King, I.P. 1996. Comparison of

112 Genome Vol. 59, 2016

Published by NRC Research Press

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Sc
ot

t B
ry

an
t o

n 
03

/1
7/

16
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://www.ncbi.nlm.nih.gov/pubmed/16010005
http://dx.doi.org/10.1007/BF00292632
http://www.ncbi.nlm.nih.gov/pubmed/24306771
http://dx.doi.org/10.1006/anbo.1998.0674
http://dx.doi.org/10.1006/anbo.1998.0674
http://dx.doi.org/10.1111/j.1365-313X.2011.04851.x
http://www.ncbi.nlm.nih.gov/pubmed/22074025
http://dx.doi.org/10.1266/ggs.74.149
http://dx.doi.org/10.1007/s10059-000-0018-4
http://dx.doi.org/10.1007/s10059-000-0018-4
http://dx.doi.org/10.1007/BF00710608
http://www.ncbi.nlm.nih.gov/pubmed/8143090
http://dx.doi.org/10.2307/2406949
http://dx.doi.org/10.1111/j.1095-8339.2006.00503.x
http://dx.doi.org/10.1073/pnas.1400975111
http://dx.doi.org/10.1007/BF00277339
http://dx.doi.org/10.1007/BF00277339
http://www.ncbi.nlm.nih.gov/pubmed/24430528
http://dx.doi.org/10.1139/g98-092
http://dx.doi.org/10.1023/B%3ACHRO.0000013168.61359.43
http://www.ncbi.nlm.nih.gov/pubmed/15053485
http://dx.doi.org/10.1007/BF00015882
http://www.ncbi.nlm.nih.gov/pubmed/24277137
http://dx.doi.org/10.1007/BF01279851
http://dx.doi.org/10.1007/BF01276888
http://dx.doi.org/10.1007/s10722-012-9867-x
http://dx.doi.org/10.1007/BF01253964
http://www.ncbi.nlm.nih.gov/pubmed/24186156
http://dx.doi.org/10.1139/g91-052
http://dx.doi.org/10.1007/BF00986805
http://www.ncbi.nlm.nih.gov/pubmed/21652361
http://dx.doi.org/10.1159/000082377
http://dx.doi.org/10.1159/000082377
http://www.ncbi.nlm.nih.gov/pubmed/15753554
http://dx.doi.org/10.1007/s00122-002-0950-0
http://www.ncbi.nlm.nih.gov/pubmed/12582516
http://dx.doi.org/10.1021/bi00790a017
http://www.ncbi.nlm.nih.gov/pubmed/5105183


ribosomal DNA sites in Lolium species by fluorescence in situ
hybridization. Chromosome Res. 4: 486–490. doi:10.1007/
BF02261775. PMID:8939359.

Tong, N., and Bosland, P.W. 2003. Observations on interspecific
compatibility and meiotic chromosome behavior of Capsicum
buforum and C. lanceolatum. Genet. Resour. Crop Evol. 50: 193–
199. doi:10.1023/A:1022986615694.

Vaio, M., Speranza, P., Valls, J.F., Guerra, M., and Mazzella, C.
2005. Localization of the 5S and 45S rDNA sites and cpDNA
sequence analysis in species of the quadrifaria group of
Paspalum (Poaceae, Paniceae). Ann. Bot. 96: 191–200. doi:10.
1093/aob/mci168. PMID:15911540.

Walsh, B.M., and Hoot, S.B. 2001. Phylogenetic relationships of
Capsicum (Solanaceae) using DNA sequences from two non-
coding regions: the chloroplast atpB-rbcL spacer region and

nuclear waxy introns. Int. J. Plant Sci. 162: 1409–1418. doi:10.
1086/323273.

Wang, K., Wang, Z., Li, F., Ye, W., Wang, J., Song, G., et al. 2012.
The draft genome of a diploid cotton Gossypium raimondii. Nat.
Genet. 44: 1098–1103. doi:10.1038/ng.2371. PMID:22922876.

Wanzenböck, E.-M., Schöfer, C., Schweizer, D., and Bachmair, A.
1997. Ribosomal transcription units integrated via T-DNA
transformation associate with the nucleolus and do not re-
quire upstream repeat sequences for activity in Arabidopsis
thaliana. Plant J. 11: 1007–1016. doi:10.1046/j.1365-313X.1997.
11051007.x. PMID:9193072.

Xu, Y.H., Yang, F., Cheng, Y.L., Ma, L., Wang, J.B., and Li, L.J. 2007.
Comparative analysis of rDNA distribution in metaphase
chromosomes of Cucurbitaceae species. Hereditas, 29: 614–
620. doi:10.1360/yc-007-0614. PMID:17548333.

Scaldaferro et al. 113

Published by NRC Research Press

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Sc
ot

t B
ry

an
t o

n 
03

/1
7/

16
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1007/BF02261775
http://dx.doi.org/10.1007/BF02261775
http://www.ncbi.nlm.nih.gov/pubmed/8939359
http://dx.doi.org/10.1023/A%3A1022986615694
http://dx.doi.org/10.1093/aob/mci168
http://dx.doi.org/10.1093/aob/mci168
http://www.ncbi.nlm.nih.gov/pubmed/15911540
http://dx.doi.org/10.1086/323273
http://dx.doi.org/10.1086/323273
http://dx.doi.org/10.1038/ng.2371
http://www.ncbi.nlm.nih.gov/pubmed/22922876
http://dx.doi.org/10.1046/j.1365-313X.1997.11051007.x
http://dx.doi.org/10.1046/j.1365-313X.1997.11051007.x
http://www.ncbi.nlm.nih.gov/pubmed/9193072
http://dx.doi.org/10.1360/yc-007-0614
http://www.ncbi.nlm.nih.gov/pubmed/17548333

	Article
	Introduction
	Materials and methods
	Plant material
	Chromosome preparations
	AgNOR banding
	Probe labeling and fluorescence in situ hybridization
	Fluorescence microscopy and image acquisition
	Karyotype

	Results
	AgNOR mapping
	Fluorescence in situ hybridization: cytological mapping of the 45S–5S rRNA genes
	Discussion
	Nucleolar activity
	Distribution of 5S and 45S rDNA loci


	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /PageByPage
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Average
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


