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Abstract

Within the framework of the IAEA coordinated research project entitled ‘Physical mapping technologies for the
identification and characterization of mutated genes contributing to crop quality’ we carried out genomic
characterization of wild and cultivated samples of chilli peppers (g€apsicum by classical chromosome
staining methods (AgNOR and fluorescent chromosome banding) and fluorescent in situ hybridization (FISH).
For the first approach, fluorochromes with affinity for specific chromosome regions were used, i.e.
chromomycin A3 (CMA) and diamidino-phenyl-indole (DAPI) which have preference for GC-rich and AT-rich
regions, respectively. In addition, Ag-staining to detect active nucleolus organizing regions was applied. The
heterochromatin could be characterized in respect to type, amount and distribution in the different accessions
examined. On the other hand, the number and position of active NORs could be determined. Using FISH,
different DNA probes were used in order to map specific sequences in the chromosomes, i.e. 45S and 5S rDNA,
telomeric sequences and cloned restriction fragments of repetitive nature. As an example of the work done, we
present the results obtained on a sampl€agsicum annuumar. annum(cultivar NMCA 10272), the most
broadly exploited cultivar of chilli pepper. The results allowed us to characteriz8ajtgicumspecies and
accessions and the possible evolutionary pathways for chilli peppers was deduced based on the available
cytogenetic data. It is worth mentioning that the research work done under this CRP is part of work being done
within an exsting network of chilli pepper research of this important plant group utilized by man and among one
of the first cultivated plants in the history of humanity.

1. INTRODUCTION

Solanaceae is an economically important family because it includes several plants of interest for food,
drug, stimulant and ornamental uses. On the other hand, some species are toxic or become aggressive
weeds. Although the family is cosmopolitan, it has the major concentration of genera and species in
South America [1]. In this sense, one highly important group is the New World GeqpsscumL.

which comprises around 30 species. Five of thénbaccatuni., C. pubescenfuiz et Pav. and the
members of th&C. annuumL. complex C. annuum C. frutescend.. and C. chinenseJacq.), were
domesticated by American natives and have been exploited world-wide since Columbus because of
their fruits. The fruits, which have high nutritional content, specially in vitamins, and are constituents

of the human diet, either the pungent forms as spice (‘ajies’, ‘chillies’, ‘hot peppers’) or the sweet ones
as vegetables (‘sweet pepper’). Moreover, the genus has medical and ornamental applications [cf. 1-4].

One of the main disadvantages arising from cultivating plants is the resulting susceptibility to a
multitude of diseases and pests due to the narrow genetic base from which most of the commercial
cultivars are developed. Thus, plant breeders are forced to search for resistance in the existing gene
pool and in the wild relatives of the crop species [5,6]. For success in breeding programmes in general,
it is essential to achieve basic information on the genetic diversity of the available germplasm, and
also on the genomic affinity between the possible donors of valuable alleles and the crop to be
improved. Therefore, germplasm characterization is an important aspect for the conservation and
utilization of plant genetic resources. In this respect, one of the main aspects to consider is the
cytogenetic analysis.

The cytogenetics dEapsicumhas received early attention for breeding purpose with reference to the
domesticated taxa and their possible wild ancestors [3,7]. The success of interspecific crosses,
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obviously related to the genomic homology of the parental species, could allow the genetic
improvement of cultivars by introducing valuable alleles such as those responsible for pathogen
resistance from the wild entities [5,6]. In this sense, a broad gene mapping and genome
characterization programme in the genus by classical and molecular cytogenetics will be useful for
hybridization and biotechnological approaches, including transformation.

Within the frame of the IAEA coordinated project entitled ‘Physical mapping technologies for the
identification and characterization of mutated genes contributing to crop quality’ we carried out a
genomic characterization of wild and cultivated samples of chilli peppers [8-12]. This work comprised

a broad programme of classical and molecular studies on somatic chromosomes, i.e., chromosome
banding (fluorescent and AgNOR staining) and DNA sequence (ribosomal RNA genes, i.e. 5S and
45S rDNA, telomeric sequences and restriction fragments of repetitive nature) mapping by
fluorescence in situ hybridization (FISH), in order to evaluate the inter- and intraspecific cytogenetic
variability. We expected to characterize species, varieties and cultivars, with the ultimate aim of
enhancing our knowledge of the genome organization and evoluti@apsicum with reference to

the origin of the crop species, and attempted to obtain useful information for breeding purposes.

In this report, the cytogenetic characterization of a sample of the most important and widespread
pepper cropC. annuumvar. annuum a species possibly domesticated in southern highland Mexico
[3,4], is presented as an example of the work done under the CRP.

2. MATERIALS AND METHODS
2.1. Bant material

The chilli pepper germplasm bank at the Multidisciplinary Institute of Plant Biology (IMBIV),
National University of Cordoba, Argentina, comprises around 400 accessions, including cultivated and
wild relatives from different localities. The studied sample presented in this pa@apscum
annuumvar. annuumcultivar NMCA 10272 from Mexico, was provided by Paul W. Bosland, New
Mexico State University, USA, and cultivated at the greenhouse of the IMBIV.

2.2. Chromosome preparations

Root tips (5-10mm long) obtained following seed germination were pre-treated with a saturated
solution of p-dichlorobenzene for 2h in the dark at room temperature, then, fixed in freshly prepared
absolute ethanol/glacial acetic acid (3:1) and stored at -20°C until prepa&aioatic chromosome
spreads were prepared according to Schwarzaethat. [13]. Root apices were macerated in an
enzyme solution [1% (w/v) cellulase plus 10% (v/v) pectinase] at 37°C for 40 min, and then squashed
in 45% acetic acid. After removal of the coverslip with,C€lides were air dried, aged for 1-2days at
room temperature, and then kept at -20°C until use

2.3. Chromosome banding methods

Silver impregnation to detect active nucleolar organizing regions (NORs) was performed according to
the Ag-l procedure by Bloom and Goodpasture [14] with the modifications of Kodamla [15].
Fluorescent chromosome banding to reveal amount, distribution, and type of constitutive
heterochromatin was done according to the triple staining method of Schweizer and Ambros [16] with
the fluorochromes chromomycin A3 (GC-specific binding), distamycin A and 4'-6-diamidino-2-
phenylindole (AT-specific binding) (CMA/DA/DAPI).

2.4. Fluorescent in situ hybridization (FISH)
The 45S rDNA and 5S rDNA repeated sequences were localized using the following DNA probes: R2,
a 6.5-kb fragment of the 18S-5.85-26S (45S) rDNA repeat unit foabidopsis thaliana, including

internal transcribed spacers ITS1 and ITS2 and a short 5’ segment of the intergenic region (IGR) [17],
and pXV1, a 349 bp fragment of the 5S rRNA gene repeated unitBeienvulgaris including the
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adjacent intergenic spacer [18]. The first probe was labelled with biotin-11-dUTP (Sigma, USA) and
the second one with digoxigenin-11-dUTP (Roche, Germany), both by nick translation. The telomeric
sequences were localized using Arabidopsislike telomeric probe amplified by PCR with the
oligomer primers (5-TTTAGGG-3")s and (5'-CCCTAAA-3")s according to Btlal. [19] labelled

with biotin-11-dUTP (Sigma). Labelling of the probes, pre-treatment of the preparations, chromosome
and probe denaturation, conditions for the in situ hybridization, post-hybridization washing, blocking,
indirect detection by fluorochrome conjugated antibodies (Dako, Denmark), i.e. anti-biotin conjugated
to tetramethyl-rhodamine isothiocyanate (TRITC) and anti-digoxigenin conjugated to fluorescein
isothiocyanate (FITC), and chromosome counterstaining with DAPI were performed according to
Moscone et al. [20,21].

2.5. Microscopy and image acquisition

After the application of the different methods, metaphase chromosomes were observed and
phobbgraphed, depending on the procedure, with transmitted light or epifluorescence in a Leica DMLB
microscope equipped with the appropriate filter sets, a Leica DC250 digital camera, and the IM 1000
Leica image management system. Particularly, for epifluorescence red, green, and blue images were
captured in black and white using appropriate filters for TRITC, CMA, FITC, and DAPI excitation,
respectively. Digital images were pseudocoloured and combined using the IM 1000 Leica software
package (Leica, Switzerland), and then, imported into Adobe Photoshop 7.0 for final processing.

2.6. Karyotype analysis

Five to ten metaphase plates per sample were used to make the karyotype characterization. The arm
ratio [r=q (long arm length) / p (short arm length)] was used to classify the chromosomes according to
Levan et al. [22] in m (metacentric, r=1.00-1.69), sm (submetacentric, r=1.70-2.99) and st
(subtelocentric, r = 3.00 — 6.99). In Table 1 and Figs. 1-3 the chromosomes were numbered according
to Mosconeet al [10,11]. The procedure for measurements of chromosomes and fluorescent
heterochromatic bands, in order to build the respective idiograms, is described in Metsglofel].
Karyotype variants below the species level were considered as ‘cytotypes’.

TABLE 1. MEASUREMENTS OF THE CHROMOSOME COMPLEMENT I8l ANNUUM VAR.ANNUUM
CV. NMCA 10272

Pair Length r Type Position of fncb ~ Length of thcb
(a/p)

Absolute (um) X Relative (% of X (sd) Absolute (um) X Relative (% of

(sd) HKL) (sd) HKL)
1 7.10 (0.66) 10.40 1.06 (0.04) m q 0.09 (0.04) 0.14
2 6.19 (0.80) 9.07 1.18 (0.12) m
3 5.76 (0.71) 8.44 1.15 (0.08) m
4 5.74 (0.71) 8.41 1.17 (0.10) m p 0.05 (0.01) 0.07
5 5.71 (0.72) 8.37 1.15 (0.09) m
6 6.00 (0.49) 8.79 1.09 (0.05) m p~\(77.35) 0.20 (0.06) 0.29

g"\(61.23) 0.05 (0.01) 0.07

7 5.53 (0.45) 8.10 1.13 (0.08) m
8 5.41 (0.68) 7.93 1.33 (0.14) m p~(88.12) 0.05 (0.03) 0.07
9 5.29 (0.54) 7.75 1.20 (0.10) m p 0.08 (0.02) 0.12
10 5.17 (0.44) 7.58 1.14 (0.07) m
11  5.48(0.31) 8.04 1.85 (0.29) sm-NOR p 0.70 (0.01) 1.03
12 4.86 (0.62) 7.13 3.08 (0.31) st-NOR p 0.43 (0.08) 0.63

Abbreviations:cy, cultivar; X, mean valuesd, standard deviatiortiKL, haploid karyotype lengttr, braquial
index; g, long arm;p, short arm;m, metacentricsm submetacentricst, subtelocentric chromosom&tOR
nucleolus organizing regioffach, fluorescent heterochromatic band.

~intercalary band (in brackets is indicated the distance to the centromere).
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Fig. 1. Chromosome banding in Capsicum annuum var annuum cv. NMCA 10272 (2n = 24). A-B, Ag-NOR banding showing
two chromosome pairs (Nos. 11 and 12) with active nucleolus organizing regions in metaphase pointed with arrowheads (A),
and four Ag-stained nucleoli in an interphase nucleus (B). C-D, Fluorescent banding pattern displaying CMA+ (C) and
DAPI- (D) heterochromatic bands; arrows indicate bands related to NORs. Scale bars represent 10 um.

Fig. 2. Fluorescent in situ hybridisation (FISH) in Capsicum annuum var annuum cv. NMCA 10272 (2n = 24). A, Mapping of
rRNA genes, 45S rDNA loci (two pairs) are displayed in red and 5S rDNA loci (one pair) in green. B, Mapping of telomeric
sequences which are displayed in green. Scale bar represents 10 um.

C. annuum var. annuum NMCA 10272

m sm st
J0000A0nng & =
D ~— ‘ — D D — ;:—e} U — — ‘;—:
1 5 6 7 8 9 10 11 12
Fig. 3. Idiogram of Capsicum annuum var annuum cv. NMCA 10272 (2n = 24). All heterochromatic bands are CMA+/DAPI-

, which include the rDNA loci. 45 S rDNA loci are shown in grey and the 5S rDNA locus in a hatched intercalary region.
Scale bar represents 5 um.
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3. RESULTS AND DISCUSSION

lllustrations of chromosome banding, i.e., AQNOR staining, fluorescent CMA/DA/DAPI staining, and
FISH experiments for localizing 5S and 18S, 5.8S, 26S (45S) rDNA and telomeric repeated sequences
in C. annuunvar.annuumcv. NMCA 10272, and the resulting idiogram are shown in Figs. 1-3. The
measurements of the chromosomes from which the idiogram was built are given in Table 1.

The cultivar NMCA 10272 was, selected to show how the cytogenetic methodological approaches
applied to chilli peppers is useful for chromosome identification. NMCA 10272 displayed 2n = 24,
with a karyotype formula of 10m+1sm+1st chromosome pairs, where pairs nos. 11 (sm) and 12 (st)
have active nucleolus organizing regions (NORs) on short arm. The total haploid karyotype length was
68.24um. As it is typical in the genus, the fluorescent heterochromatic bands are CMA+/DAPI-, which
indicates a GC-rich heterochromatin constitution. As usual in this species, the total heterochromatin
amount of the cultivar was low (2.42%) and mostly placed in the terminal regions of the
chromosomes.

The FISH patterns of the 45S ribosomal RNA gene family concerning number, position and size of
loci differ between species, varieties and cultivars G#psicum and resemble, although not
completely, the corresponding specific fluorescent banding patterns after the triple staining with
chromomycin, distamycin and DAPI, which shows CMA+/DAPI- bands [9,11,23]. This phenomenon,
which was also observed in other plant groupsagsical.) [24], could be explained by possible
cross-hybridization of the 45S probe with the CMA+/DAPI- (GC-rich) heterochromatic regions in the
genus, as it is known that in most plant species ribosomal DNA is rather GC-rich [25]. It should be
considered that the R2 and pTa71 probes used in our studies and ley afR6], contain at least

part of the intergenic 45S rDNA spacer (IGR), which carries repetitive elements and, thus, could be
cross reactive [27]. INicotiana L., a satellite sequence with a GC-rich subrepeat, which is
homologous to the 45S rDNA IGR and occurs outside of rDNA loci in species of s€otimntosae
Goodsp was been reported. [28].

In the diploid complements of the taxa studied during this project, the number of 45S rDNA loci was
variable, whilst invariably there was only one pair of 5S sites. Prior to this work, data on rRNA genes
localization by FISH have been reported by other authors only in one accession each of the five
cultivated Capsicumspecies, including. annuum C. baccatumand C. pubescen$26,29]. InC.
annuumcultivar different from the one analysed in our study, only one pair of 45S rDNA loci was
reported by non-fluorescent in situ hybridization methods [30].

Fluorescent chromosome banding patterns, AQNORs number and position and cytological mapping of
rRNA gene clusters has revealed chromosome homologies between chilli pepper species [10,11,23]
and allowed the speculation of species relationships and the possible evolutionary pathways.
Generally, the information from our classical and molecular cytogenetic studies supports previous
conclusions on systematic affinities and phylogenetic relationshi@apsicum based on different
methodological approaches [1,3,8,12,31]. It should be noted that the cytogenetic results obtained
during this project allowed us to speculate a widely accepted evolutionary picture in the genus, where
the x = 13 basic number appeared two times, once very early the evolution of the genus, and after that
in a more advanced line. In addition, the observed intraspecific variation at cytological level helped in
finding the possible original place of domestication for the cultivated pepper species [4, i.e.
annuumvar. annuumin Mexico and PeruC. chinenseandC. frutescensn Brazil, C. baccatunvar.
pendulumin Bolivia, andC. pubescens Peru. Most of the cytogenetic information generated under
this CRP was included in a related global project [32].

In the near future, we will attempt to localize in the chromosomes ofC#psicumspecies an
available set of gene-derived markers (resistance gene analogues or RGAs), which are related to
disease resistance genesAséchis (Leguminosae). It should be noted that chilli peppers and peanut
crops could be affected by similar diseases and pests, such as fungal leaCsepmisppra) and
nematode root-knotsMeloidogyne, the resistance searched in the wild relatives [7]. Finally, the
construction of integrated molecular linkage maps in members of tlenuumcomplex [33-35]
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open the prospect to attempt comparisons between the physical chromosomes identified
cytogenetically and the pure genetic linkage groups, using chromosome-specific BAC clones based on
genetically mapped restriction fragment length polymorphism (RFLP) markers [36,37].

4. CONCLUSIONS

The distribution and size variation of fluorescent heterochromatic bands, AQNORs and rDNA gene

clusters, allowed us to distinguish wild and domesticated chilli peppers. Fluorescent banding, silver

staining and rDNA FISH patterns were useful even with discriminate cultivars from the same species.
This is significant, particularly, since most chromosomes in chilli pepper species are of similar in size

and difficult to distinguish one from another. Thus, the methods used in study demonstrated to be very
valuable for characterizing pepper germplasm.

FISH technique using ribosomal RNA gene (5S and 45S rDNA) probes combined in single
experiments, together with fluorescent and AQNOR banding methods [32], brought out useful markers
for chromosome identification and for further DNA sequence mapping by FISH, including genes
contributing to crop quality in peppers.

Classical and molecular cytogenetics provided sufficient chromosome landmarks to postulate
homologies between species. Valuable data to enhance the knowledge of the phylogeny, genome
organization and evolution in Capsicum were obtained.
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