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Abstract 
Capsicum pubescens is a cultivated hot chili pepper, consumed in Latin American cuisine as a distinctive 
ingredient, and popularly known as “locoto” or “rocoto”. This taxon is also an outstanding source of 
resistance to biotic and abiotic stresses as well as other valuable fruit traits for breeding of the worldwidely 
cultivated C. annuum and related species. In this study, the chromosome complement of C. pubescens cv. 
“locoto” (2n = 24) was deeply characterized through a sequential combination of conventional and molecular 
cytogenetics approaches comprising: Ag-NOR staining, heterochromatic fluorescent C-DAPI, DAPI/AMD-
CMA/DA bandings, fluorescence in situ hybridization (FISH) of Capsicum-derived probes of the 5S and 
18S-25S rRNA genes and different regions of spacers of the ribosomal unit, as well as telomeric probe. The 
markers identified were systematically combined with morphological karyotype parameters - number, size, 
centromeres, satellites - to produce a physical map which allowed the identification of several landmarks in 
each individual chromosome. The reference chromosomal map of C. pubescens here presented is the most 
comprehensively developed in Capsicum so far. It is envisioned that this chromosomal map will serve as 
a reference framework for the upcoming sequencing projects and as starting point to assist future genetic 
mapping of important agronomic traits.
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Resumen 
Capsicum pubescens es un ají picante cultivado, consumido en Latinoamérica como ingrediente distintivo 
y conocido como “locoto” o “rocoto”. Este taxón es un recurso sobresaliente por sus características de 
resistencia y tolerancia a estrés biótico/abiótico, y del fruto, que pueden ser introgresadas en programas 
de mejoramiento de C. annuum y especies relacionadas. En este estudio, se caracterizó detalladamente el 
complemento cromosómico de C. pubescens cv. “locoto” (2n = 24) a través de una combinación secuencial 
de herramientas citogenéticas convencionales y moleculares que incluyeron: tinción Ag-NOR, bandeos 
heterocromáticos fluorescentes C-DAPI, DAPI/AMD-CMA/DA, e hibridación in situ fluorescente (FISH) 
con sondas de genes de rRNA 5S y 18S-25S y diferentes regiones espaciadoras de la unidad ribosomal 
derivadas de Capsicum, y sonda telomérica. Los marcadores identificados se combinaron sistemáticamente 
con parámetros morfométricos del cariotipo - número, tamaño, centrómeros, satélites - para producir un mapa 
físico que permitió la identificación de varios caracteres de referencia en cada cromosoma individual. El mapa 
cromosómico de referencia de C. pubescens aquí presentado es el más completo hasta ahora desarrollado en 
Capsicum. Se prevé que este mapa cromosómico sirva de referencia para próximos proyectos de secuenciación 
y como punto de partida para asistir al mapeo genético de caracteres agronómicos importantes.
Palabras clave: Ag-NOR, bandeos fluorescentes, heterocromatina, locoto, rDNA FISH.
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Introduction
Capsicum pubescens Ruiz et Pav. is a 

domesticated chili pepper found from the Central 
American highlands in southern Mexico to the 
Andean region in southern Bolivia (Eshbaugh 1979; 
Bosland & Votava 2012). This hot chili pepper is 
extensively grown in small family plots and home 
gardens (Bosland & Votava 2012) and is only known 
as a cultivated crop (Moscone et al. 2007). It has 
purple flowers, conspicuous leaf pubescence and 
black seeds that make it easily differentiable from 
any other taxa of Capsicum (Bosland & Votava 
2012). 

The highly pungent fruits of C. pubescens 
(30,000–50,000 Scoville heat units, SHUs), 
combining the juiciness of the bell pepper (non-
pungent) with the heat of a habanero (over 100,000 
SHUs), are commonly used in fresh sauces (DeWitt 
& Bosland 2009; Bosland & Votava 2012), and 
provide a valuable source of several nutritional 
compounds, principally provitamin A (Rodríguez-
Burruezo et al. 2010; Rivas et al. 2014). Capsicum 
pubescens is a distinctive ingredient of Latin 
American cuisine, especially at Bolivia and Peru 
where it is very popular and usually known as 
“locoto” or “rocoto”, respectively (DeWitt & 
Bosland 2009; Bosland & Votava 2012). Moreover, 
because of the particular flavour of its fruits, there 
is an increasing interest and demand, mostly by 
European speciality markets, of this hot chili pepper 
(Rodríguez-Burruezo et al. 2010). 

This Capsicum species is an important source 
of disease resistance in peppers like  bacterial spot 
of pepper (Sahin & Miller 1998) and to wilt disease 
(Vallejo-Gutiérrez et al. 2018). Also, genotypes 
bearing genes of resistance to tomato spotted 
wilt virus and to tobamoviruses were revealed in 
accessions of C. pubescens (Di Dato et al. 2015). In 
addition, antixenosis (nonpreference) against green 
peach aphid Myzus persicae infection (Bosland & 
Ellington 1996) as well as tolerance to waterlogging 
stress (Ou et al. 2011) have been described in 
this species. Therefore C. pubescens arose as an 
important source of useful genes to overcome the 
huge economic losses caused by a combination 
of diseases and abiotic stresses every year in C. 
annuum, the most consumed pepper (Barchenger 
et al. 2019). 

Viable and fertile hybrids among C. pubescens 
and C. annuum were recently obtained opening 
new avenues to understand the genetic structure of 
the desired genetic traits and to develop molecular 
markers to assist and accelerate the breeding 

programs (Lindeman & Heidmann 2013; Phan et al. 
2014). In this sense, the development of molecular 
and cytological markers and their placement onto 
an integrated genetic map constitutes a valuable 
landmark for peppers breeders in order to assist in 
the simultaneous selection of a particular array of 
genes/traits.

Essential cytological information has been 
produced on C. pubescens regarding chromosome 
number, size and morphology, number and position 
of active nucleolus organizing regions (NORs), 
genome size, amount, distribution and type of 
constitutive heterochromatin, and physical mapping 
of telomeric and ribosomal loci (Moscone et al. 
1993, 1995, 1996a, 2003, 2007; Aguilera et al. 
2016; Grabiele et al. 2018). However, those findings 
remain unintegrated in C. pubescens and a combined 
cytogenetic map that gather chromosomal landmarks 
from a single accession to be used as a framework is 
not available in this cultivated chili pepper. 

In this context, the main goal of this work was 
to obtain a comprehensive chromosomal map of C. 
pubescens cv. “locoto”, through a combination of 
cytologenetic approaches, allowing the identification 
of each chromosome and their principal landmarks. 
It is expected that the integrated chromosomal map 
developed here will become a physical reference to 
be integrated with future genetic linkage maps and 
whole-genome sequence projects of this species.

Materials and Methods
Plant material
Red, turban-shaped and pungent fruits of the 

domesticated C. pubescens Ruiz et Pav. cv. “locoto” 
coming from Bolivia were acquired at a marketplace 
in the locality of Salta, Department Capital, Province 
of Salta, Argentina. Plants from germinated seeds 
cultivated at the experimental fields of the IPAVE-
INTA, in the locality of Córdoba, Argentina, were 
subjected to taxonomical identification according to 
diagnostic characters considered by Eshbaugh (1979) 
and a herbarium specimen was deposited at CORD 
(Thiers, continuously updated) under accession E.A. 
Moscone 256. The whole plant, flowers, fruits and 
seeds of this accession are illustrated at Figure 1a-e.

Methods
Cytological preparations
Mitotic pretreatment, fixation of root tips and 

chromosome preparations for subsequent banding 
and fluorescence in situ hybridization followed the 
Moscone et al. (1996a) protocol.
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Ag-NOR staining and Heterochromatic 
fluorescent banding
Ag-NOR staining to reveal the active 

nucleolar organizer regions (NORs) in metaphase 
chromosomes was carried out as described by 
Stack et al. (1991). C-DAPI fluorescent banding 
to reveal total heterochromatic loci (Het) - number, 
distribution, size - in metaphase chromosomes was 
carried out following the C-banding protocol of 
Schwarzacher et al. (1980) with the modification 
introduced by Lambrou & Ehrendorfer (2000) 
that includes a final staining with 4–6-diamidino-
2-phenylindole (DAPI) instead of Giemsa. In 
addition, a multiple fluorescent banding to reveal 
GC and AT rich Het in metaphase chromosomes 
using the fluorochromes chromomycin A3 (CMA) 
and distamycin A (DA) preceding to DAPI and 
actinomycin D (AMD) was performed according to 
Schweizer & Ambros (1994). CMA fluorescence is 
enhanced in GC rich Het and it is potenciated when 
used in combination with DA. DAPI fluorescence 
is enhanced at AT rich Het. AMD increases the 
fluorescence of AT rich Het and decreases that of GC 
rich Het when used in combination with DAPI. The 
symbols “+”, “–” or “o” are used here to designate 
increased, decreased or indifferent fluorescence, 
respectively.

Fluorescence in situ hybridization
FISH experiments to reveal telomeric 

and ribosomal (rDNA) 5S and 18S-25S loci in 
metaphase or prometaphase chromosomes were 
undertaken according to Moscone et al. (1996b). 
Probes were labeled by nick translation with 
digoxigenin-11-dUTP or biotin-11-dUTP following 
the manufacturer instructions (Enzo, USA). 
Slides preparations were subjected to RNAse and 
Proteinase K pretreatments, followed by steps of 
denaturalization, probe hybridization, blocking, 
probe detection by means of antibodies linked to 
fluorochromes [anti-digoxigenin to fluorescein 
(FITC) and anti-biotin to rhodamine (TRITC)] 
(Dako, USA), washing, and stained with DAPI alone 
or with DAPI and AMD. The appearance of DAPI 
enhanced regions subsequent to FISH procedure 
and DAPI counterstaining (FISH DAPI+ bands) 
that mimic the C-banding pattern was described 
in Moscone et al. (1999); AMD in combination to 
DAPI in FISH was used to decrease the fluorescence 
of GC rich Het regions. 

A probe similar to telomeric sequence of 
Arabidopsis was constructed via PCR amplification 
using the oligomeric primers 5’TTTAGGG3’5 and 

5’CCCTAAA3’5 described by Ijdo et al. (1991). 
In addition, the 5S rDNA probe used here (Cp5S-
3; 297 bp including gene and spacer regions) 
was obtained via PCR amplification from C. 
pubescens as detailed in Aguilera et al. (2016). For 
a comprehensive analysis of the 18S-25S rDNA 
loci, severeal genus specific FISH probes i.e. 
Ca25S-29, Cf18S-17, CpITS1,2/5.8S-1, CpIGS-
B4rd and CpIGS-A3, that cover the entire 7.8 Kbp 
length of the 18S-25S rDNA unit in C. pubescens 
(Grabiele et al. 2012, 2018) were used. The probes 
Ca25S-29, Cf18S-17 and CpITS1,2/5.8S-1 target 
the 25S gene, 18S gene, and the 5.8S gene plus the 
internal transcribed spacers -ITS1 and ITS2- of the 
ribosomal unit, respectively. The probe CpIGS-A3 
covers the entire length of the A-type IGS in C. 
pubescens, which lacks the transcription initiation 
site (TIS) and the regulatory elements. Meanwhile, 
the probe CpIGS-B4rd covers the structural regions 
SRIII-VI of the B-type IGS in C. pubescens, and 
includes the putative TIS and diverse regulatory 
elements largely conserved in Solanaceae. The later 
elements makes this probe partially complementary 
to CpIGS-A3. The probe pCp-200/33 is a short AT 
rich mutated version of the IGS rDNA sequence of 
C. pubescens able to discriminate among active-
NOR or heterochromatinized loci (Grabiele et al. 
2018).

Fluorescence microscopy
and image acquisition
Chromosomes and nuclei were viewed and 

photographed with a Leica DMLB fluorescence 
microscope equipped with a computer assisted 
digital camera system. Images were captured 
in black and white using appropriate filters for 
CMA (GC rich Het), DAPI (total or AT rich Het), 
FITC (rDNA and telomeres) or TRITC (rDNA) 
excitations, respectively. Digital images were 
combined in Photoshop CS6 (Adobe, USA) for 
final processing.

Karyotype analysis
and chromosomal map construction
At least ten metaphase plates CMA stained 

from three individuals were considered in the 
chromosome measurements, i.e. absolute (µm) 
and relative (RL%) chromosome length, haploid 
complement length (HCL; µm). Different lengths 
of the same arm (and band/locus, where applicable) 
from homologous chromosomes were combined to 
mean values and then represented in the idiogram. 
The centromeric index (C) was used to classify the 
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chromosomes according to Levan et al. (1964) in 
metacentric (m) and subtelocentric (st); p and q are 
used here to designate short and large chromosome 
arms, respectively. Satellite types were classified 
according to Battaglia (1955). Karyotype symmetry 
was calculated according to indexes A1 and A2 
(Romero Zarco 1986), r > 2 and R (Stebbins 1971), 
AI (Paszko 2006) and also mean C. Cytological 
markers revealed by distinct approaches performed 
in C. pubescens cv. “locoto”, i.e. Ag-NOR staining, 
C-DAPI, CMA/DA and DAPI/AMD fluorescence 
banding, FISH of telomeric, 5S, 18S-25S and 
pCp-200/33 rDNA probes, and DAPI and DAPI/
AMD counterstaining subsequent to FISH, were 
integrated into respective idiograms. Interstitial 
markers were mapped using the di index of 
Greilhuber & Speta (1976); superscript “i” is used 
here to designate those markers associated to p or 
q. Finally, classical karyotype parameters - number, 
size, centromeres, satellites - and those repetitive 
loci were gathered in a chromosomal map of the 
species. Estimation of chromosome length in 
megabases (Mbp) followed to Pedrosa et al. (2002) 
and Fonseca et al. (2010), considering the average 
1C genome size of C. pubescens (4420 Mbp; 
Moscone et al. 2003) and the HCL of this taxon. 

Results 
General karyotype features
and Ag-NOR pattern
Capsicum pubescens cv. “locoto” accession 

EAM 256, hereafter C. pubescens, is a diploid based 
on x = 12 chili pepper with 2n = 24 chromosomes. 
The diploid karyotype formula was 22 m + 2 st 
chromosomes. The karyotype was unimodal (A2 = 
0.09; R = 1.41) and symmetrical (A1 = 0.22; r > 2 = 
0.08; mean C = 43.44) and belongs to category 2A 
of Stebbins and AI = 1.18 of Paszko. The haploid 
complement length of C. pubescens was 81.70 ± 
5 μm with median to large chromosomes ranging 
from 5.50 μm (st; 298 Mbp) to 7.75 μm (m; 419 
Mbp) in length, with a mean of 6.81 μm (ca. 368 
Mbp). The short arms of pairs 10 (m) and 12 (st) 
had a terminal macrosatellite and active-NORs as 
revealed by Ag-NOR staining (Fig. 1f). 

Heterochromatic patterns revealed by 
C-DAPI, CMA/DA and DAPI/AMD
Profuse heteropycnosis of chromatin in 

nucleus evidenced the existence of numerous 
heterochromatic (Het) regions in the chromosomes 
of C. pubescens (Fig. 1g). Fluorescent banding of 

metaphase chromosomes revealed C-DAPI+ Het 
at the centromeres of the whole complement and 
at six interstitial bands, at p3i (di = 56.86), q1i (di 
= 75.00) and q3i (di = 68.75) (Fig. 1h). C-DAPI+ 
distal bands, 16 minor (p2, 4, 7-9, 11; q9, 10) and 
24 major loci (p1, 3, 6, 10, 12; q2-6, 8, 11) were 
also observed. These C-DAPI+ Het included the 
whole length of macrosatellites and a small fraction 
(edge of the active-NOR) of the proximal segment 
of the arm in pairs 10 and 12 (Fig. 1h). 

To further characterize the Het regions in 
the chromosomes of C. pubescens, CMA/DA and 
DAPI/AMD fluorescent bandings were applied. 
CMA/DA+ fluorescence was observed at all 
centromeres, and in two interstitial (p3i) and 38 
distal bands (p1-4, 6-12; q2-6, 8, 9, 11). Among 
the latters, 24 were major bands and included 
the peri-NOR (with the whole macrosatellite) 
of pairs 10 and 12 (Fig. 1i). Polymorphisms 
regarding presence or size of CMA/DA+ Het among 
homologous chromosomes were observed at p2, 
q3 and q11. DAPI/AMD‒ fluorescence follows an 
identical pattern to that observed for CMA/DA+ 
fluorescence, while DAPI/AMD+ heterochromatin 
was observed at q1i, q3i and distally at q10 (Fig. 1j). 
CMA/DA+ and DAPI/AMD‒ fluorescence indicate 
GC rich regions of chromosomes while DAPI/
AMD+ fluorescence revealed AT rich regions. 
Together, these patterns reproduce the C-DAPI 
banding pattern (Fig 1h).

Telomeric sequence, 5S and 18S-25S 
rDNA and Het patterns revealed
by FISH
FISH experiments to reveal telomeric 

sequence distribution in metaphase chromosomes 
of C. pubescens showed the 48 expected distal 
loci (Fig. 1k). Further, double FISH with 5S and 
18S-25S rDNA probes in metaphase chromosomes 
exposed a single 5S locus at p3 and widespread 
distal 18S-25S loci. Among the latter, 20 were 
constant sites (p1, 3, 6, 10, 12; q2, 4-6, 8) and six 
(p2; q3, 11) were polymorphic regarding presence/
ausence (Fig. 1l). 

To further characterize the 18S-25S 
rDNA loci in the metaphase chromosomes of C. 
pubescens, FISH assays were performed with 
probes corresponding to different parts of the 
18S-25S rDNA region followed by DAPI/AMD 
counterstaining. The probes corresponding to the 
18S and 25S rDNA genes co-localized exclusively 
to the 20 persistent rDNA loci so as to regions 
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Figure 1 – a-n. General morphological features of the plant and chromosome markers of Capsicum pubescens – a. 
detail of the plant and purple flower; b-e. fruits of cv. locoto rojo and detail of its black seeds; f. Ag-NOR stained 
metaphase displaying the typical 2n = 24 (arrowheads point out the satellited active-NOR pairs #10 and 12); g. 
DAPI stained nucleus showing heteropicnotic chromatin; h. C-DAPI fluorescent banding metaphase; note DAPI+ 
fluorescence in all the centromeres, in six interstitial and 40 distal bands -24 major-; i. CMA/DA fluorescent banding 
metaphase (note CMA/DA+ fluorescence at all the centromeres, in two interstitial and 38 distal bands -24 major-); j. 
same metaphase stained with DAPI/AMD (note decreased fluorescence at GC rich regions and DAPI/AMD+ bands 
at q1, q3 and q10, respectively); k. metaphase with FISH of telomeric probe (note 48 green signals at expected sites); 
l. metaphase with double FISH displaying 20 distal red signals of 25S and two green interstitial signals of 5S rDNA 
probes (asteriks) [note FISH DAPI+ bands at q1, q3 and q10 (arrowheads)]; m. DAPI/AMD counterstained metaphase 
subsequent to FISH; n. same metaphase with FISH of 25S rDNA probe. In (m.) note DAPI/AMD- fluorescence at 
all the centromeres, one interstitial and 38 distal bands -24 major-, 20 of which co-localize with red rDNA signals 
in (n.); also note (in m.) DAPI/AMD+ bands at q1, q3 and q10 (arrowheads). Asterisks in h, i and m point out the 5S 
rDNA locus at p3, C-DAPI+, CMA/DA+ and DAPI/AMD-, respectively. Scale bars = 10 µm; f, i-n share the scale.
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with DAPI/AMD‒ fluorescence (Figs. 1m-n; 
2a-b). The FISH experiments using CpIGS-A3 
rDNA (Fig. 2c), CpIGS-B4rd rDNA (Fig. 2e) and 
CpITS1,2/5.8S-1 rDNA (Fig. 2f) probes followed 
by DAPI counterstaining revealed an identical 
pattern to those observed using 18S and 25S rDNA 
gene probes. The DAPI+ bands exposed after these 
FISH experiments showed an identical pattern to 
that obtained through C-DAPI (Fig. 2d-i). 

An additional characterization of the 18S-25S 
rDNA loci in the chromosomes of C. pubescens 
was achieved through double FISH assays with 
the 18S rDNA probe and the 18S-25S rDNA 
IGS related probe pCp-200/33. This combination 
discriminated active-NORs from inactive-NORs 
and heterochromatinized rDNA loci. From the 20 
distal persistent 18S rDNA loci (p1, 3, 6, 10, 12; 
q2, 4-6, 8) only 16 were detected with pCp-200/33 
probe. No hybridization was detected at the loci of 
pairs #10 and 12 (Fig. 2j-l).

Combined chromosomal map 
of C. pubescens cv. “locoto”
The type, number and position of each 

repeated DNA marker found at the chromosomes 
of C. pubescens are shown in Table 1 and depicted 
into idiograms based on classical cytological 
landmarks (Fig. 3a-h). Also, all the chromosome 
markers detected in C. pubescens were assembled 
into a chromosomal map (Fig. 4). According 
to the whole information here provided, all C. 
pubescens chromosomes have the Arabidopsis like 
telomeric sequence at expected terminal loci. The 
centromeres of the whole complement are colonized 
by GC rich Het, detected here as C-DAPI+, CMA/
DA+, DAPI/AMD‒, FISH DAPI/AMD‒ and FISH 
DAPI+ regions. The most conspicuous feature is 
the heterochromatinized repeated DNA localized 
distally in all chromosomes arms (but p5; q1, 7, 12), 
and interstitially only in two pairs (p3i; q1i, q3i). 
These repetitive loci could be classified into five 
different groups: 1) GC rich composed of 18S-25S 
rDNA that constitute the active-NORs (p10, 12); 2) 
GC rich Het composed of inactive 18S-25S rDNA 
(p1-3, 6; q2-6, 8, 11); 3) GC rich Het unrelated to 
rDNA (p4, 7-9, 11; q9); 4) 5S rDNA (p3i); and 5) 
AT rich Het (q1i, q3i, q10). The first four types of 
heterochromatin were characterized as C-DAPI+, 
CMA/DA+, DAPI/AMD‒, FISH DAPI/AMD‒ and 
FISH DAPI+ while the fifth type as C-DAPI+, 
CMA/DAo, DAPI/AMD+, FISH DAPI/AMD+ 
and FISH DAPI+. The proportion of each type 
of heterochromatinized repeated DNA and their 

distribution onto chromosomes of C. pubescens  
- which sizes are measured in µm and Mbp - are 
shown in Table 2. As a whole, the GC rich Het 
composed of inactive 18S-25S rDNA was by far the 
major heterochromatic fraction. The Het amount 
varied from 7.35 to 40.43% of the chromosome 
size (mean 23.46%) and the mean euchromatin/
total Het ratio per chromosome ranged from 1.47 
to 12.60 (mean 4.29:1). 

Discussion 
Molecular cytogenetics can contribute 

significantly to a genome map through the 
assignment of linkage groups to physical 
chromosomes and markers to chromosome arms. 
Also, by localizing the positions of centromeres on 
linkage groups, by resolving the order of closely 
linked markers, and by confirming the physical 
positions of markers at the ends of linkage groups. 
Here we present a deep and comprehensive 
cytological characterization of C. pubescens cv. 
“locoto” through a combined scheme of Ag-NOR 
staining, heterochromatic fluorescent bandings 
and FISH to repetitive loci in a single accession 
of this chili pepper. Chromosome markers were 
developed mainly on the major tandemly repetitive 
DNA, in particular those of the large Het regions. 
Loci information was further combined with 
morphological karyotype parameters - number, 
size, centromeres, satellites - to produce the first 
reference chromosome map for this species.

General karyotype features 
and heterochromatin
The general karyotype features found here 

in C. pubescens cv. “locoto” are similar to those 
partially described previously in different reports 
for materials from Argentina, Bolivia, Colombia, 
Ecuador and Peru (Limaye & Patil 1989; Pickersgill 
1991; Moscone et al. 1995, 1996a; Guevara et al. 
2000). Since Het regions are the most conspicuous 
characters in the complements of Capsicum 
(Moscone et al. 1993, 1996a), in this report the 
traditional banding methods (Giemsa-C, CMA/DA 
and DAPI/AMD) were used in combination with 
novel approaches (as C-DAPI, FISH DAPI/AMD 
and FISH DAPI) to develop valuable markers 
for the identification of each chromosome pair in 
C. pubescens cv. “locoto”. The banding patterns 
evidenced the existence of different types of 
Het regions in this domesticated chili pepper as 
proposed by Moscone et al. (1996a). Hence, highly 
GC rich Het coexist with AT rich Het; the former 
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Figure 2 – a-l. Characterization of heterochromatin with homology to 18S-25S rDNA in Capsicum pubescens – a-b. DAPI/
AMD counterstained metaphase subsequent to FISH of 18S rDNA probe; in (a) note DAPI/AMD- fluorescence at all the 
centromeres and to 38 distal bands -24 major-, 20 of which co-localize with green rDNA signals (in b); in addition, note in 
(a) DAPI/AMD+ bands at q1 and q10, pointed out with arrowheads; active-NOR pairs # 10 and 12 are hereafter indicated 
with their respectives numbers; c. metaphase with 20 distal green signals of FISH with IGS3 (CpIGS-A3) rDNA probe 
counterstained with DAPI/AMD; note DAPI/AMD+ bands at q1, q3 and q10 (arrowheads); d-f. double FISH of 5S rDNA 
probe (green) with 25S (d), IGS4 (CpIGS-B4rd) (e) and 5.8S/ITS (CpITS1,2/5.8S-1); f. rDNA probes (all the laters in 
red) onto metaphase (d, f) or prometaphase (e) chromosomes counterstained with DAPI; note consistently 20 distal red 
signals with the three probes analysed, two green interstitial signals (5S rDNA) and several FISH DAPI+ bands; g-i. same 
metaphases as in d-f, respectively, deprived of rDNA signals and colour-inverted to highligth all the FISH DAPI+ bands that 
mimic the C-DAPI banding pattern; note that each 18S-25S rDNA signal co-localized with a FISH DAPI+ band; asterisks 
point out the 5S rDNA locus at p3, FISH DAPI+; j-k. prometaphase with double FISH of 18S rDNA probe (green) and 
rDNA IGS-related probe pCp-200/33 (C33 in red), respectively; note the co-localization of 16 green and red signals, and 
the absence of pCp-200/33 in the active-NOR pairs #10 and 12; l. metaphase with double FISH of 18S rDNA (green) and 
pCp-200/33 (red) probes; note the 16 yellow signals that correspond to superimposed green and red signals of both probes 
and solely green signals (18S) at the active-NOR pairs #10 and 12. Arrowheads in j-l denote the 18S-25S rDNA loci at 
the secondary constrictions of pairs #10 and 12. Scale bars = 10 µm; a, b and l share the scale; d, f, g and i share the scale.
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is ubiquitous at centromeres and distal portions of 
chromosomes while the latter occurs solely at three 
interstitial loci. The highly GC rich Het pattern 
includes the peri-NOR regions and the associated 
macrosatellite of pairs 10 and 12, as it is usual in 
plants (Schweizer 1979; Guerra 2000) and, the 
5S rDNA locus as well. The detection of GC rich 
Het at both rDNA loci was expected from its base 
composition and repetitiveness (Cabral et al. 2006; 
Grabiele et al. 2018). 

The general Het pattern found here for C. 
pubescens cv. “locoto” is similar to those revealed 
previously in different contributions using 
Giemsa-C (Moscone et al. 1993) and CMA/DA 
and DAPI/AMD fluorescent bandings (Moscone 
et al. 1996a) in this species. Minor differences 
observed are related to the presence of AT rich 
regions at q1i and q3i and a minute GC rich block at 
p9, revealed before exclusively as Giemsa-C bands. 
Polymorphisms regarding presence or size of GC 
rich Het among homologous chromosomes at p2 
and q3 found here confirm the findings of Moscone 
et al. (1996a), while that on q11 is a novelty. Aside 
of these few polymorphisms, the type, number, 
distribution and size of Het regions are constant 
features in the karyotype of this domesticated chili 

pepper. Thus, the integrative study done here would 
be applicable for accessions of C. pubescens from 
different procedences.

Distribution of telomeric 
and 5S rDNA loci
FISH to telomeric sequence showed a typical 

pattern of chromosome end distribution without 
ectopic localizations. This pattern is the one 
commonly observed in different Capsicum species 
despite their karyotypes were based on x = 12 or x 
= 13 (Moscone et al. 2007). 

The observation of a single interstitial locus 
of 5S rDNA using a species specific probe is in 
agreement with previous findings in C. pubescens 
(Park et al. 1999; Scaldaferro et al. 2006) and other 
Capsicum taxa using genus specific (Aguilera et 
al. 2016) or heterologous probes (Scaldaferro et 
al. 2016). The difference in localization of the 5S 
locus - in this report at p3 instead of at pair 1 as 
was reported before (Park et al. 1999) - arose in the 
fact that the latter author used the tomato karyotype 
as a reference to order the chromosomes bearing 
rDNA loci in Capsicum, while here the order was 
established following exclusively the cytological 
parameters of C. pubescens. The chromosome 

Technique Revealed marker Number and position of locia

C-DAPI fluorescent banding Total heterochromatin+ 20 D (p1-4, 6-12; q2-6, 8-11); 3 I (q1; p3; q3b); 12 C

CMA/DA fluorescent banding GC-rich heterochromatin+ 19 D (p1-4, 6-12; q2-6, 8, 9, 11); 1 I (p3); 12 C

DAPI/AMD fluorescent banding GC-rich heterochromatin‒

AT-rich heterochromatin+
19 D (p1-4, 6-12; q2-6, 8, 9, 11); 1 I (p3); 12 C
1 D (q10); 2 I (q1, 3)

DAPI/AMD subsequent to FISH GC-rich heterochromatin‒

AT-rich heterochromatin+
19 D (p1-4, 6-12; q2-6, 8, 9, 11); 1 I (p3); 12 C
1 D (q10); 2 I (q1, 3)

DAPI subsequent to FISH Total heterochromatin+ 20 D (p1-4, 6-12; q2-6, 8-11); 3 I (q1; p3; q3b); 12 C

FISH of telomeric probe Telomeric sequence 24 D (overall chromosome complement)

Ag-NOR staining Active-NOR 2 D (p10, 12)

FISH of 18S-25S rDNA probesc Total 18S-25S rDNA 13 D (p1, 2d, 3, 6, 10, 12; q2, 3d, 4-6, 8, 11d)

FISH of pCp-200/33 probe Het 18S-25S rDNA 11 D (p1, 2d, 3, 6; q2, 3d, 4-6, 8, 11d)

FISH of 5S rDNA probe 5S rDNA 1 I (p3)

Table 1 – Cytogenetic markers identified in Capsicum pubescens cv. “locoto”. Het = heterochromatinized; p = short 
chromosome arm; q = long chromosome arm; D = distal; I = interstitial; C = centromeric. Numbers between brackets 
refer to chromosome pairs. + = increased fluorescence; - = decreased fluorescence; a = according to idiogram of Fig. 
4; b = sometimes fused to distal band at q3; c = all the probes of the 18S-25S rDNA assayed except pCp-200/33; d 
= polymorphic loci.
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association of the 5S rDNA and 18S-25S rDNA 
loci observed in C. pubescens is a common feature 
to several plants (Roa & Guerra 2015).

18S-25S rDNA, NORs 
and Het associated patterns
The most conspicuous cytological marker 

in C. pubescens is the widespread distibution of 
rDNA loci featured as the major heterochromatic 
fraction of the complement. Understanding the 
complexity of 18S-25S rDNA regions detected in 
this species required an exhaustive analysis using 
different combinations of specific Capsicum probes 
that contained different parts of the rDNA sequence 
(Grabiele et al. 2018). This approach revealed that 
all those GC rich heterochromatic bands observed 
in C. pubescens were composed of repetitions of the 
whole rDNA unit. Noteworthy, the hybridization of 
pCp-200/33 probe to all 18S-25S rDNA loci except 
those at the active-NORs and their associated 
macrosatellites of pairs 10 and 12, revealed a 
structural divergence between these two types of 

18S-25S rDNA in C. pubescens. Particularly, this 
is due to a 20% of nucleotide sequence difference 
among pCp-200/33 and its homologous region of 
the functional IGS (Grabiele et al. 2018).

Thus, the mapping of probes comprising 
different 18S-25S rDNA structural portions in 
this work and Grabiele et al. (2018) significantly 
increased the power of discrimination of 
chromosomes in C. pubescens when compared 
with previous reports using the wheat pTa71 probe 
(Park et al. 1999) or the Arabidopsis R2 probe 
(Scaldaferro et al. 2006).

Combined chromosomal map 
of C. pubescens cv. “locoto”
Variation in the spatial and quantitative 

distribution of the repeated DNA combined to 
mapping information provided by DAPI and DAPI/
AMD counterstainings, C-DAPI, DAPI/AMD and 
CMA/DA Het bandings and Ag-NOR staining 
along with other morphological characteristics 
(i.e. length and arm length ratio), allowed the 

Figure 3 – a-h. Idiograms for each distinct cytological approach performed in Capsicum pubescens – a. C-DAPI 
fluorescence banding (DAPI+: light blue blocks); b. CMA/DA fluorescence banding (CMA/DA+: bright yellow blocks); 
c. DAPI/AMD fluorescence banding and DAPI/AMD counterstaining subsequent to FISH (DAPI/AMD-: dark grey 
blocks; DAPI/AMD+: light blue blocks); d. DAPI counterstaining subsequent to FISH (DAPI+: dark blocks); e. FISH 
of telomeric probe (green dots); f. Ag-NOR staining (active-NOR: dark brown blocks); g. double FISH of 5S rDNA 
probe (green dots) and all the probes of the 18S-25S rDNA (red-green barred blocks) assayed except pCp-200/33; 
h. FISH of pCp-200/33 probe (red blocks). Polymorphic 18S-25S and pCp-200/33 rDNA loci at p2, q3 and q11 are 
coloured in a paler tone. Scale bar = 5 µm.
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identification of each of the 12 mitotic metaphase 
chromosomes of C. pubescens. cv. “locoto”. 
Despite pivotal chromosomal information was 
previuosly produced in Capsicum regarding 
active-NORs, Het and ribosomal loci (Moscone 
et al. 2007; Scaldaferro et al. 2013; Grabiele et 
al. 2018; Scaldaferro & Moscone 2019), the data 
was dispersed and remained unintegrated. The 
diversity and resolution of markers employed here, 
and the integration of repetitive loci and classical 

cytological landmarks generated the most complete 
chromosome map done for chili peppers to present. 

Somatic chromosome karyotypes provide 
a physical basis for analysis and comparison of 
genomes (Chowdhary et al. 1998; Fonseca et al. 
2010). The physical map of repetitive loci and 
classical landmarks of C. pubescens cv. “locoto” 
presented here is based on uniformly condensed 
mitotic metaphase chromosomes. These framework 
maps reach the double purpose to precisely 

Figure 4 – Combined chromosomal map of repetitive loci and classical cytological landmarks in Capsicum pubescens. 
Short chromosome arms are clockwise oriented. HCL = haploid complement length; RL% = relative length of 
chromosomes expressed as percentage; C = centromeric index. Size of each chromosome length (centromere-telomere) 
is expressed in µm. Estimated whole chromosome length is expressed in Mbp.
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localize markers and estimate chromosome length 
in megabases, allowing to correlate cytological 
information with genetic linkage groups and 
genome sequences up to a chromosome-scale 
organization, overcoming the repetitive loci issues 
(Pedrosa et al. 2002; Fonseca et al. 2010; Belser et 
al. 2018). Despite high-density genetic maps and 
whole-genome sequences projects were done in few 
domesticated Capsicum species (Wu et al. 2009; 
Wu & Tanksley 2010; Moulin et al. 2015; Kim et al. 
2014, 2017; Qin et al. 2014; Ahn et al. 2018), such 
initiatives in C. pubescens are still awaited. The 
chromosomal map presented here will serve as a 
reference framework for the upcoming sequencing 
projects and a starting point to assist future genetic 
mapping studies necessary to the design of breeding 
strategies in this important chili pepper.
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