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Abstract 
Capsicum (chili peppers) is a New World genus with five crop species of great 

economic importance for food and spices. An up-to-date summary of the karyotypic 
knowledge is presented, including data on classical staining (chromosome number, 
size and morphology), silver impregnation (number and position of active nucleolar 
organizing regions), fluorescent chromosome banding (amount, distribution and 
type of constitutive heterochromatin), nuclear DNA content measurements (genome 
size), and fluorescent in situ hybridization (physical mapping of telomeric 
sequences). Reported chromosome numbers for 23 of the 31 recognized species allow 
us to distinguish two species groups: one with 2 n = 2 ~ 2 4  (13 species) and another 
with 2n=Zu=26 (10 species). The 2n=24 species have comparatively symmetrical 
karyotypes, mostly with 11 metacentric and 1 subtelocentric (submetacentric) pairs. 
In contrast, the 2 ~ 2 6  taxa exhibit more asymmetrical complements, with more 
submetacentric (subtelocentric) chromosomes and frequently one telocentric 
chromosome. Active nucleolar organizing regions vary in number from one (several 
species) to four pairs (C. baccatum). Heterochromatin amounts range from 1.80% 
(C. annuum) to 38.91% (C. tovarii) of the karyotype length, whilst 1C DNA contents 
vary from 3.35 pg (C. chacoense) to 5.77 pg (C. parvifolium). GC-rich 
heterochromatin is universal in the genus; AT-rich heterochromatin appears in 
C. pubescens, C. pereirae and C. campylopodium. The latter species also exhibits 
mixed GC- and AT-rich heterochromatin. Lack of telomeric sequences in ectopic 
localizations in the 2n=24 species supports the hypothesis that x=13 has been derived 
from x=12. Results of chromosome differentiation are compared with molecular 
data, and a scheme of possible evolutionary trends in Capsicum with reference to the 
origin of the cultivated taxa is presented. Postulated derived karyotype traits in 
peppers are increases in karyotype length and asymmetry, nuclear DNA and 
heterochromatin content. Capsicum chacoense appears as the most primitive taxon 
while the Brazilian species with 2n=26 seem to be the most advanced, especially 
C campylopodium. The 2n=26 species form two subgroups according to geographical 
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distribution, morphology and karyotypes. This suggests that ~ 1 3  arose twice in the 
genus. Karyological analyses provide valuable diagnostic features for taxonomic 
identification at species level in the cultivated peppers, particularly in the C. annuum 
complex (C. annuum, ' chinense and C. frutescens). Results reinforce the hypothesis 
of three independent lines leading to the domesticated peppers: the C. annuum 
complex, C. baccatum and C. pubescens. 

INTRODUCTION 
Capsicum L. [tribe Solaneae, subtribe Capsicinae, according to Hunziker (2001)l 

is a small genus comprising ca. 30 species, some with varieties, of great economic 
importance native to the New World. Five species (C. annuum var. annuum, C. chinense, 
C. frutescens, C. baccatum varieties pendulum and umbilicatum, and C. pubescens) were 
domesticated by American natives. After Columbus, they became widely exploited in 
tropical to temperate regions because of their h i t s ,  which have high nutritional contents, 
especially in vitamins. They are constituents of the human diet, the pungent cultivars as 

- - spiccaiies." "pa rika," "chilies," "hot peppers") and the sweet Qes as vegetables 
rsweet pepper," "pirmento"). Moreover, the genus has medlca an 
ornamental applications (IBPGR, 1983; Pickersgill, 199 1; Eshbaugh, 1993; Bosland and 
Votava, 2000; Hunziker, 2001). 

Several authors have focused on the taxonomy of this genus during the past 
50 years (Hunziker, 1950, 2001; Heiser and Smith, 1953; Eshbaugh, 1979, 1980; 
Pickersgill et al., 1979; Pickersgill, 1988; Barboza and Bianchetti, 2005), but a complete 
treatment is still lacking. A list of the 31 recognized species according to Barboza 
(unpubl. data) and some relevant taxonomic traits are presented in Table 1. The 
predominant-growth forms in- the genus are perennial shrubs, although several species 
also display biennial herbaceous growth, particularly those of the Capsicum annuum 
complex (C. annuum, C. Jiutescens and C. chinense). A few taxa can develop into trees, 
e.g., C. parviYolium and C. rhomboideum. Capsicum caballeroi and C. eximium are 
unique in having herbaceous, shrubby and arborescent forms. Corollas are stellate (most 
frequently), rotate or campanulate. Corolla color in particular has been utilized to 
characterize the cultivated species and their wild relatives, and to divide them into a 
"white-" and a "purple-flowered group." However, this concept becomes inadequate 
when describing the flower color variation found in more distantly related wild species 
and the genus as a whole. The reason is that some species exhibit single-colored flowers 
(e.g., C. chacoense, C. fnburgense, C. rhomboideum), i.e., white, cream, yellow, ochre, 
pink, lilac and purple-violet, while others (e.g., C. coccineum, C. hunzikerianum, 
C. parvijbliurn) have different color combinations in lobules, throat and tube, often 
including spots of various colors, which complicates species delimitation (Hunziker, 
2001; Barboza and Bianchetti, 2005). In the wild peppers, h i t s  are usually spherical (in 
some cases also ovoid or elliptic), their color being red or yellowish-green, rarely orange. 
In the cultivated taxa, h i t  traits are highly variable within species due to human selection 
(Pickersgill, 1988). Seeds are reniform (except in C. pubescens where they are irregular) 
and yellowish, brownish or blackish. Self-compatibility is the rule in the genus. From the 
11 species examined for this trait, only C. cardenasii was found to be self-incompatible 
(Eshbaugh, 1979; Onus and Pickersgill, 2004). 

Fruit pungency is characteristic of the genus due to substances unique to peppers 
in a mixture known as "capsaicinoids," which includes more than 20 alkaloids 
(vanillylaminds): The presence of pungency is controlled by a single dominant major gene 
(Punl or C )  demonstrated in the Capsicum annuum complex, although its expression 
varies among species and cultivars depending on other modifier genes epistatically 
affected by Punl and environmental conditions (Lippert et al., 1966; IBPGR, 1983; 
Bosland and Votava, 2000; Hunziker, 2001; Lefebvre et al., 2002; Stewart et al., 2005). 
At least two wild species, C. lanceolatum and C. rhomboideum (Bosland and Zewdie, 
2001), are reported to be completely free of pungency, and pungency is also absent in 
some accessions of C. chacoense Pshbaugh, 1980), in one of C. cornutum (as C. dusenii 



Bitter; Hunziker, 1971), and in cultivars of C. annuum var. annuum after human selection. 
According to Hunziker (2001), four centres of distribution can be recognized for 

Capsicum (see Fig. 4): 1) southern USA and Mexico to western South America (Peru; 
12 spp.), 2) northeastern Brazil and coastal Venezuela (1 sp.), 3) eastern coastal Brazil 
(10 spp.), and 4) central Bolivia and Paraguay to northern and central Argentina (8 spp.). 
The greatest number of species (16) is concentrated in Brazil (Barboza and Bianchetti, 
2005). It is noteworthy that 16 species are endemics of different regions of South America 
(see Tabie 1). The original place of domestication for each cultivated species is still under 
discussion (see below). Peppers are among the oldest cultivated plants in 4 c  Americas, 
and archeological remains indicate that C. annuum in particular was usedsby man wen 
before the advent of agriculture (Pickersgill, 1969). The domesticated species include 
wild populations, except C. pubescens, which is known only in cultivation. In the case of 
C. annuum and C. baccatum, the wild forms are distinguished as taxonomic varieties, i.e., 
glabriusculum and baccatum, respectively. The spontaneous forms of the C, annuum 
complex intergrade in a way that makes it difficult to separate one from the other, and to 
distinguish between weedy forms escaped from cultivation and true wild forms 
(Pickengill et al., 1979; Pickengill, 1988; Eshbaugh, 1993). 

Research from different fields has contributed to the knowledge of the genetic 
diversity in the genus and relationships among species, e.g., morphological analyses 
(Pickersgill et al., 1979), crossing experiments (Tong and Bosland, 1999; Onus and 
Pickersgill, 2004), classical (cf. Pickersgill, 1977, 199 1; Moscone et al., 1993a, 1996a; 
Pozzobon et al., 2006) and molecular cytogenetic analyses (Park et al., 1999, 2000; 
Scaldafero et al., 2006), systematic biochemical studies (Ballard et al., 1970; Bosland 
and Zewdie, 2001), and protein electrophoretic studies (McLeod et al., 1983; Loaiza- 
Figueroa et al., 1989). In addition, DNA sequence analyses (Walsh and Hoot, 2001) and 
studies on restriction fragment length polymorphisms (RFLP), polymerase chain reaction 
(PCR)- amplified fragment length polymorphisms (AFLP), randomly amplified 
polymorphic DNA (RAPD), and polymorphic plastid DNA (cpDNA) markers have been 
published (cf. Prince et al., 1995; Paran et al., 1998; Rodriguez et al., 1999; Buso et al., 
2002; Votava et al., 2005). 

From a practical point of view, important achievements have been the 
identification of many genes csntributing to crop quality in peppers, such as those 
responsible for resistance to different diseases, and the production of capsaicinoids and 
beta-carotene (cf. Lippert et al., 1966; Daskalov and Poulos, 1994). It has been possible to 
obtain genetically improved cultivars by induced mutagenesis (cf. Daskalov, 1986; 
Daskalov and Baralieva, 1992), and to construct a relatively saturated linkage map based 
on molecular markers (Livingstone et al., 1999; Ben Chaim et al., 2001; Lefebvre et al., 
2002). Furthermore, one should mention the efforts to construct bacterial (BAC) and 
yeast artificial chromosome (YAC) libraries to better handle the pepper genome (Kim et 
al., 1998; Tai and Staskawicz, 2000) and to create complementary DNA (cDNA) lib,raries 
as a strategy to generate expressed sequence tags (EST) for the discovery of new genes 
(Lee et al., 2002). 

For crop improvement and the success of breeding programmes in particular, it is 
essential to obtain more basic information on the genetic diversity of the available 
germplasm, and on the genomic affinities between the possible donors of valuable alleles 
and the crops to be improved. In this respect, the cytogenetic characterization of the 
germplasm is important for the conservation and utilization of plant genetic resources, as 
well as for hybridization and biotechnological approaches, including transformations. 
Therefore, we are facing a broad programme of genome characterization in the pepper 
germplasm by classical and molecular cytogenetics to evaluate its inter- and intraspecific 
variability. Such a programme will ultimately enhance our knowledge of the genome 
organization and evolution in Capsicum, with reference to the origin of the crop species 
and their improvement. 

In this contribution, we present a summary of new and earlier karyotypic 
information achieved by our research group since the work of Moscone (1989). 



Methodological approaches comprise conventional staining, silver impregnation, 
fluorescent chromosome banding, fluorescent in situ hybridization (FISH) and 
measurements of nuclear DNA content. A working hypothesis and scheme of possible 
evolutionary trends in Capsicum with particular reference to the origin of the cultivated 
taxa is presented on the basis of the available cytogenetic data. 

MATERIALS AND METHODS 
Provenances of the plant material studied are presented in Table 2. Voucher 

specimens are deposited in the herbarium of Museo BotSinico de Cbrdoba, Argentina 
(CORD). In Table 1, species are listed alphabetically, while in Table 2 and Fig. 2, they 
are arranged, in general, according to their karyotypic affinities. 

Somatic chromosome preparations were done by squashing pectinase-cellulase- 
macerated root tips obtained from germinating seeds. For details of breaking dormancy, 
mitotic arrest bv D-dichlorobenzene. fixation and enzvme maceration. see Moscone et al. 
(1993a). ~ilve;&~regnation to deiect active nucleoiar organizing regions (NORs) was 

amount, distribution, and type of constitutive heterochromatin was done according to 
Schweizer and Ambros (1994) as follows: triple staining with the fluorochromes 
chromomycin A3 (GC-specific binding), distamycin A and 4'-6-diamidino-2-phenylindole 
(AT-specific binding) (CMA/DA/DAPI), and, sequentially, double staining with DAPI. 
and actinomycin D (DAPIIAMD). Single-labeled fluorescent in situ hybridization (FISH) 
to physically map telomeric sequences in the chromosomes was done by using an 
Arabidopsis-like telomeric probe amplified by PCR with the oligomer primers (5'- 
TTTAGGG-3')s and (5'-CCCTAAA-3')s according to Ijdo et al. (1991). Labeling of the 
probe with biotin-11-dUTP by nick-translation, pretreatment of preparations, FISH 
experiments, washing and blocking of preparations, detection of labeled probe with 
fluorochrome-conjugated antibodies, and chromosome counterstaining with DAPI 
followed Moscone et al. (1996b). 

After staining, metaphase chromosomes were observed and photographed, 
depending on the procedure, with transmitted light or epifluorescence with a Leica 
DMLB microscope equipped with the appropriate filter sets, a Leica DC250 digital 
camera, and the Leica IM1000 image management system. The chromosome terminology 
follows Levan et al. (1964), with details given in Moscone et al. (1993a, 1995), where the 
arm ratio (r = long anntshort arm) was used to classify the chromosomes as m or 
metacentric (r = 1.00-1.69), sm or submetacentric (r = 1.70-2.99), st or subtelocentric 
( r=  3.00-7.00) and t or telocentric (r > 7.00). The procedure for measurements of 
chromosomes and fluorescent heterochromatic bands, in order to construct the respective 
idiograms, is described in Moscone et al. (1996a). Karyotype variants below the species 
level were considered as "cytotypes." 

RESULTS 
The results of karyotype analyses by classical staining, silver impregnation, 

fluorescent chromosome banding, fluorescent in situ hybridization with a telomeric probe, 
and measurements of nuclear DNA content in a total of 60 samples belonging to 
20 species and five varieties of Capsicum are presented in Table 2. New cytogenetic 
information is given for 17 taxa, including the first chromosome data for C. recurvaturn. 
~x'$ii~leS:of the:ldyotype diversity found in the genus are illustrated in Fig. 1 and the 
i d i o m s  Mth$ CCiij&kd taxa are displayed in Fig. 2. . . . 

. . 'L.?.Thirtee+' species, i.e., Capsicum 'chacoense, C.. parvifolium, C. galapagoense, 
C. annuum ' (varieties glabriusculum and annuum), C. chinense, C. fnrtescens, 
C. baccatum (varieties baccatum, pendulum and umbilicatum), C. praetermissum, 
C. eximium, C. cardenasii, C. pubescens, C. tovarii and C. Jexuosum have 2n=2x=24, 
whereas seven species, i.e., C. mirabile, C. schottianum, C. pereirae, C. campylopodium, 
C. recurvatum, C. villosum and C. rhomboideum possess 2n=k=26. Intraspecific 



karyotype variation can be observed in 10 taxa, the cytotypes differing with respect to 
karyotype formula and length, number and position of active nucleolar organizing regions 
(NORs), karyotype asymmetry, heterochromatin (hc) amount and banding pattern. Two 
cytotypes were found in C. chacoense, C. parvfolium, C. annuum varieties glabriusculum 
and annuum, C. chinense, C. baccatum var. pendulum, C. eximium, C, pereirae and 
C. campylopodium, and three cytotypes were seen in C. mirabile. A high karyotype 
constancy was found in the cultivated taxa [C. annuum var. annuum (6 cultivars studied), 
C. chinense (4), C. fmtescens (3), C. baccatum varieties pendulum (6) and umbilicatum 
(2), and C, pubescens (6)] in comparison to the wild ones. Differences between the 
cytotypes of C. annuum var. annuum, C. chinense, and C. baccatum var. pendulum occur 
only in number of NORs, size of the NOR-associated satellites, and small variations in 
heterochromatin amounts. 

The 2n=24 species have comparatively more symmetrical karyotypes, most of 
them with 11 m + 1 st chromosomes of rather homogeneous size in the haploid 
complement. Exceptions are Capsicum parvifolium (one cytotype), with 12 m 
chromosomes, C. annuum varieties glabriusculum (one cytotype) and annuum, with 11 m 
+ 1 sm + 1 st chromosomes, and C. eximium, C. cardenasii, and C. tovarii, with 11 m + 
1 sm chromosomes. In contrast, 2n=26 species exhibit more asymmetrical complements, 
with a numerical increase of sm (1 to 6) and st chromosomes (1 to 2). Additionally, one t 
chromosome is present, except in C. campylopodium cytotype 2, C. recurvatum, and 
C. rhomboideum. In the species with 2n=26, differences in chromosome size are more 
conspicuous and, generally, two to three chromosomes are smaller than the remainder of 
the complement. Haploid karyotype length in the species studied varies between 41.91- 
48.66 pm in C. rhomboideum and C. galapagoense to 103.45-103.69 pm in C. mirabile 
cytotype 3 and C. jlexuosum. Flow cytometric measurements of nuclear DNA content in 
nine species gave 1C values ranging from 3.34-3.43 pg (3273-3361 Mbp) in 
C. chacoense and the C. annuum complex to 4.53-5.77 pg (4439-5655 Mbp) in 
C. campylopodium and C. parvifolium (cf. Moscone et al., 2003). 

Active nucleolar organizing regions (NORs) vary in number from one to four in 
the haploid complement as follows: one NOR in 10 species [Capsicum parvijiolium, 
C. galapagoense, C. annuum varieties glabriusculum and annuum (cytotype l), 
C. chinense, C. mirabile (Fig. IG), C. schottianum, C. campylopodium (Fig. 1E-F), 
C. recurvatum, C. rhomboideum (Fig. 1D) and C. villosum]; two NORs in 10 species 
[C. chacoense (Fig. lA), C, annuum varieties glabriusculum (Fig. 1B) and annuum 
(cytotype 2), C. frutescens, C. praetennissum, C. eximium, C. cardenasii (Fig. lC), 
C. pubescens, C. tovarii, C. flexuosum and C, pereirae]; three NORs in C. baccatum var. 
pendulum (cytotype 1) and four NORs in varieties baccatum, pendulum (cytotype 2), and 
umbilicatum. NORs are localized on short arms except those on an m chromosome of 
C. annuum var. glabriusculum cytotype 2 (Fig. lB), C. eximium and C. cardenasii 
(Fig. lC), which are in the long arm. In the 2n=24 species, usually one (or the only) NOR 
is placed in the smallest chromosome (st, sm, or m), the additional NORs being in the 
largest, medium-sized, or small m (or sm in C. annuum) chromosomes. In the species 
with 2n=26, NORs are localized in m (more frequent), sm, or st chromosomes, often of 
small size. 

According to the base-specific fluorochromes used for chromosome staining (cf. 
Schweizer, 1979) four types of constitutive heterochromatin with respect to their satellite 
DNA composition were found in the taxa analysed (Fig. 3): 1) highly GC-rich 
heterochromatin [CMA/DA+ DADAPI- DAF'VAMD- (hereafter designated as CMA+ 
DAPI-, i.e., chromomycin homogeneously bright and DAPI dull)] appears in all species 
(e.g., Fig. lA, G) and occurs particularly in the NOR and related satellite (i.e., NOR- 
associated heterochromatin); 2) AT-rich heterochrornatin [CMAPDA- DADAPI+ 
DAPI/AMD+ (hereafter designated as CMA- DAPI+, i.e., CMA dull and DAPI bright)] is 
present in Capsicum pubescens, C. pereirae cytotype 1 and C. campylopodium (Fig. 1E- 
F), being the predominant type in cytotype 1 of the latter species; 3) moderately GC-rich 
heterochrornatin [CMA/DA+ DADAF'Io DAPVAMDo (hereafter designated as CMAm 



DAPIo, i.e., chromomycin mottled bright and D M 1  indifferent)] is found in 
C. praetermissum and C. pereirae, being the most abundant in the former species; and 4) 
mixed GC- and AT-rich heterochromatin [CMA/DA+ DAIDAPI+ DMUAMD+ 
(hereafter designated as CMA+ DAPI+, i.e., chromomycin and DAPI bright)] is observed 
only in C. campylopodium cytotrpe 2. 

Heterochromatin amounts range fiom 1.80%-2.24% (Capsicum annuum var. 
annuum cytotype 1 and C. galapagoense) to 32.49%-38.9 1 % (C. campylopodium 
cytotype 1 and C. tovarii) of the karyotype length. In general, species with the largest 
genomes display higher heterochromatin contents, except C. parvifolium. Among the 
2n=24 species, C. praetermissum, C. cardenasii (Fig. lC), C. pubescens, C. tovarii and 
C.Jexuosum differ from the remaining species by having comparatively more 
heterochromatin (above 10%) in their complements. In the species with 2 ~ 2 6 ,  more than 
15% of the genome is heterochromatic, except in C. pereirae cytotype 1 (11.42%), 
C. recurvatum (5.45%) and C. rhomboideum (5.07%; Fig. ID). In general, 
heterochromatic banding patterns are characterized by the presence of many terminal and 
few intercalary bands, except in C. jlexuosum and C. campylopodium, which have 
conspicuous intercalary bands. The centromeric heterochromatin was not considered in 
the idiograrns because it is either absent or only visible in a few cases as faint CMA+ 
DAPIo paired dots not constantly expressed. Remarkable heteromorphisms of 
heterochromatic regions between homologous chromosomes comprise presence and size 
of bands, particularly the NOR-associated heterochromatic bands of most species (e.g., in 
pair no. 12 of C. cardenasii; Fig. 1C). In general, those species with high heterochromatin 
content, i.e., three 2n=24 species-C. pubescens, C. tovarii and C. Jexuosum-and four 
2n=26 species-C mirabile (e.g., pairs no. 5, 7 and 13, Fig. lG), C. schottianum, 
C. pereirae and C. campylopodium (e.g., pairs no. 2 and 12, Fig. 1E-F)-exhibit more 
conspicuous structural heterozygosity in banding -patterns between homologous 
chromosomes. The different cytotypes of C. mirabile, Cpereirae and C. cumpylopodium 
display striking intraspecific chromosome polymorphisms. 

The Arabidopsis-like telomeric sequence was localized by FISH in 15 samples 
belonging to 11 Capsicum taxa with 2 ~ 2 4 ,  i.e., C. chacoense, C. annuum var. annuum 
(4 accessions), C. chinense (Fig. lH), C. fi-utescens, C. baccatum varieties baccatum, 
pendulum and umbilicatum, C. eximium, C. cardenasii, C. pubescens (2) and 
C.flexuosum. FISH signals were detected in every chromosome end, but ectopic 
localizations either at centromeric or intercalary positions were never found. 

DISCUSSION 

Systematic Considerations 
The karyotype analyses with a variety of technical approaches used for the present 

contribution demonstrate that cytogenetics provides powerful tools for species 
characterization and taxonomic grouping in Capsicum. This becomes particularly evident 
when cytogenetic data are combined with methodological approaches from other 
disciplines such as morphological and phytogeographic studies (Eshbaugh, 1979; 
Pickersgill et al., 1979), crossing experiments (Pickersgill, 1988, 1991; Onus and 
Pickersgill, 2004), isozyrne analyses (McLeod et al., 1983; Loaiza-Figueroa et al., 1989), 
chloroplast and nuclear DNA sequencing studies (Park et al., 2000; Walsh and Hoot, 
2001), and plastid DNA fragment polymorphism analysis (Buso et al., 2002). 

Chromosome numbers reported for 23 of the 31 recognized species allow us to 
distinguish two species groups: one with 2n=2x=24 (13 species) and another: with 
2n=k-26 (10 species; see Table 1 and references therein). Among the 2n=24 species 
here examined, Capsicum chacoense, C. galapagoense, C. annuum, C. chinense and 
C.fiutescens appear as closely related taxa according to their karyotype features. They 
display comparatively small karyotype lengths (low DNA contents), one or two active 
NOR5 per basic chromosome set, little heterochromatin (less than 6%) of the GC-rich 
type, and simple heterochromatic banding patterns composed mostly of terminal bands. 



These species are placed in the "white-flowered group" as they have uniformly white, 
stellate corollas (sometimes cream in the latter three species; Pickersgill, 1991). In 
addition, they exhibit red fruits (various colors in the cultivated forms of the domesticated 
species) of different shapes, and yellowish seeds. The last three species are included in 
the C. annuum complex, where poorly developed crossing barriers and great similarities 
with respect to morphology, isozymes, and DNA sequences suggest that they could be 
conspecific (cf. Pickersgill, 1988, 1991; Park et al., 2000; Walsh and Hoot, 2001). 
Although crosses between taxa of the C. annuum complex and C. chacoense give fertile 
hybrids, the latter species is distinguished by its isozyme profile and DNA sequence 
Merences (McLeod et al., 1983; Pickersgill, 1991; Choong, 1998; Walsh and Hoot, 
2001). It is noteworthy that plastid DNA fragment polyrnorphisms show C. chacoense in 
a cluster with the 2n=26 species, closest to C. campylopodium (Buso et al., 2002). 
Concerning C. galapagoense, it appears nested in the C. annuum complex according to 
DNA sequence data, although successful crosses are possible only with C. annuum (cf. 
Pickersgill, 1991; Choong, 1998; Walsh and Hoot, 2001). 

On the other hand, Capsicum baccatum exhibits increased karyotype length (and 
DNA content), three to four active NOR5 in the basic complement, more GC-enriched 
heterochromatin (7-9%), and a higher degree of complexity in its heterochromatic 
banding pattern in comparison with the species mentioned above. Also a white-flowered 
species with stellate corollas, red fruits (and yellow in the cultivated forms), and 
yellowish seeds, C. baccatum has greenish spots in the corolla throat and gives fertile 
hybrids with the species mentioned above except C. galapagoense (Pickersgill, 1991). 
The present results together with DNA sequencing and cpDNA fragment polymorphism 
data support its separate placement within the "white-flowered group" (Choong, 1998; 
Park et al., 2000; Buso et al., 2002). It should be noted that the inclusion of C. baccatum 
in a subgroup together with C. chacoense has been proposed already earlier on the basis 
of isozyme and DNA sequence results (McLeod et al., 1983; Walsh and Hoot, 2001). 

Concerning Capsicum praetermissum, considered as a variety of C. baccatum by 
Hunziker (2001), the present cytogenetic data support its specific rank, as it differs from 
the latter species by having only two active NORs and more heterochromatin (11%), 
which is moderately GC-enriched (i.e., expressed in bands of mottled appearance). 
Furthermore, it displays a higher DNA content than C. baccatum (cf., Belletti et al., 
1 9 9 8 ) . - W p c i e s  exhibit red fruits and yelloosh seeds, but C. praetermissum differs 
by its rotate white ~ o l l a  withpuTple margins and eenisli$ots in-ihZ throat. Crosses 
between C. baccatum and C. praetermissum produce viable hybrids (Pickersgill, 199 1 ; 
Tong and Bosland, 1999). In addition, isozymes, DNA sequences, and cpDNA fragment 
polyrnorphisms also indicate a close relationship between them (McLeod et al., 1983; 
Choong, 1998; Buso et al., 2002). In this context, our results suggest that 
C, praetermissum occupies an intermediate position between C. baccatum and the species 
group mentioned below. 

Another 2n=24 species group is formed by Capsicum eximium, C. cardenasii, - . ri ntsmd-- 
h"~g-h pt the latter species (cf. Belletti et al., 1998). In addition, they 
have two active NORs in the haploid complement (one of them placed in a long arm in 
C. eximium and C. cardenasii), a sm instead ofan st chromosome (except C. pubescens), 
high heterochromatin amounts (more than 12%) of the GC-rich type (C. pubescens also 
with a single AT-enriched band), and complex banding patterns (except C. eximium). 
These species form the "purple-flowered group," in. which C. pubescens is the core 
member (Pickersgill, 1991). Their flowers are partly (or totally) purple-violet; C, tovarii 
also has white-cream forms (sometimes with greenish spots). The corolla shape is stellate 
in C. eximium and C. tovarii, campanulate in C. cardenasii, and rotate in C. pubescens. 
Fruits are spherical and red, and seeds reniform and brownish, except in C. pubescens, 
where fruit shape and color are variable, and seeds are irregular and blackish. The 
shrubby growth form is typical, although C. eximium also has herbaceous and arborescent 
variants. The close relationships between C. eximium, C. cardenasii and C. pubescens 



(particularly the first two taxa) is supported by crossing experiments, which produce 
fertile hybrids in any of the combinations, although none of these species can be 
successfUlly crossed with C, tovarii (Pickersgill, 199 1). Further support for this grouping 
comes from molecular data, which show C. pubescens in particular to be distant from the 
white-flowered taxa (cf. McLeod et al., 1983; Park et al., 2000; Walsh and Hoot, 2001). 
In any case, links between the "white-" and the "purple-flowered group" are evident from 
the fact that C. eximium and C. cardenasii give viable progeny in crosses with 
C. frutescens and C. baccatum (cf. McLeod et al., 1983; Pickersgill, 1991). 

The position of Capsicum tovarii is still not clarified. Crossing experiments 
demonstrate unilateral incompatibility with the other members of the "purple-flowered 
group" and successful hybrids only with C. baccatum and C. praetermissum (cf. Tong 
and Bosland, 1999; Onus and Pickersgill, 2004). On the other hand, isozyme studies do 
not show this species closely related either to the "white-" or the "purple-flowered group" 
(McLeod et al., 1983). In addition, phylogenetic trees fiom DNA sequences are 
conflicting, as Walsh and Hoot (2001) suggested a relatively close relationship with 
C.pubescens and both species separated fiom C. eximium and C. cardenasii, whereas 
Choong (1998) found C. tovarii not related to the remaining "purple-flowered species." 
The present results indicate that C. tovarii is a member of the "purple-flowered group," 
supported by karyotype features common to the whole assemblage. 

The remaining two species with 2n=24, Capsicum parvifolium and C. flexuosum, 
appear in isolated positions (somewhat uncertain for the first) according to their 
karyotype features. Their genomes are among the largest of the species studied. Their 
heterochrornatin is GC-rich, although the latter taxon has much more heterochrornatin and 
a more complex banding pattern than the former. Moreover, C. fIexuosum differs in 
having predominantly intercalary bands and two active NORs in comparison with 
C. parvifolium, which has mostly terminal bands and only one active NOR in the haploid 
complement. The latter species is unique in the genus in having only m chromosomes in 
cytotype 2. Both taxa possess spherical red fruits, but they are separated by other 
morphological traits, with C. jlexuosum having the same corolla shape and color as 
C. baccatum in addition to blackish seeds, whereas C, parvifolium exhibits a white rotate 
corolla with purple spots and greenish inner parts, together with brownish seeds. Both 
species are shrubs, but in addition, C. parvifolium also has arborescent forms. Although 
cpDNA fragment polymorphism data place C. fIexuosum into the "white-flowered group" 
(Buso et al., 2002), karyotype analyses suggest that it could be the 2n=24 species closest 
to the taxa with 2n=26. The lack of crossing experiments and isozyme and DNA sequence 
data for both species prevent further speculations. 

In the group of taxa with 2n=26, relationships between species based on 
karyotype comparisons should be considered with caution. The striking chromosome 
variation found at the intraspecific level (where more than one accession was examined) 
makes the whole group very heterogeneous. Nevertheless, Capsicum mirabile and 
C. schottianum appear to be closely related in sharing only one active NOR in the basic 
chronlosome set, large karyotypes, high amounts of GC-enriched heterochrornatin, and 
very complex banding patterns, mostly with terminal bands. On the other hand, 
C. pereirae and C. campylopodium are distinct from each other and from the remaining 
2n=26 species. The former possesses two active NORs in the haploid complement and 
less heterochromatin, which is GC-rich and partly of mottled appearance (AT-rich only in 
some bands of one cytotype), whereas the latter has large amounts of AT-rich 
heterochrornatin altd very complex (predominantly intercalary) banding patterns. Finally, 
C. recurvafum and C, rhomboideum stand apart by having low heterochrornatin amounts 
(5%) and simple banding patterns, with the latter species deviating because of its very 
small chromosomes. Although all 2n=26 taxa are shrubs, the former species can also be 
herbaceous like C. mirabile, whereas the latter is the only member of the group with 
arborescent growth forms. The isolated position of C. rhomboideum among the 
2n=26 species here examined is also evident by its rotate and entirely yellow corolla, the 
remaining taxa having stellate and white corollas (sometimes with a green-yellowish 



tube) and with spots of various colors in the lobules or throat (purple in C. mirabile and 
C. pereirae, violet or brownish in C. schortianum, golden in C. campylopodium, and 
greenish in C. recurvatum). 

According to their fruit shape and color and seed color, the 2n=26 species can be 
separated in two subgroups. One of them, with red spherical h i t s  and brownish seeds, 
includes Capsicum lanceolatum and C, rhomboideum. The other subgroup, with green- 
yellowish spherical fruits (compressed in C. campylopodium and depressed in 
C, cornutum and C. friburgense) and blackish seeds, includes all the,other species known 
to have 2n=26. In any case, the links between the 2n=26 species remain quite uncertain, 
because of lack of crossing experiments and isozyme and DNA sequence data.The latter 
are available only for C. rhomboideum and demonstrate that it is far apart from the 
species with 2n=24 (Walsh and Hoot, 2001). All peppers with 2n=26 examined by 
cpDNA fragment polymorphism analyses [C. campylopodium, C. cornutum (as 
C. dusenii), C. mirabile (as C. buforum) and C. villosum] are grouped together, although 
the first species stands more apart and appears linked to C. chacoense with 2 ~ 2 4  (cf. 
Buso et al., 2002). 

Karyotype Evolution 
Polyploidy is not a relevant phenomenon in the evolution of peppers and has so far 

been found in only one accession of Capsicum annuum var. glabriusculum (as C. annuum 
wild), with 2n=4x=48 (Pickersgill, 1977). In contrast, the presence on the diploid level of 
intraspecific cytotypes in half of the species here studied indicates very active processes 
of chromosome diversification in Capsicum. This is most conspicuous in the wild species, 
particularly those wiih 2 ~ 2 6 .  As our chromosome analyses were carried out on primary 
root tips of germinating seeds, correlations with phenotypic differentiation between 
intraspecific cytotypes were limited to voucher comparisons of the collected samples, 
which demonstrate no major distinctive macro-morphological traits corresponding to the 
cytotypes. Molecular analyses and crossing experiments between cytotypes should help in 
evaluating the importance of karyoty-pe differentiation for species delimitation and the 
appearance of new taxa. 

In the following paragraphs a synthetic model of the possible chromosome 
evolution in Capsicum is depicted (see Fig. 3). This is based on a working hypothesis 
from previous contributions (Mosco~e -et al., 1_993a, 1995, 1996% 2003) and modified 
according to the new karyotype information presented here. Its goal is to help in 
understanding the phylogeny and evolution of the genus, particularly with respect to 
chromosome base number differentiation. It should be noted that the application of a strict 
cladistic analysis to our data is still not possible due to the fragmentary karyotype 
information available in the genera closest to Capsicum and proposed as outgroups (see 
below). This is a critical point due to the fact that the direction of chromosomal changes, 
e.g., chromosome number and size, heterochromatin amount and type, and number of 
NORs. varies according to the ~ l a n t  erour, under investigation. In addition. the use of " u A " 
c ~ l o 5 ' t R i R . s ~  o me bneqmvoca~ 
homology criterion (Dobigny et al., 2004). Thus, the preferred approach should be to 
superimpose chromosome data onto pliylogenetic trees from DNA sequence data that are 
neutral and unaffected by selection. Unfortunately, the only molecular phylogeny 
available in Capsicum (Walsh and Hoot, 2001) includes just 13 of the 23 taxa considered 
in our karyotype analyses and lacks resolution. The more extended and comprehensive 
phylogenetic hypothesis we are presenting below for the genus, therefore, should still be 
considered provisional. 

DNA sequence data recently obtained in our laboratory (Sehr et al., in prep.) 
confm the monophyly of Capsicum. Thus, the 2n=24 and 2 ~ 2 6  species are 
taxonomically correctly placed in Capsicum and should have originated fiom a common 
ancestor. We postulate a diploid Capsicum ancestor with x=12, small genome size, 11 m 
+ 1 st chromosomes, two active NOR5 in the basic complement (in chromosome nos. 1 
and 12), little GC-rich heterochromatin and simple banding pattern of a symmetrical 



karyotype. All these karyological features regarded as primitive are present in 
C. chacoense, a species supposed to be involved in the early evolution of the genus 
according to isozyrne data and geographical distribution patterns (cf. McLeod et al., 1982, 
1983). 

Concerning the basic chromosome numbers in the genus, ~ 1 2  is universal in all 
karyologically studied genera of tribe Solaneae and dominant in Capsicum itself. In 
contrast, x=13 is very rare in the whole Solanaceae family, reported only for the 
monotypic Mettemichia J.G. Mikan, some cultivars of Solanum lycopersicum L. (as 
Lycopersicon esculentum Mill.) and the minority of pepper species discussed here (cf. 
Banks, 1984; Moscone et al., 2005). Thus, there can be little doubt that x=12 corresponds 
to the ancestral condition in Capsicum, whereas x=13 should be regarded as a 
phylogenetic progression, most probably due to centric (Robertsonian) fissions of one 
long m chromosome (Moscone, 1989). This assumption is supported by the appearance of 
more asymmetrical karyotypes in the species with 2 ~ 2 6 ,  where two small chromosomes 
of the t, st or sm type are generally present in the basic set, in addition to the st (sm) 
typical of the 2n=24 species, as one should expect after the occurrence of a centric fission 
event. Pozzobon et al. (2006) have postulated that the phylogenetic direction of the 
chromosome base number change in Capsicum could have been from ~ 1 3  to ~ 1 2  due to 
the loss of the small chromosome pair typical for several 2 ~ 2 6  species, but this 
hypothesis does not harmonize with the results presented here. In addition, our 
observations that none of the 2n=24 pepper species analyzed show ectopic localizations 
of the telomeric sequence at an intercalary position provide evidence that no centric 
fusions, which could have produced a change from a 2n=26 to a 2n=24 complement, have 
occurred in Capsicum. 

Not only 2n=24 but also a small genome size and a karyotype formula of 11 m + 
1 st chromosomes, two of them carrying active NORs, should be considered as primitive 
karyotype features in Capsicum because they are widely distributed among its 2n=24 
species, particularly those with less differentiated karyotypes. These speculations are 
supported by the fact that genera thought to be related to Capsicum with 2n=2x=24 
[Dunalia Kunth, Vmsobia Rusby and Eriolalynx (Hunz.) Hunz. included in the subtribe 
Capsicinae Yarnazaki by Hunziker (2001)], also exhibit small genomes and a similar 
karyotype formula to the one proposed for the pepper ancestor, but with only one active 
NOR (cf. Moscone, 1989). Thus, these genera, along with Lycianthes (Dunal) Hassler, 
which has smaller chromosomes and variable karyotype formula but was demonstrated to 
be the closest to Capsicum according to DNA sequence analyses (Olmstead et al., 1999; 
Walsh and Hoot, 200 l), could be proposed as close to the ancestors from which peppers 
might have originated and as possible outgroups for the polarization of cytological 
characters. In Capsicum, the increase of constitutive heterochromatin amounts and 
banding pattern complexity (particularly the terminal non-NOR-associated and intercalary 
bands), as well as the diversification of DNA satellite composition should be considered 
as evolutionary advances, generally correlated with genome size increase as has been 
postulated for other plant groups (cf. Moscone et al., 1993a, 2003). 

The diagram of possible karyotype relationships in the evolution of Capsicum 
(Fig. 3) indicates that the C. annuum complex has been differentiated comparatively 
early, just after C. chacoense, by a moderate increase in heterochromatin amount and 
banding pattern complexity (less evident in some cytotypes of C. annuum). Additional 
derived features in the complex are the loss of one active NOR in C. chinense and 
C.'an&um (two cytotypes), the change of position of one NOR from a short to a long 
chromosome arm and of another NOR from an st to an m chromosome in C. annuum var. 
glabriusculum (one cytotype), the change of a NOR-bearing m to an sm chromosome, and 
the increase in karyotype asymmetry in C. annuum (most cytotypes). Thus, the core 
species of the "white-flowered group" appear as relatively primitive. A reduction of 
genome size and a loss of one active NOR evidently has accompanied the differentiation 
of C. galapagoense and C. rhomboideum. In the latter a centric (Robertsonian) fission has 
led to a change in chromosome number (2n=26) and an increase in karyotype asymmetry. 



Among the supposedly basal branches of the genus, C. parvifolium has originated after a 
striking increase in genome size linked to a small increase of heterochromatin content and 
banding pattern complexity, a decrease in karyotype asymmetry (cytotype 2), and the loss 
of one active NOR. 

Among the more advanced and recent pepper lines, the group with Capsicum 
baccatum and C. praetermissum is characterized by derived features like a moderate 
increase in genome size, heterochrornatin amount and banding pattern complexity. In 
comparison with the more basal groups discussed above, C. baccatum-has acquired one.or 
two additional active NORs, whereas C. pmetermissum has developed a bdding.pattem 
of mostly mottled appearance, indicative. of a different satellite ;DNA composition 
(moderately GC-rich). The main derived traits of the three most advanced branches in our 
diagram are considerable increases in genome size, heterochromatin amounts and banding 
pattern complexities. The fust of these branches gave rise to the "purple-flowered group," 
composed of C. eximium, C. cardenasii, C. pubescens and C. tovarii, with a change of 
one st to an sm chromosome. In the former two species of this group, one active NOR has 
changed location from a short to a long chromosome arm. Exclusive changes in 
C. eximium are a decrease in heterochrornatin amount and banding pattern complexity, 
whereas one chromosome has changed from sm to st in C. pubescens. Furthermore, the 
latter species acquired an AT-enriched satellite DNA in addition to the GC-rich one. The 
second line has produced C. jlexuosum, where a change of place of one active NOR from 
an st to an m chromosome and the appearance of conspicuous intercalary heterochromatic 
bands are advanced karyotype features. Finally, a third branch of great evolutionary 
relevance has led to the origin of the most highly evolved group with the majority of the 
2n=26 species. This is linked to a Robertsonian fission and has resulted in increased 
karyotype asymmetry and the loss of an active NOR. The taxa of this group, with 
C. mirabile as the core species, are in an active phase of striking intraspecific karyotype 
repatterning and speciation. Main derived traits are the change of the active NOR from an 
m to an sm chromosome in C. schottianum, C. campylopodium and C. recurvatum and a 
decrease in heterochromatin amount and banding pattem in C. recurvatum. Furthermore, 
significant heterochromatin differentiation through the conspicuous appearance of 
moderately GC-rich (mottled) and some AT-rich heterochromatic bands occurred in 
C. pereirae (the latter bands in-cytotype l), whereas C. campylopodium has developed 
conspicuous intercalary banding, .mostly composed of AT-~rich satellite DNA and some 
mixed GC- and AT-rich bands. 

The occunence of two independent centric fission events in the history of peppers, 
as postulated here, is supported by the morphological features and geographical 
distribution of the two 2n=26 species subgroups. One of them is formed by Capsicum 
lanceolatum [the available karyotype information only indicates the chromosome number 
(Tong and Bosland, 1997)l and C. rhomboideum, with red nonpungent fruits and 
brownish seeds, growing in Mexico, Central America, and northwestern parts of South 
America. The second subgroup includes eight species (C. campylopodium, C. cornutum, 

FC.-villosum) 
with yellowish-green pungent fruits and blackish seeds, growing in eastern coastal Brazil. 

Considering the karyological features, the geographical distribution and the 
monophyly of the extant Capsicum species, one can speculate that a pepper ancestor first 
appeared in a semiarid region of south-central Bolivia. In this "nuclear area," delimited by 
the cities of Cochabamba, Sucre and Santa Cruz, the ancestor of C. chacoense could have 
first differentiated. Subsequent migrations accompanied by radiation and speciation might 
then have led to the present distribution of Capsicum, according to the hypothesis by 
McLeod et al. (1982) with some modifications as illustrated in Fig. 4. A strong argument 
for the basal placement of C. chacoense is its pivotal position in the genus, as shown by 
the karyological data already discussed and, particularly, by the fact that its cytotypes 
(characterized by the localization of active NORs) are also found in other species, i.e., 
cytotype 1 in C. fmtescens and C. baccatum (with oneltwo additional NORs), and 
cytotype 2 in C. annuum. In addition, C. chacoense appears nested either with white- 



flowered species, i.e., C. baccatum (and C. praetermissum) according to isozyrne and 
DNA sequence data (McLeod et al., 1983; Walsh and Hoot, 2001) or with 
C. campylopodium, one of the most advanced species in the genus with 2n=26, according 
to cpDNA fragment polymorphism analyses (Buso et al., 2002). 

We assume that one primary migration to the lowland selvatic regions of northern 
Bolivia and western Brazil led to the origin of Capsicum annuum, a species growing wild 
in these areas (Barboza, unpubl. data). From there, it could have reached northern parts of 
South America and, mainly, Central America and Mexico, where nowadays it has its 
greatest diversity. Further movements to Amazonia gave rise to the other members of the 
C. annuum complex, i.e., C. chinense and C. frutescens. This speculative pathway is 
supported by the presence in the "nuclear area" of a river system flowing into the Amazon 
basin, which may have favored the primary dispersion as proposed by McLeod et al. 
(1982). From the C. fitescens-like ancestors C. parvifolium could have arisen in dry 
areas of northeastern Brazil, although its direct origin from the ancestral pool in the 
"nuclear area" also appears possible. Furthermore, the C. annuum line most probably 
gave rise to the endemic C. galapagoense, as well as to C. rhomboideum in northwestern 
South America. After the latter species had colonized Central America, C. lanceolatum 
could have appeared. A second early migration to eastern lowland subtropical regions of 
Bolivia may have led to the origin of C. baccatum and later to the "purple-flowered 
group" (C. eximium, C. cardenasii, C. pubescens and C. tovarii), differentiated in the dry 
western Andean regions at middle elevations. In addition, another branch of a 
C. baccanrm-like ancestor may have extended to the eastern and southern subtropical 
areas to produce C. praetermissum and C.flexuosum, respectively. Finally, the ancestor of 
the latter species could have migrated further east to the coastal rain forests of Brazil to 
establish here the most active centre of diversification in Capsicum, with the 2n=26 group 
of C. campylopodiurn, C. cornutum, C. fiburgeme, C. mirabile, C. pereirae, 
C. recurvatum, C. schottianum and C. villosum. 

Origin of the Cultivated Taxa 
Results from morphology, crossing experiments, enzyme and DNA analyses 

(Pickersgill et al., 1979; McLeod et al., 1983; Pickersgill, 1988, 1991; Loaiza-Figueroa et 
al., 1989; Park et al., 2000; Walsh and Hoot, 2001) support an evolutionary scenario for 
the domesticated peppers (Eshbaugh et al., 1983a, Fig. 2; Eshbaugh, 1993), which 
proposes three independent ancestral lines leading to the cultivated Capsicum taxa. The 
first includes wild (sub)shrubby members with herbaceous forms of the white-flowered 
C. annuum complex where species definition by different methodological approaches is 
complicated (see above). Although the present observations also indicate a close 
relationship between the three species of this complex, they provide enough karyological 
information to clearly distinguish each species as an independent taxon. Capsicum 
chinense and C. fitescens, centred in north Amazonia, are apparently closely related, 
whereas C. annuum, centred in Mexico, stands somewhat more apart. Our data do not 
exclude the possibility that cultivars in these two areas could have originated 
independently. 

In a second evolutionary line with shrubs having white flowers with greenish 
spots, the cultivated Capsicum baccatum varieties pendulum and umbilicatum evidently 
have originated from the wild C. baccahun var. baccahim centred in Bolivia (Eshbaugh, 
1993). These three taxa differ from the former group by having considerably higher 
amounts of heterochromatin and are karyologically very homogenous. A third line to be 
considered consists of shrubby purple-flowered taxa. Their greatest diversity occurs in the 
central Andes and encompasses C. eximium, the Bolivian endemic C, cardenasii, the 
Peruvian endemic C. tovarii and the cultigen C. pubescens. With the exception of 
C. eximium, high heterochromatin amounts and complex banding patterns are distinctive 
traits of this group. Our data suggest that C, cardenasii is most likely involved in the 
origin of C. pubescens, although the participation of C, tovan'i cannot be excluded. In 
conclusion, the triple origin of the cultivated Capsicum taxa is clearly confirmed by our 



present data and previous papers (Moscone et al., 1993a, 1995,1996a, 2003). 
Where are the original places of domestication for the cultivated peppers? In the 

case of Capsicum annuum, it has been postulated that its cultivation first occurred in 
Mexico, which is the major centre of diversity for this species and where archeological 
remains from about 7000 B.C. are found (Pickersgill, 1969). Support for this hypothesis 
came from cytogenetic data of Pickersgill (1971), whch demonstrate that the typical 
karyotype of the cultivated C. annuum var. annuum, with two "acrocentnc" chromosomes 
(one sm and one st) is found only in accessions of the wild C, annuum var. glabriusculum 
from southern Mexico and Guatemala (cf. Eshbaugh et al., 1983a). patterns-~f-~enetic 
variation obtained by enzyme electrophoretic studies suggest a primary centre of 
domestication in eastern Mexico and a second one in a western part of the country 
(Loaiza-Figueroa et al., 1989). Our results (Table 2) show that wild C. annuum var. 
glabriusculum from Florida (USA) and var. annuum cultivars from Argentina and Austria 
are quite similar and share cytotype 1. Although these data are still fragmentary, they 
open the possibility of tracking the origin of domestication by extending karyotype 
analyses to additional samples. 

With respect to Capsicum chinense and C. fmtescens, which have a similar 
distribution in South America, domestication supposedly began in the lowland Amazon 
basin, their area of greatest diversity (IBPGR, 1983). The oldest archeological remains of 
C. fmtescens have been found in Peru and date from 1200 B.C. (Pickersgill, 1969). Ow 
cytological data in both species are still not conclusive. 

Archeological remains from Peru date the cultivation of Capsicum baccatum by 
man back to 2500 B.C. (Pickersgill, 1969). However, the cultivated varieties of this 
species could have been domesticated in lowland subtropical regions of southern Bolivia, 
as the wild variety baccatum has mainly an Andean distribution with the main centre of 
diversity in Bolivia (McLeod et al., 1982; Eshbaugh, 1993). Our findings in this species 
of the same cytotype (with two NOR5 in the haploid complement) in wild and cultivated 
accessions from Andean areas support the speculations made above. 

Finally, for Capsicum pubescens, a mid-elevation region of Bolivia had been 
proposed as the original place of domestication, as its closely related species grow there 
and plants with fruits of smaller size occur there also, which approach the more primitive 
size (McLeod et al., 1982; Eshbaugh, 1993). The karyotype affinities we found in the 
"purple-flowered group" suggest that a region comprising southern Peru and northern 
Bolivia, which includes the distribution areas of thFEtant C. tovarii and C. cardenasii, 
could be the most probable place of domestication. 
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Tables 

Table 1. List of the recognized Capsicum taxa with their growth form, corolla shape and color, fruit shape and color, seed color, 
chromosome number, and geographic distribution. Seeds of all species are reniform, except in C. pubescens, where they are irregular. 

Species and variety Growth form Corolla shape and Fruit shape and color Seed color 2n* Geographic distribution 
color 

C. annuum L. 
var. annuum 

- - - - - - - 

Herb or Stellate; Highly variable shape; Yellowish 24'". lo-" Cultivated worldwide 
subshrub white or cream violet, red, orange, 48' 
(1-2 m) (exceptionally violet) yellow or green 

var. glabriusculum (Dunal) Herb or 
Heiser & Pickersgill subshrub 
[syn. = var. minimum (1-2 m) 
(Mill.) Heiser] 

C. baccatum L. 
var. baccatum 

var. pendulum (Willd.) 
Eshbaugh 

Stellate; 
white or cream 

Ovoid or spherical; Yellowish 24'-3 S USA, Mexico, Antilles, 
red Belize, Honduras, El 

Salvador, Panama, Costa 
Rica, Guatemala, 
Surinam, Venezuela, 
Colombia, Ecuador, Peru, 
N and NE Brazil 

Shrub Stellate; Ovoid or elliptic; Yellowish 242-3. "-I4 Colombia, Peru, Bolivia, 
(0.6-3.5 m) white with greenish red Paraguay, S and SE 

spots in the throat Brazil, N Argentina 

Shrub Stellate; Elliptic or fusiform; Yellowish 24'". Cultivated in USA, 
(0.6-2 m) white with greenish red or yellow Mexico, Costa Rica, 

spots in the throat Colombia, Ecuador, Peru, 
Brazil, Bolivia, Paraguay, 
Chile, Argentina, India 



1 

var. umbilicatum (Vellozo) Stellate; Umbonate urnbilicate; Yellowish 249* l3 Cultivated in USA, 
Hunz. & Barboza white with greenish red Mexico, Jamaica, Peru, 

spots in the' throat Bolivia, Brazil, Paraguay, 
Argentina 

C. caballeroi M .  Nee+ Campanulate; 
lemon yellow 

C. campylopodium Sendtn. Stellate; 
m) white with golden 

spots in the throat 

C. cardenasii Heiser & 
Smith 

C. ceratocalyx M .  ~ e e *  

C. chacoense Hunz: 

C. chinense Jacq. 

Campanulate; "f violet lobules with 
azure throat 

Spherical; 
red 

Yellowish ? Bolivia: COCH, SC 
(endemic) 

Spherical compressed; Blackish 261°-"* 13* l2 Brazil: ES, MG, RJ 
yellowish green ;(endemic) 

r .  

Spherical; 
red 

Rotate; Spherical; 
yellow with green spots red 

in the throat 

. . 
Brownish 242-3. l5 :~olivia: LP (endemic) 

Bolivia: LP (endemic) 

Stellate; 
white 

Stellate; 
white or cream 

Ovoid or elliptic; Yellowish 242-3.6v 10-11* S Bolivia, Paraguay, N 
red l3 and C Argentina 

. 8 .  ,;. 1 

Spherical or conical; Yellowish 24'"' 11-13. l7 hltivated in USA, 
red, orange, yellow or h;le&ico, Central America, 

white 'Echador, Peru, Bolivia, 
Brazil, Argentina, China, 
Japan 



C. coccineum (Rusby) Herb or Stellate; 
Hunz. ( - .  climbing yellowish white with 

subshrub purplish spots in the 
(1.5-3 m) throat 

, ' 8 )  ,.- 

C. cornutum (~iern.)  Hunz. Shrub Rotate; Spherical depressed; Blackish 
(1.2-1.8 m) white with violet or yellowish green 

brownish spots in the 
throat, green in the tube 

C. dimorphum (Miers) 
Kuntze 

C. jlexuosum Sendtn. 

Spherical; 
orange or red 

Brownish ? 

Shrub Stellate; Spherical; 
(1.5-2 m) yellow, sometimes with orange or red 

violet spots in the throat 

Herb, shrub Stellate; 
or three white with violet 
(0.6-4 m) lobules, greenish in the 

tube 

Spherical; 
red 

Brownish 

Peru, Bolivia 

2617 Brazil: RJ, SP (endemic) 

Colombia, Ecuador 

Brownish 242-3. l3 S Bolivia, N Argentina 

Shrub Stellate; spherical depressed; Blackish 
(0.5-2 m) white with greenish red 

spots in the throat 

C. friburgense Bianchetti & Shrub Carnpanulate urceolate; Spherical depressed; Blackish 
Barboza (0.8-2.5 m) pink or lilac yellowish green 

247.17 Paraguay, S and SE 
Brazil, NE Argentina 

26" Brazil: MG, RJ (endemic) 

Herb or 
shrub 

(1-2 m) 

Stellate; 
white or cream 

Elongate; 
red 

Yellowish 24'". "-13 Cultivated in USA, 
Mexico, Central and 
South America, Africa, 
India, China, Japan 



C. galapagoense Hunz. Stellate: 
white 

I 
C. geminifolium (Dammer) Rotate; 
Hunz. m) white or yellowish with 

violet spots in fhe throat 

Spherical; 
red 

Spherical; 
red 

Yellowish 242" Ecuador: Galapagos 
Islands (endemic) 

Brownish 

C. hookerianum (Miers) 
Kuntze 

Stellate; Spherical; Brownish 
ochre color unknown 

C. hunzikerianum Barboza ("1" stellade; Spherical; 
& Bianchetti white with purple spots yellowish green 

in lobules and throat, 
yellowish in the tube 

Blackish 

? Colombia, Ecuador, Peru 

? S Ecuador, N Peru 
(endemic) 

? Brazil: SP (endemic) 

C. lanceolatum (Greenrn.) Stellate cam;anulate; Spherical; Brownish 2616 Mkxico, Guatemala 
Morton & Standley b white or yellowish pale orange or red 

i 
C. mirabile Mart. or Stellate; Spherical; Blackish 26". I' Brazil: MG, RJ, SP 
(syn. = C. bujorum Hunz.) b white with puiple spots yellowish green (endemic) 

m) in the lobules, greenish 
in the throat and tube 

C. parvifolium Sendtn. ~ota tk ;  Spherical; ~ ~ ~ ~ ~ i ~ h  248. 10-1 1.13.17 Colombia, Venezuela, NE 
m) white with purple spots orange or red Brazil 

in the lobules, greenish % 1 

in the throat and tube ;., 



C. pereirae Barboza & 
Bianchetti 

Shrub Stellate; Spherical; Blackish 26'. " Brazil: ES, MG, SP 
(0.5-3 m) white with purple spots yellowish green (endemic) 

in the lobules, 
yellowish in the throat 

and tube 

C. praetermissum Heiser & Herb or Rotate; Spherical or elliptic; Yellowish 24'". 14. l7 Central and SE Brazil, 
Smith shrub white with purple orange or red Paraguay 
[syn. = C. baccatum var. (0.8-1.8 m) lobule margins and 
praetermissum (Heiser & greenish spots in the 
Smith) Hunz.] throat 

C. pubescens Ruiz & Pav. Shrub Rotate; Turban-shaped, Blackish 242-3. '&13 Cultivated in Mexico, 
(0.8-2 m) purple or violet in the spherical or elongate; Central and South 

lobules, white or red, orange or yellow America 
yellowish in the tube 

Herb or Stellate; 
shrub white with greenish 

(0.5-3 m) spots in the throat 

C. rhomboideum (Dunal) Shrub or 
Kuntze small tree 
[syn. = C. ciliatum (Kunth) (0.8-4 m) 
Kuntze] 

Rotate; 
yellow 

Spherical; Blackish 
yellowish green 

26** Brazil: RJ, SP, PN, SCA 
(endemic) 

Spherical; 
red 

Brownish 26'" Mexico, Guatemala, 
Honduras, Colombia, 
Venezuela, Ecuador, Peru 

C. schottianum Sendtn. Shrub Stellate; Spherical; Blackish 
(1.2-3 m) white with violet or yellowish green 

brownish spots in the 
throat, greenish in the 

tube 

265. '7 Brazil: MG, RJ, SP 
(endemic) 



C. scolnikianum Hunz. Sh 
(ca. I 

C. tovarii Eshbaugh, Smith Sh 
& Niclcrent (1 

C. villosum Sendtn. 

' Newly described species (Nee et 

* Main chomosome report referen 
5 = Moscone (1989), 6 = Mosconc 
11 = Moscone et al. (1995), 12 = j 
et al. (2003), 16 = Tong and Bosla 

** First chromosome report. 

Country subdivisions (states: Braz 
Oro, ES = Espirito Santo, HU = I 
Janeiro, SCA = Santa Catarina, SC 

Campanulate; Spherical depressed; Brownish f Ecuador: EO, Peru: PI 
yellowish white red (endemic) 

b Stellate; 
) variable color (purple or 

cream, cream with 
greenish spots in the 

lobules) 

b or Stellate; 
white with violkt or 

n) brownish spots in the 
throat, greenish in the 

tube : 

Spherical; 
red 

Brownish 2414. Peru: AY, HU, JUN 
(endemic) 

Spherical; Blackish 26" Brazil: MG, RJ, SP 
yellowish green (endemic) 

S: 1 = Pickersgill(;971), 2 = Pickersgill (19771, 3 = Pickersgill (19911, 4 = Eshbaugh et al. (1983b), 
1990), 7 = Moscone (1992), 8 = Moscone (1993), 9 = Moscone (1999), 10 = Moscone et al. (1993a), 
>scone et al. (1996a), 13 = Moscone et al. (2003), 14 = Cecchini and Moscone (2002), 15 = Cecchini 
(1997), 17 = Pozzobon et al. (2006). 

I 
departments: Peru, Bolivia; provinces: Ecuador): AY = Ayacucho, COCH bCz$habamba, EO = El 

ancavelica, JUN = Junin, LP = La Paz, MG = Minas Gerais, PN = Paranti, - Piura, RJ = Rio de 
Santa Cruz, SP = Slo Paulo. { L I ~ I ~  



Table 2. Karyotype features of the Capsicum taxa studied by conventional staining, silver impregnation and fluorochrome banding on 
somatic chromosomes, and nuclear DNA content measurements by flow cytometry. 

Species and cytotype 2n Karyotype formula Number of Hc Hc type and distribution 1C DNA Provenance of studied 
(n) chromosomes amount content samples and voucher 

with active @KL in in Pi% specimens 
NORs pm) (Mbp) 

C. chacoense* 
cytotype 1 24 11 m +  1 st 2 [l (m), 12 2.94 CMA+DAPI-, 3.34 Argentina: COR (4: EAM 

(st)] (65.02) mostly terminal (vs) (3273) 104; EAM 195; EAM 207; 
AC, EAM & FE 973), SAL 
(1: EAM 250) - - 
I_- - 

cytotype 2 

C. parvifolium* 
cytotype 1 

C. galapagoense* 

2 111 (m), 12 2.44 CMA+DAPI-, 3.36 Argentina: COR (1: LB & 
(st)] (71.25) mostly terminal (vs) (3293) LG 525) 

1 [12 (st)] 5.52 
(82.40) 

1 

CMA+DAPI-, 
terminal (s) 

1[12(m)] 7.47 CMA+DAPI-, 
(77.60) mostly terminal (mc) 

1 [12 (st)] 2.24 CMA+DAPI-, 
(48.66) mostly terminal (vs) 

C. annuum 
var. glabriusculum* 

CYtotyPe 1 24 l O m + I s m + l s t  1[11(sm)] 2.26 CMA+DAPI-, 
(59.55) mostly terminal (vs) 

5.77*** Brazil: BA (1: ATH 25233) 
(5655) 

Brazil: BA (1: ATH 25233 
bis) 

? Ecuador: Galapagos Islands 
(1 : PI396821 

USA: - - FL (1 : NMCA 10955) - 



cytotype 2 CMA+DAPI-, 
mostly terminal (s) 

? USA. TX (1 : NMCA 
10983) 

var. annuurn 
cytotype 1 CMA+DAPI-, 3.4 1 . Argentina: COR (1: EAM 

mostly terminal (vs) (3342) 193), SAL (I: EAM 251); 
Austria: Vienna (1 : EAM 
203) 

cytotype 2 2 [11 (sm), 12 

I (st11 
CMA+DAPI-, 3.32 Argentina: N J  (1: EAM 

mostly terminal (vs) (3254) 204), SAL (1 : EAM 252); 
Mexico: ? (cultivated in 
NM, USA) ( 1 x M g  
E 4 4 )  

C. chineme 
cytotype 1 CMA+DAPI-, 3.43 Brazil: MG (1 & 

mostly terminal (s) (3361) u), PA (I-, 
RJ (1: EAM 199) 

'1 [12 (st)] cytotype 2 CMA+DAPI-, 3.41 Brazil: AM (1: EAM 201) 
mostly tenninal (s) (3342) 

CMA+DAPI-, 3.40 i ~ d z i l :  MG (1: GB, FC & 
mostly terminal (s) (3332) F, PA (1; GB 806), 

(1. EAM 200) 



C. baccatum 
var. baccatum* 24 1 1 m + l s t  4[1,3and10 7.45 CMA+DAPI-, 3.71 Argentina: SAL (1 : GB 

(m), 12 (st)] (66.84) mostly terminal (mc) (3636) 163) 
var. pendulum 

cytotype 1 11 m + 1 st 3 [I and 3 (m), 7.30 CMA+DAPI-, 3.71 Argentina: COR (1 : EAM 
12 (st)] (73.53) mostly terminal (mc) (3636) 192); Bolivia: COCH (1: 

EAM 209) 

cytotype 2 

var. umbilicatum 24 

C. praetermissum* 24 

C. eximium* 
cytotype 1 

cytotype 2 

C. cardenasii* 

l l m + l s t  4[1,3and10 7.56 CMA+DAPI-, 3.68 Argentina: JUJ (1: EAM 
(m), 12 (st)] (74.31) mostly terminal (mc) (3606) 206), SAL (2: ATH 25382; 

EAM & RN-21); Bolivia: 
WEAM 205) 

11 m +  1 st 4[1,3 and 10 9.06 CMA+DAPI-, 3.76 Argentina: COR (1: EAM 
(m), 12 (st)] (74.27) mostly terminal (mc) (3685) 197), SAL (1: EAM 253) 

I1 m +  1 st 2 [7 (m), 12 10.96 CMA+DAPI- (21.89%) ? Brazil: ? (cultivated in GA, 
(st)] (72.55) CMAmDAPIo (78.1 1 %), USA) (1: PI 441654) 

terminal (mc) 

11 m + 1 sm 2 [7 (m)**, 12 4.90 CMA+DAPI-, 4.06*** Bolivia: TAR (1: EAM 25Q 
-C 

(sm)] (68.89) mostly terminal (mc) (3979) 

CMA+DAPI-, 
terminal (s) 

24 11 m + 1 sm 2 [7 (m)**, 12 12.53 CMA+DAPI-, 
(sm)] (69.04) mostly terminal (c) 

Argentina: SAL ( I S A M _  
iaa 

? Bolivia: LP (1: CORD 
1135) 



C. pubescens 

C. tovarii* 

C. flexuosum * 

C. mirabile* 
cytotype 1 

cytotype 2 

cytotype 3 j 

C. schottianum* 

I 

C. pereirae* 
cytotype 1 

2 [I0 (m), 12 18.95 CMA+DAPI- (97.05%) 4.47 Argentina: SAL (2: GB 79; 
(st)] (80.53) CMA-DAPI+ (2.95%), (438 1) EAM 256); Bolivia: COCH 

mostly terminal (c) (1 : EAM 208), SC (1 : EAM 
198), ? (1: EAM 257); Peru: 
JUN (1 : EAM 202) 

2 [lo (m), 12 38.91 CMA+DAPI-, 
(sm)] (70.32) mostly terminal (c) 

2 [2and5  16.82 CMA+DAPI-, 
(m)] (103.69) mostly intercalary (c) 

I '  

29.64 CMA+DAPI-, 
(83.8 1) mostly terminal (vc) 

1[7(nl)] 29.25 C W D A P I - ,  
(93.72) mostly terminal (vc) 

)1[9(m)] 30.93 CMA+DAPI-, 
(103.45) mostly tenniual (vc) 

1 [I 1 (sm)] 23.28 CMA+DAPI-, 
1 (93.7 1) mostly terminal (vc) 

2 [4 (m), 1 1 1 1.42 CMA+DAPI- (6 1.46%) 
(st)] (74.52) CMAmDAPIo (29.26%) 

CMA-DAPI+ (9.28%), 
mostly terminal (c) 

Pelu: JUN (1: ATH, & GB 
25653) 

Argentina: MIS (2: GB, FC 
& EMa 1034; JD & AIH 
599) 

? Brazil: MG (I: ATH 
25238), RJ (1 : ATH 2525 1) 

? Brazil: RJ (1 : ATH 25255) 

? Brazil: RJ (1 : ATH 25267) 

Brazil: RJ (1 : ATH 25 160) 
,',I .-. 

8 ~ 

? Braqil: ES (1: ATH 26137) 
; ! .', -, 



cytotype 2 26 10 m + 2 st + 1 t 2 [6 (m), 11 16.04 CMA+DAPI- (79.29%) ? Brazil: ES (1: ATH 25249) 
(st)] (75.85) CMArnDAPIo (20.7 1 %), 

mostly terminal (c) 

C. carnpylopodium* 
cytotype 1 

cytotype 2 

C. recurvaturn* 

26 5 m + 6 sm + 1 st + 1 [7 (sm)] 32.49 CMA+DAPI- (46.84%) 5.74 Brazil: RJ (1: ATH 251 16) 
I t  (88.30) C.MA-DAPI+ (53.16%), (5625) 

mostly intercalary (vc) 

26 10 m + 2 sm + 1 st 1 [ l l  (sm)] 20.41 CMA+DAPI- (53.42%) 4.53 Brazil: ES (1: ATH 25136), 
(87.95) CMA-DAPI+ (35.49%) (4439) MG (2: ATH 25 128; ATH 

CMA+DAPI+ (1 1.09%), 25130) 
mostly terminal (vc) 

26 10 m + 2 sm + 1 st 1 [1 1 (sm)] 5.45 CMA+DAPI-, 
(75.52) mostly terminal (s) 

C. rhomboideurn* 26 10 m + 1 sm + 2 st 1 [9 (m)] 5.07 CMA+DAPI-, 
(41.91) mostly terminal (s) 

? Brazil: PN (1: - GB, MM, RS 
& RM 915) - 

? Venezuela: TACH (1: YSG 
20) - 

C. villosum * 26 9 m + 3 s m + l t  1[12(sm)] ? ? ? Brazil: RJ (1 : ATH 25 169) 

Taxa for which new karyotype information is given are indicated by *. Data on chromosome number, karyotype formula, number of 
active NORs, and heterochromatin amount, type and distribution are partly given in Moscone (1989, 1990, 1992, 1993, 1999), Moscone et 
al. (1993a, 1993b, 1995, 1996a), Cecchini and Moscone (2002) and Cecchini et al. (2003). Data on nuclear DNA content from Moscone et 
al. (2003). 

Abbreviations: NOR = nucleolar organizing region; Hc = constitutive heterochromatin; HKL = haploid karyotype length; m = 
metacentric, sm = submetacentric, st = subtelocentric, and t = telocentric chromosome. CMA = chromomycin, DAPI = 4'-6-diamidino-2- 
phenylindole (+, m, o, and - indicate homogeneously enhanced, mottled enhanced, indifferent, and reduced fluorescence, respectively). 



Heterochromatin amount is indicated as percentage of the haploid karyotype length. 
Degrees of complexity in the heterochromatic banding pattern are indicated as: vs = very 
simple, s = simple, mc = moderately complex, c = complex, vc = very complex. 

Country subdivisions (states: Brazil, USA, Venezuela; departments: Peru, Bolivia; 
provinces: Argentina): AM = Amazonas, BA = Bahia, COCH = Cochabamba, COR = 
Cbrdoba, ES = Espirito Santo, FL = Florida, GA = Georgia, JUJ =-Jujwy, JUN = Jyin ,  
LP = La Paz, MG = Minas Gerais, MIS = Misiones, NM = New Me&&? PA = Pwfi,'PN = 
Parand, RJ = Rio de Janeiro, SAL =' Salta, SC = Santa Cruz, TACB " Tdchiita; TAR = ,-. .. 

, * Tarija, TX = Texas. . -. 

Abbreviations of collector's name: GB = G. Barboza, LB = L. Bemardello, FC = F. 
Chiarini, AC = A. Cocucci, JD = J. Daviiia, FE = F. Ehrendorfer, LG = L. Galetto, AIH = 
A. I. Honfi, ATH = A. T. Hunziker, EMa = E. Marini, MM = M. Matesevach, RM = R. 
Minhot, EAM = E. A. Moscone, RN = R. N e u m a ~ ,  YSG = Y. Shchez Garcia, RS = R. 
Scrivanti. CORD = collection number of the Botanical Museum, National University of 
Cordoba; NMCA = collection number of the College of Agriculture, New Mexico State 
University; PI = collection number of the United State Department of Agriculture 
(Griffin, GA). 

** NOR in long arm. 
*** Datum on material of unknown cytotype. 

.... 
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Fig. 3. Diagam of possible evolutionary relationships between the Copsicurn species studied based 
on layotype features. O u t p u p  genera pool (2n=&24): L!r.ianrhes, D~mnlio, P'assuhiu, 
nnd E r i o l a ~ ~ ~ .  Diploid Capsicum ancestor with .i=lZ (1 1 rn + 1 st), two chromosomes 
(nus. 1 and 12) ~ t i h  active NQRs on shon arms, low heterochrnatin amount (GC-rich). 
simple banding pattern wtth blocked bands mostly terminal. Hyporhetiml ksryotype wents: 
I = decrease in kayotype length. 2 = increase in karyobpe length (and nuclear DNA 
content), 3 = loss of one active NOR, 1 = gain of ot~o~two active NORs, 5 = change of 
position of one active NOR h m  short to long chromosome artn. 6 = change of position of 
one active NOR f~om st to m chromosome, 7 = change of position of one active NOR from 
m to sm chromus~~mc. Y = chmge of one NOR-bearing m to srn chromosome. 9 = change of 
one sr to sm chmmosame. 10 = chnnge of one sm to st chromosome. I 1  = Robertson~an 
fission (from x= 12 tu A= 13). 12 = increase in baryo~ype asymmetry. 13 - dwre i~e  in 
karyiitype asymmet~, 11 = increase in heremchromat~n runourlt an4 handing pattern 
conlpiexity. 15 - decrease in heremchromatin amount and handing pattern cornplex~ty, 16 = 
aPpePjj:k90f nlottlcd hctcrochromatic bands, 17 .= appearance of conspicuous intercalary 

a bax@/ls - appeaance of AT-rich heterc~chrornattn. 19 = appearance of mixed GC- and 
PIT-riffi heterochromatin. 20 = shift of nmst hetcmchromatin to the AT-rich type. ' in 1 
cytotye; ** in 2 cytotypcs; *** in mast cytotypes. 
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