MORPHOLOGICAL CHARACTERIZATION
AND RELATIONSHIPS OF WILD TOMATOES
(SOLANUM L. SECT. LYCOPERSICON)

Iris E. Peralta and David M. Spooner

AgsTRACT. Wild tomatoes (Solanum L. sect. Lycopersicon (Mill.) Wettst.) are native to
western South America. Different classifications have been based on morphological
or biological species concepts. Molecular data from mitochondrial DNA restriction
sites, nuclear and chloroplast DNA restriction length fragment polymorphisms, and
most recently gene sequences of the single-copy nuclear GBSSI or waxy gene, also
have been used to examine species relationships. This study is a companion to the
GBSSI gene sequence study of the same accessions. It provides the first explicit use
of morphological data to examine distinctness and relationships of all 10 wild
tomato species (including the newly described S. galapagense), with a concentration
on accessions of the most widespread and variable species, S. peruvianum. Phenetic
and cladistic analyses largely support the nine species outlined by the latest
treatment by C. Rick, but demonstrate the distinct nature of the northern and
southern Peruvian populations of S. peruvianum, and suggest that they may
represent distinct species.
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ild tomatoes are mainly charac-

terized by anthers with sterile

appendages, laterally

nivent forming a flask-shaped
cone. All species are native to western South
America and distributed from central Ecuador,
through Peru to northern Chile, and in the
Galapagos Islands, where two endemic species,
S. cheesmaniae and S. galapagense, grow
(Darwin et al., 2003). Wild tomato species grow
in a variety of habitats, from near sea level
along the arid Pacific coast to over 3300 m in
the numerous valleys of the western side of the
Andes (Rick, 1973; Taylor, 1986). The wild ances-
tor of cultivated tomatoes, S. lycopersicum, is
more widespread and perhaps more recently
distributed into Mexico, Colombia, Bolivia, and
other South American countries (Rick & Holle,
1990). Wild species provide a wealth of useful
genetic traits to improve cultivated tomatoes.
The traditional breeding for pure lines in the
crop has contributed to its narrow genetic base
(Stevens & Rick, 1986). All wild tomato species
are diploids (2n = 2x = 24) and can be crossed
(but sometimes with difficulty) to the cultivated
tomato. They are of great use in breeding pro-
grams as sources of disease resistance and agro-
nomic traits (Esquinas Alcazar, 1981; Laterrot,
1989; Rick, 1982a, 1986a, 1987; Rick et al., 1987;
Stevens & Rick, 1986). The tomato also serves as
a model organism for genetic studies (Tanksley
& McCouch, 1997; Hay et al., 2004).

con-

Wild tomatoes exhibit great differences in mor-
phological characters, mating systems, and
habitat preferences. In their natural habitats,
wild tomatoes probably behave as annuals
because frost or drought kills the plants after
the first growing season, but they can be bien-
nial or perennial herbs (Mdller, 1940). All toma-
to species are pubescent, and trichome types
and density are valuable characters to distin-
guish species. Stems are slender and herbaceous
throughout, but also can undergo secondary
growth at the base. Habits vary from erect to
procumbent to decumbent. Leaves are alter-
nate, imparipinnate to bipinnate, with 2 to 6
opposite or sub-opposite pairs of petiolate or

subsessile leaflets, and sometimes with addi-
tional small sessile or subsessile interjected
leaflets. Leaf dissection distinguishes subspecies
or varieties of S. peruvianum. The basic inflores-
cence includes monochasial, dichotomous, and
polychotomous cymes (Luckwill, 1943). Some
wild tomato species develop inflorescence
bracts and pseudostipules at the base of the
leaf petiole. Flowers are typically yellow, the
calyx is divided in five lobes that are accrescent
about the fruits, and the corolla is stellate or
stellate-rotate. The five anthers have an elon-
gated sterile appendage at the apex and are
laterally connivent forming a flask-shaped
cone, except in S. pennellii. Fruits are fleshy
berries with two or rarely more locules, variable
in size, shape, color, and pubescence.

Maller (1940) and Luckwill (1943) produced the
two most recent and complete taxonomic treat-
ments of wild tomatoes based on morphologi-
cal concepts, and treated them under
Lycopersicon (Fig. 1). Muller (1940) divided the
genus into two subgenera: (1) Eulycopersicon C.
H. Mull., with two species possessing glabrous,
and red- to orange- to yellow-colored fruits; flat
and silky pubescent seeds; bractless inflores-
cences; and leaves without pseudostipules; and
(2) Eriopersicon C. H. Mull., with four species
bearing pubescent green or greenish white to
yellowish and purple tinged fruits, frequently
with a dark green, lavender, or purple stripe;
thick glabrous seeds or pilose only at the apex;
bracteate inflorescences; and leaves usually
with pseudostipules. Mduller (1940) also
described L. glandulosum C. H. Mull. and classi-
fied the highly polymorphic L. peruvianum into
two varieties: var. dentatum Dunal and var.
humifusum C. H. Mull.

Luckwill (1943; Fig. 1) adopted the two subgen-
era recognized by Muller (1940) and proposed a
phylogeny of Lycopersicon. He hypothesized
that the two subgenera might have evolved
from an ancestral simple form characterized by
imparipinnate leaves with 5 to 7 entire leaflets,
few interjected leaflets, and probably no sec-
ondary leaflets, unbranched inflorescences, and

228



MORPHOLOGICAL CHARACTERIZATION AND RELATIONSHIPS OF WILD TOMATOES

Miiller, 1940 Luckwill, 1943 Rick, 1979 Child, 1990
Subgenus Eulycopersicon Subgenus Eulycopersicon Esculentum complex Series Lycopersicon
L. esculentum (3) —— L. esculentum (8) ———— L. esculentum (2) ——— S. lycopersicum
L. pimpinellifolium ———— L. pimpinellifolium ———— L. pimpinellifolium ——— S. pimpinellifolium
L. cheesmaniae—————— S. cheesmaniae

L. pennellii —Leries Neolycopersicon
~ L. hirsutum S. pennellii

L. chmie]ewsm“ies Eriopersicon
L. parviflorum \ S. habrochaites
Subgenus Eriopersicon Subgenus Eriopersicon Peruvianum conm S. chmielewskii
L. peruvianum (3) L. peruvianum (5) L. chilense——————S. chilense
P : L. pissisi — ? \ L. peruvianum —————— S. peruvianum

L. cheesmaniae (2) ——— L. cheesmaniae (2) ——’ S. neorickii

L. hirsutum (2) —————— L. hirsutum (2) |

L. glandulosum ———— L. glandulosum ——/

Figure 1. Comparison of classifications of Solanum sect. Lycopersicon. The numbers in parentheses represent numbers of
infraspecific ranks (subspecies, varieties, and forms). The lines connect synonymous taxa.

24(1) [ Solanum lycopersicum .
Solanum pimpinellifolium |S€ct- Lycopersicon,
Solanum cheesmaniae "subsect. Lycopersicon", ser. Lycopersicon
70C)———— Solanum peruvianum north
100 Solanum chmiewelskii sect. Lycopersicon,
————— Solanum neorickii " . . . Ingrou
Solanum peruvianum south subsect. Lycopersicon', ser. Eriopersicon group
Solanum chilense
Solanum habrochaites sect. Lycopersicon, ""subsect. Lycopersicon"
goﬁanum 4 enln e{g.lf li I ser. Neolycopersicon
olanum juglandifolium -1
Solanum ochranthum |sect. Juglandifolium
Solanum lycopersicoides . .o
Solanum sitiens |sect. Lycopersicon, subsect. Lycopersicoides
Solanum tuberosum Outgroup
Solanum bulbocastanum  |sect. Petota
Solanum jamesii
100 —— Solanum etuberosum

|_]00 L Solanum palustre |sect. Etuberosum

Solanum muricatum |sect. Basarthrum

Figure 2. Abstracted cladistic results of the 65 accessions of the 9 tomato species and 14 outgroup taxa examined in the
phylogenetic analysis of the GBSSI gene sequences by Peralta and Spooner (2001). Nomenclature of Solanum subg. Potatoe
according to Child (1990). We here informally label wild tomatoes in the clade containing all members of “subsect. Lycopersicon”
(S. lycopersicum to S. pennellii) to provide a coordinate name for their formally described outgroups in section Juglandifolium
(Rydb.) Child and subsection Lycopersicoides Child. Our use of these ranks may change in our monograph of tomatoes and their
relatives (Peralta et al., in prep.). Numbers indicate bootstrap values, and decay values are indicated between parentheses.
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undeveloped pseudostipules. Two different lin-
eages diverged from the ancestral forms, one
characterized by fruits with carotenoid pig-
ments and the other by green fruits with antho-
cyanin pigments. Luckwill (1943) agreed with
Muller (1940) in the circumscription of sub-
genus Eulycopersicon, but within Eriopersicon
he considered L. pissisi a distinct species, with L.
peruvianum var. humifusum C. H. Mull. as its
basionym (Fig. 1). He also proposed different
infraspecific categories in L. esculentum, L.
cheesmaniae, and L. peruvianum. Lycopersicon
cheesmaniae, with yellow to orange fruits,
bractless inflorescences, and leaves without
pseudostipules, apparently was misclassified in
the subgenus Eriopersicon by Muller (1940) and
Luckwill (1943).

D’Arcy (1972) treated tomatoes in the genus
Lycopersicon but did not address subgeneric
relationships. More recently, Child (1990, Fig. 1)
placed tomatoes in Solanum subg. Potatoe (G.
Don) D'Arcy, sect. Lycopersicon (Mill.) Wettst.,
subsect. Lycopersicon, mainly characterized by
anthers with sterile appendages and laterally
connivent forming a tube, and classified them
in three series: Lycopersicon, Eriopersicon (C. H.
Miull.) Child, and Neolycopersicon (Correll) Child
(Fig. 1). The first two series correspond to the
subgenera Eulycopersicon and Eriopersicon
used by Mdualler (1940) and Luckwill (1943).
Series Lycopersicon includes herbs with few or
no pseudostipules, ebracteate inflorescences,
and fruits with carotenoid pigments, and
Eriopersicon includes herbs to subshrubs with
pseudostipules, bracteate inflorescences,
and fruits with no carotenoid pigments (fruits
pure green or greenish white, dark green to
purple striped). Series Neolycopersicon only
includes S. pennellii (Correll, 1958), a species
with curved, markedly unequal length anthers
loosely coherent and without sterile
appendages. Child (1990) also proposed
Solanum sect. Lycopersicon (Mill.) Wettst.,
subsection Lycopersicoides Child, and section
Juglandifolium (Rydb.) Child as the closest rela-
tives of subsection Lycopersicon.

Most recently, a new orange-fruited species of
tomato was recognized, S. galapagense S.
Darwin & Peralta (Darwin et al., 2003). Within
tomatoes it shares its orange fruit color only
with S. cheesmaniae, but is clearly distinguished
from it by a number of leaf and flower traits.
This species, formerly recognized as S. cheesma-
niae f. minor, is clearly related to the other
species with carotenoid pigments and is includ-
ed in the present study.

Mating systems have played an important role
in the evolution of wild tomato species, varying
from allogamous self-incompatible, to faculta-
tive allogamous and self-compatible, to autog-
amous and self-compatible (Rick, 1963, 1979,
1982b, 1986b; Table 1). The self-incompatibility
system in tomatoes is gametophytic and con-
trolled by a single, multiallelic S locus (Tanksley
& Loaiza-Figueroa, 1985).

The self-incompatibility system has shown
strong relationships between the extent of out-
crossing and allelic polymorphisms, floral dis-
play, and degree of stigma exsertion in wild
tomatoes. Rick (1982b) investigated the genetic
bases of self-compatibility, self-incompatibility,
and flower characters, using interspecific
hybrids between the self-compatible (SC) S.
pimpinellifolium, used as recurrent parent, and
the two self-incompatible (SI) species, S.
habrochaites and S. pennellii. He postulated
that three independent genetic phases, most
probably regulated by different unlinked genes
or gene complexes, are essential for successful
functioning of the self-incompatibility system.
These genes are operating on (1) prevention of
self-fertilization, (2) changes in the flower
organs to ensure cross-pollination, and (3)
development of secondary flower characters to
attract pollinators. He concluded that the evo-
lution of a mating system in wild tomatoes has
occurred from self-incompatibility, as ancestral
condition, to self-compatibility, and probably
never reversed to self-incompatibility. Changes
from self-incompatibility to self-compatibility
are expected to arise frequently and independ-
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ently (Rick, 1982b). This trend has been found in
S. habrochaites and S. pennellii, both with self-
incompatible and self-compatible populations.
The self-incompatible populations occupy the
center of their species geographic distributions,
and have higher genetic variation, larger flower
parts, and exserted stigmas. Self-compatible
populations occur toward the northern and
southern edges of S. habrochaites and S. pen-
nellii distribution, have less genetic variation,
smaller flower parts, and little or no stigma
exsertion (Rick et al.,, 1979; Rick & Tanksley,
1981). The change from self-incompatibility to
self-compatibility has been reported in only one
population of S. peruvianum (Rick, 1986b).

In the self-compatible species, the extent of out-
crossing and genetic variation is also related to
floral display and degree of stigma exsertion.
Marginal populations of Solanum pimpinellifoli-
um are highly autogamous with little or no genet-
ic variation, small flower parts, and little or no
stigma exsertion, while the central facultative
allogamous populations have high genetic varia-
tion, larger corollas, and marked stigma exsertion
(Rick et al., 1977). A comparison of different S.
pimpinellifolium genotypes in experimental plots
in Peru showed that different outcrossing rates
could be largely attributed to differences in floral
characters, especially the level of stigma exsertion,
rather than to differences in numbers and types
of pollinators (Rick et al., 1978).

Two closely related self-compatible species, S.
chmielewskii and S. neorickii, illustrate another
example of changes in flower characters associat-
ed with outcrossing and genetic variation.
Solanum neorickii is exclusively autogamous with
low intra-population genetic variation and small
flowers with stigmas included in the anther tube.
In contrast, the facultative allogamous S.
chmielewskii exhibited higher levels of heterozy-
gosity, larger flower parts, and exserted stigmas.
Rick et al. (1976) postulated that S. neorickii
evolved from S. chmielewskii. All populations of S.
chilense are self-incompatible. The related species
S. lycopersicoides, S. sitiens, S. ochranthum, and S.
juglandifolium are exclusively self-incompatible.

In contrast to the morphological species con-
cepts of Muller (1940) and Luckwill (1943), Rick
(1960, 1963, 1979, 1986b) recognized species
and proposed a supraspecific classification
based primarily on the biological criteria of
mating systems, cytology, genetic variation, and
crossing relationships. He recognized nine
species of Lycopersicon (Fig. 1; Rick, 1979),
including two new species, L. parviflorum and L.
chmielewskii (Rick et al., 1976), and L. pennellii
(Rick, 1979). Furthermore, L. chilense, a species
described by Dunal (1852), was revalidated by
Rick and Lamm (1955), and L. glandulosum was
included as a synonym of L. peruvianum.

In order to determine the crossing relationships
necessary for his tomato breeding program,
Rick (1963, 1979, 1986b) hybridized numerous
accessions of all tomato species in all possible
combinations and found two major crossing
complexes. The Esculentum complex included
seven species, mainly self-compatible and inter-
crossable (Fig. 1; Table 1). Lycopersicon hirsutum
and L. pennellii typically are self-incompatible,
but with some self-compatible populations.
Three species of the Esculentum complex have
mostly glabrous, red- to orange- to yellow-col-
ored fruits (L. cheesmaniae, L. esculentum, L.
pimpinellifolium), while the others have pubes-
cent, green fruits (L. chmielewskii, L. hirsutum,
L. parviflorum, L. pennellii). Hybrids were
obtained in all combinations, in spite of the
presence of some unilateral incompatibility. The
Peruvianum complex, on the other hand,
included the self-incompatible species L.
chilense and L. peruvianum (Fig. 1; Table 1),
both with pubescent green fruits. The barrier
between these two complexes can be broken
only by embryo rescue (Rick, 1979). The chro-
mosomes of the Fq1 hybrids of successful inter-
complex crosses generally showed complete
pairing at pachytene, and normal chiasmata
formation and chromosome segregation at
anaphase during meiosis. Rick (1979) concluded
that speciation in wild tomatoes took place
mainly via gene substitution and, to a minor
extent, by chromosomal differentiation. He also
pointed out that natural hybridization is very
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unlikely, and only a few cases have been report-
ed of spontaneous introgression between the
two closely related L. esculentum and L.
pimpinellifolium (Rick, 1986b).

In addition, Rick (1963, 1986b) recognized 40
informally designated races or ecotypes in the
polymorphic S. peruvianum. A few of these are
widespread coastal races, but the majority are
locally distributed montane races. He proposed
that strict gametophytic self-incompatibility and
geographic isolation drove differentiation
among the S. peruvianum races (Rick, 1986b).
Hybridization showed an almost complete repro-
ductive barrier between variety humifusum, a
race growing at high altitude (2500 m) in the
Jequetepeque River in northeast Peru, and most
of the other S. peruvianum populations.
Nevertheless, the reproductive isolation was not
complete, due to the existence of some bridge
races (races theoretically able to maintain gene
flow between northern and southern races)
located in central Peru (Rick, 1963, 1986b).

Studies of additional collections and crosses of
northern populations of Lycopersicon peru-
vianum allowed Rick (1986b) to identify four
groups of races that were isolated by reproduc-
tive barriers. Three groups of races occur in
northern Peru: the Chamaya-Cuvita group of
races, the Marafién group of races, and
Chotano-humifusum group of races. The fourth
group of races comprised all the remaining
races of L. peruvianum from central and south-
ern Peru. Rick (1986b) confirmed the crossing
barriers between the northern and southern
races, and found that some of the northern
races crossed to a limited degree with L.
chilense, L. hirsutum, and L. esculentum. Based
on these findings, Rick (1986b) hypothesized
that the Rio Maranén races of L. peruvianum
were ancestral to all other wild tomatoes.

The Endosperm Balance Number (EBN) cross-
ability phenomenon was analyzed for Rick’s
two wild tomato complexes by Ehlenfeldt and
Hanneman (1992). The EBN hypothesis
(Johnston et al., 1980; Ortiz & Ehlenfeldt, 1992;

Hanneman, 1994) postulates that in the
absence of stylar barriers, the success or failure
of a cross is determined primarily by a 2:1
maternal to paternal balance in the endosperm,
independent of ploidy. The EBN is determined
using standard crossing species with known
EBNs. The EBN data supported the hypothesis of
two intra-fertile groups as proposed by Rick
(1979). The Esculentum complex showed unifor-
mity of EBN values, which can be compared to
the 2x(1EBN) species in potato. On the other
hand, the Peruvianum complex showed variable
values for EBN, but most comparable to
2x(2EBN) potato species (Ehlenfeldt &
Hanneman, 1992). These authors hypothesized
that the Esculentum and Peruvianum complexes
are separated by a system analogous to the
2xX(1EBN) S. commersonii and 2x(2EBN) S. cha-
coense crossability groups. This isolating mech-
anism may restrict or suppress gene flow among
sympatric populations, and may play a role in
the reproductive isolation in tomatoes like in
the L. peruvianum var. humifusum races from
northern Peru (Ehlenfeldt & Hanneman, 1992).

Molecular data from chloroplast DNA restric-
tion site and sequence data (Spooner et al.,
1993; Bohs & Olmstead, 1997, 1999; Olmstead &
Palmer, 1997; Olmstead et al., 1999) firmly place
tomatoes and potatoes as sister taxa. The sys-
tematic placement of tomatoes under Solanum,
as adopted here, is beginning to gain accept-
ance in the taxonomic literature (Bohs &
Olmstead, 1997, 1999; Olmstead & Palmer,
1997), but it is still controversial and highlights
competing goals and hypotheses of classifica-
tion (Peralta & Spooner, 2000).

Peralta and Spooner (2001) examined interspe-
cific relationships of all 10 wild tomato species,
with a concentration on the highly polymorphic
and widespread species Solanum peruvianum,
with DNA sequence data of the single-copy
nuclear encoded GBSSI gene. Their outgroup
results were concordant with the cpDNA restric-
tion fragment length polymorphism (RFLP) phy-
logeny of Spooner et al. (1993), supporting S.
juglandifolium, S. lycopersicoides, and S. sitiens
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as outgroups. The ingroup of wild tomatoes
showed a basal polytomy and a terminal clade.
The basal polytomy was composed of the self-
incompatible green-fruited species S. chilense,
the central to southern Peruvian populations of
S. peruvianum, S. habrochaites, and S. pennellii.
The terminal clade contained the northern
Peruvian populations of S. peruvianum
(also self-incompatible, green fruits), S.
chmielewskii, and S. neorickii (self-compatible,
green fruits), and the self-compatible and red-
to orange- to yellow-fruited species S. cheesma-
niae, S. galapagense, S. lycopersicum, and S.
pimpinellifolium (Fig. 2). The results supported
allogamy, self-incompatibility, and green fruits
as plesiomorphic in tomatoes.

We wished to examine morphology as an inde-
pendent and taxonomically accessible data set,
using the same accessions in the GBSSI study
(Peralta & Spooner, 2001). All prior classifica-
tions used morphology for intuitive taxonomic
judgments, and this is the first explicit use of
morphology for phenetic and cladistic analyses
in tomatoes. The goals of this study are: (1) to
examine interrelationships among all 10 wild
tomato species with phenetic and cladistic
analyses of morphological data, and (2) to com-
pare our results with the morphological (Muller,
1940; Luckwill, 1943) and biological (Rick, 1979;
Rick et al., 1990) classifications; mitochondrial
DNA restriction site results (McClean & Hanson,
1986); nuclear DNA RFLP results (Miller &
Tanksley, 1990), cpDNA restriction site results of
Palmer and Zamir (1982) and Spooner et al.
(1993), and GBSSI DNA sequence results (Peralta
& Spooner, 2001). Our results show diagnostic
characters useful for species differentiation for
a monographic study of Solanum sect.
Lycopersicon, currently in progress.

MATERIALS AND METHODS

SPECIES

For phenetic analyses, we analyzed a total of 66
accessions of all 10 species of tomatoes (Table 1),
including two species of Solanum subsect.
Lycopersicoides supported as a close outgroup

of tomato (Rick, 1979, 1988; Child, 1990;
Spooner et al., 1993). All the accessions, repre-
senting much of the ingroup variation, were
obtained from the C. M. Rick Tomato Genetics
Resource Center, Department of Vegetable
Crops, University of California, Davis. The late
Charles Rick, former curator of this gene bank,
kindly provided advice on the choice of acces-
sions, based on geographic distribution, mor-
phology, genetic diversity, and breeding behav-
ior (Fig. 3; Table 1). He also advised us on critical
morphological characters to differentiate taxa
(Table 2). The accessions represent nearly the
same as those used in the GBSSI gene phyloge-
netic analysis of Peralta and Spooner (2001).

Three accessions per species were analyzed for
Solanum  chmielewskii, S. chilense, S.
habrochaites, S. neorickii, S. pennellii, S.
pimpinellifolium, two accessions for S. lycoper-
sicum var. cerasiforme and S. cheesmaniae, one
accession of S. galapagense, and 41 accessions
for S. peruvianum. One accession of S. lycoper-
sicoides and one accession of S. sitiens were
included as closely related non-tomato compar-
ison species. For cladistic analyses, we deter-
mined taxon-specific characters (Tables 3, 4)
based on results from the character state varia-
tion and phenetic analyses.

The plants were grown in the fall, because
some wild tomato species need short photope-
riods to flower. Seeds were planted in green-
houses of the University of Wisconsin, Madison,
in mid August 1999. Two weeks later, seedlings
were transferred to 30 cm diameter plastic pots
with sterilized soil. Three plants per accession
were randomly distributed in two replicates,
and a total of six individuals were evaluated per
accession. Stem characters and leaves were
measured from the ninth node, when plants
developed more than 12 nodes and were usual-
ly between 60 and 80 cm high. Most of the
plants began to flower by the end of September
or the first week of October. Flowers were col-
lected from mature inflorescences when the
plants were in full bloom, during the months of
October, November, and December. In order to
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TABLE 2.

Morphological characters used in the phenetic analysis of wild tomatoes and outgroups. All measurements
are in millimeters, except as noted below. Characters marked with an asterisk (*) were not significantly
different (P = 0.05) between at least two species under the Tukey-Kramer HSD test.

STEM CHARACTERS

1. Stem diameter at base. 2. Internode length between the 9th and 10th node (cm). 3. Number
of branches in the first 20 cm at flowering time. 4. Number of nodes before branch bifurcation.
5. Plant height at branch bifurcation (cm). 6. Pseudostipules: absent (0); present (1). 7. Number of leaves
per sympodium.

LEAF CHARACTERS

8. Leaf length (cm). 9. Ratio: leaf length/leaf width. 10. Ratio: leaf length/length of leaf from widest
point to leaf apex. 11. Leaf petiole length (cm). 12. Terminal leaflet lamina length (cm)*. 13. Ratio: length
of terminal leaflet lamina/width of lamina. 14. Ratio: length of terminal leaflet lamina/length of termi-
nal leaflet lamina from its widest point to apex. 15. Terminal leaflet petiolule length (cm)*. 16. Width
of terminal leaflet lamina from a point 5 mm below the apex (cm). 17. Length of primary dorsal leaflet
lamina (cm). 18. Ratio: length of primary dorsal leaflet lamina/width of lamina. 19. Ratio: length of
primary dorsal leaflet lamina/length of primary dorsal leaflet lamina from its widest point to apex.
20. Length of primary dorsal leaflet petiolule. 21. Width of primary dorsal lateral leaflet lamina from a
point 5 mm below the apex. 22. Number of lateral leaflets. 23. Number of interjected leaflets.
24. Number of secondary leaflets. 25. Number of tertiary leaflets.

INFLORESCENCE CHARACTERS

26. Inflorescence bracts: absent (0); present (1). 27. Number of branches per mature inflorescence.
28. Number of flowers per branch*. 29. Length of the mature inflorescence axis (cm). 30. Ratio: number
of flowers/length of inflorescence axis. 31. Peduncle length (cm). 32. Ratio: total inflorescence
length/peduncle length.

FLOWER CHARACTERS

33. Pedicel length (cm). 34. Ratio: pedicel length from base of the pedicel to articulation/pedicel
length. 35. Sepal length. 36. Ratio: sepal length/width. 37. Length from center of corolla to apex of
corolla lobe (cm). 38. Ratio: length from center of corolla to apex of corolla lobe/length from center of
corolla to base of corolla lobe. 39. Width of corolla lobe at base of corolla lobe junction (cm)*. 40. Ratio:
length from a line drawn across the widest point of corolla lobe to lobe apex/width of corolla lobe at
base of corolla lobes junction. 41. Anther length. 42. Anther appendage length. 43. Anther filament
length. 44. Anther appendage curvature: straight (1), slightly curved to 40° (2), curved more than 45° (3).
45. Anther attachment: free (0), attached (1). 46. Anther dehiscence: pores (0), longitudinal split (1).
47. Anther color: white (0), yellow (1). 48. Style length exsertion from apex of anthers to stigma apex.
49. Stigma width. 50. Ovary length. 51. Style length (cm).

FRUIT CHARACTERS

52. Diameter at its widest dimension. 53. Ratio: diameter at widest dimension/diameter at
narrowest dimension*. 54. Ratio: diameter at widest dimension/fruit length. 55. Fruit color: green (1),
pale green (2), yellow green (3), orange (4), red (5). 56. Fruit stripe: absent (0); present (1). 57. Fruit
pubescence: glabrous to glabrescent (1), pubescent to pilose (2), hirsute (3).

PLANT TRICHOMES
See Luckwill (1943) for illustrations of trichome types, and materials and methods for the method
of scoring.

58. Type I. 59. Type Il. 60. Type lll. 61. Type IV. 62. Type V. 63. Type VI. 64. Type VII*. 65. Type VIII*.
66. Trichome density.
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obtain fruits from the self-incompatible (SI)
accessions, plants were pollinated manually
using pollen of different individuals belonging
to the same accessions. Self-compatible (SC)
accessions produced fruits naturally. Fruits were
harvested approximately two months after pol-
lination. Vouchers are deposited at DAV, MERL,
PTIS, and WIS.

DATA MEASUREMENT

For phenetic analyses, we assessed a total of 66
characters (50 quantitative and 16 qualitative)
for 6 individuals of 66 accessions (over 26,000
data points). The quantitative characters includ-
ed 14 ratios that assessed shapes of different
plant organs (Table 2). Trichomes were studied
from young stems by making thin slice cuts 1 or
2 cm below the apex with a razor blade.
Trichome types were identified according to the
classification of Luckwill (1943) using a trans-
mission light microscope (100x magnification).
An arbitrary scale based on percentages:
1%-20% = 1, 21%-40% = 2, 41%-60% = 3,
61%-80% = 4, 81%-100% = 5, was used to
score the frequency of different trichomes
(characters 58 to 65). The diameter and height
of the thin stem slice were measured under a
microscope, and the number of trichomes
around the slice circumference was counted.
Trichome density percentage (D = n/S 100;
character 66) was estimated as the total number
of trichomes (n) divided by the cylinder square
(S = x diameter/2 x height), represented by the
thin stem slide.

For cladistic analyses, we chose characters that
were shown by our analysis of character state
variation (below) to have non-overlapping
or nearly non-overlapping states (Table 3).

DATA ANALYSIS:

CHARACTER STATE VARIATION AND PHENETICS
The mean value of the six plants per accession
was used as the Operational Taxonomic Unit
(OTU). The mean, range, and standard devia-
tion were estimated for each character.
Significant character state differences (P = 0.05)

between any two pairs of species were evaluat-
ed using the Tukey-Kramer test with JMP statis-
tical software (SAS, 1995).

Cluster analyses were produced by NTSYS-pcR
version 1.70 (Rohlf, 1992) only on the subset of
66 characters found to be statistically significant
among groups by one-way ANOVA. Averages
for each character were standardized (STAND),
and similarity matrices, using average taxonom-
ic distance (DIST), Manhattan distance
(MANHAT), Euclidean distance (EUCLID), and
product-moment correlation (CORR) were
generated. Clustering was performed using the
unweighted pair-group method (UPGMA) in
SAHN. Cophenetic correlation coefficients
(COPH and MXCOMP) were used to measure
distortion between the similarity matrices and
the resultant three phenograms (Rohlf & Sokal,
1981; Sokal, 1986). Stepwise discriminant
analysis (SDA) was performed on all 66
characters by SAS Version 7 (SAS, 1998), using
the mean values.

Four entities in Solanum peruvianum (the
northern and southern populations, f. glandu-
losum, and var. humifusum), S. cheesmaniae,
and S. galapagense (= S. cheesmaniae f. minor),
were recognized as OTUs to estimate the mean,
range, and standard deviation. In addition to
these taxa, two forms of S. habrochaites
(f. typicum and f. glabratum) and two varieties
of S. pennellii (var. typicum and var. puberulum)
were considered in the cluster analysis and in
the SDA. The forms and varieties of the latter
two species are mainly differentiated by their
pubescence.

DATA ANALYSIS: CLADISTICS

We used two subsets of characters that repre-
sented all (26 characters, data set 1), or only
those characters lacking division into ranges of
states (15 characters, data set 2) (Tables 3, 4).
Parsimony analyses were conducted with PAUP*
4.0d64 (Swofford, 1998). Solanum juglandifoli-
um, S. lycopersicoides, S. ochranthum, and S.
sitiens were used as outgroups based on Rick
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80° 70° . 60° 50°

Figure 3. Distribution of the wild tomato accessions used in this study. Map numbers correspond to generalized map localities in
Table 1. The line indicates the geographic distribution of S. peruvianum north (N) and south (S).
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TABLE 3.

Morphological characters used in cladistic analyses of wild tomatoes and outgroups. All 26 characters are used
in data set 1; those marked with an asterisk (*) are eliminated for data set 2 containing 15 characters.
Consistency Index (Cl) and Retention Index (RI) were estimated for each character. The Rl is not applicable (n.a.)
for autapomorphic characters.

1.* Number of nodes before branch bifurcation: 1, > 30; 2, 17-20; 3, 10-15; 4, < 10.Cl =1, RI = 1.
2. Number of leaves per sympodium: 1, > 5; 2, 3; 3, 2. Cl = 0.667, Rl = 0.857.
3. Pseudostipular leaves: 1, absent; 2, present. Cl =1, RI = 1.
4.* Number of lateral leaflet pairs: 1, 4-5; 2, 2-4. CI = 0.5, Rl = 0.5.
5.* Number of secondary leaflets: 1, 0-5; 2, 5-10; 3, 10-20; 4, 40-50.Cl =1, Rl = 1.
6. Tertiary leaflets: 1, absent; 2, present. Cl = 1, Rl = n.a.
7.* Leaflet width 5 mm below the apex: 1, > 15 mm; 2, < 10 mm. Cl = 1, Rl = n.a.
8.* Inflorescence peduncle length: 1, > 7 cm; 2, 5-7 cm; 3, 3-5; 4, < 3 cm. CI = 0.750, Rl = 0.833.
9.* Branches per inflorescence: 1, > 4; 2, 2 often 3;3,1-2;4,1.Cl=1,RI = 1.
10. Bracts in inflorescence: 1, absent; 2, present. Cl = 0.5, Rl = 0.8.
11. Anthoclades (see Spooner et al., 1993): 1,3.7; 2,3.6.Cl =1, Rl = 1.
12.* Pedicel articulation: 1, mid to upper position; 2, variable; 3, basal. Cl =1, Rl = 1.
13. Corolla shape: 1, symmetrical; 2, asymmetrical. Cl = 1, Rl = n.a.
14.* Length from center of corolla to apex of corolla lobe: 1, >1.5cm; 2, 1-1.5 cm; 3, < 1 cm. Cl = 0.667, Rl = 0.667.
15. Anther color: 1, white; 2, yellow. CI =1, Rl = 1.
16. Anther lateral interlocking papillae: 1, absent; 2, small; 3, elongate. Cl =1, Rl = 1.
17. Anther connation: 1, separate; 2, free but holding together; 3, tightly connate. Cl =1, RI = 1.
18. Anther appendages: 1, absent; 2, present. Cl =1, Rl = 1.
19. Anther tube: 1, straight; 2, anther and appendages curved; 3, anther curved. Cl = 1, Rl = n.a.
20.* Style exsertion: 1, > 1.8; 2, 1-1.8; 3, 0.5-1; 4, 0.5-0. Cl = 0.750, Rl = 0.857.
21. Fruit color: 1, green; 2, yellow to orange; 3, red. Cl =1, Rl = 1.
22.* Fruit size: 1, > 25 mm diam. at widest point; 2, 15-25 mm diam. at widest point; 3, 5-15 mm diam.
at widest point; 4, <5 mm diam. at widest point. CI =1, Rl = 1.
23. Fruit pericarp: 1, thick and hard pericarp; 2, thin and leathery; 3, thin and membranaceous. Cl = 1, Rl = 1.
24. * Seeds: 1, more than 3 mm; 2, less than 3 mm. Cl=1, Rl = 1.
25. Compatibility: 1, self-incompatible; 2, self-compatible. Cl =1, Rl = 1.
26. Breeding: 1, allogamous; 2, autogamous/facultative allogamous; 3, autogamous. Cl = 0.667, Rl = 0.750.

TABLE 4. Data matrix of cladistic character states corresponding to Table 3.

Characters and Character States

OUTGROUPS

INGROUPS

Species 12345 6 7 8 91011 1213 141516 17 18 19 20 21 22 23 24 25 26
Solanum

lycopersicoides 1 1 2 1 1 1 2 112111 2111111132111
S. sitiens 2121112112111 2111111 132111
S.ochranthum 11 2 2 1 1 2 2 11221 2222111111111
S.juglandifolium 1 1 2 2 11 2 2 112 21222211111 1111
S. pennellii 33 22 1 1 1 2 3 2 32 1 2 2 3 3 1 3 3 2 1 1
S. habrochaites 2 2 2 2 1 1 3 3 2 1 1 12 3 3 2 2 1 3 3 2 1 1
S. chilense 3321112122111 1233212133211
S. peruvianum

south 3322112222111 1233222133211
S. peruvianum

north 3322112242111 223 321313 3211
S.chmielewskii 3 3 2 2 11 2 4421112233213 133222
S. neorickii 3322112442111 3233214133223
S.cheesmaniae 4 2 1 2 2 1 2 4 4 11 1122 332142313223
S.galapagense 3 2 1 2 4 2 2 4 411 11 2 2 3 3 214 2 432 2 3
S.pimpinellifolium 3 2 1 2 2 1 2 4 4 1 1 11 2 2 3 3 213 333222
S. lycopersicum 3 2 1 2 3 1 2 4411 11 2233214323222
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(1979, 1988), Child (1990), Spooner et al. (1993),
and Peralta and Spooner (2001). Solanum jug-
landifolium and S. ochranthum are supported
by GBSSI results as the sister taxa to tomatoes,
but were not included in the phenetic analysis
due to their slow growth in the greenhouse. We
obtained flower, fruit, and seed cladistic charac-
ters of these species from the literature or from
herbarium specimens.

Cladistic analyses were performed on both data
sets 1 and 2, using Wagner parsimony,
unordered character states, and all characters
were equally weighted. The heuristic searches
were performed using branch and bound and
furthest addition sequence. The amount of
homoplasy for both trees and individual charac-
ters was evaluated with the consistency index
(Cl) of Kluge and Farris (1969) and the retention
index (RI) of Farris (1989). Consensus trees were
generated from all most parsimonious trees.
Bootstrap (Felsenstein, 1985) and Jackknife
analyses, using 1000 replicates (using tree bisec-
tion reconnection and saving all multiple trees),
were conducted to estimate the internal rela-
tive support for each branch.

RESULTS

CHARACTER STATE VARIATION

The Tukey-Kramer HSD test determined that 61
of the 66 characters were significantly different
between at least two taxa (Table 2). The means,
ranges, and standard deviations of the 30 char-
acters showing most variation among species are
presented in Figure 4. Separately, distribution of
character states of “northern” and “southern”
populations of S. peruvianum, chosen on the
basis of the GBSSI results (Peralta & Spooner,
2001), were also compared using the Tukey-
Kramer HSD test. Thirty-one characters were sig-
nificantly different between these two groups of
S. peruvianum. The means, ranges, and standard
deviations of the 18 most important characters
separating these geographic groups of S. peru-
vianum are illustrated in Figure 5.

PHENETIC RESULTS

The same dendrogram was produced by DIST
(Fig. 6) and EUCLID, both with a cophenetic cor-
relation coefficient of 0.93, which was only
slightly higher than those produced by MAN-
HAT, 0.91; CORR was 0.75. Cophenetic correla-
tions between 0.8 and 0.9 can be interpreted
subjectively as good fits to the cluster analysis,
and those between 0.7 and 0.8 as poor fits
(Rohlf, 1992).

The DIST phenogram has four main groups (Fig.
6A-D). The outgroups, S. lycopersicoides and S.
sitiens, were clustered as the external branch
(group D), followed by S. galapagense, and
then a group of all three accessions of S. pen-
nellii (group C). The self-compatible, red- to
orange- to yellow-fruited species (S. lycoper-
sicum, S. cheesmaniae, and S. pimpinellifolium)
formed a third cluster (group A), but with the
exclusion of the distinctive S. galapagense. The
fourth group (B) included the remaining
species.

Within group B, Solanum neorickii and two
accessions of S. chmielewskii clustered together,
to the exclusion of one accession of S.
chmielewskii (LA 1306) that grouped with S.
peruvianum. All accessions of S. chilense formed
a group that also contained one accession of S.
peruvianum (LA 1982). The three accessions of
S. habrochaites formed a separate group.
Concordant with the GBSSI sequence data, two
major groups were recognized within S. peru-
vianum: "the northern” and “the southern”
(Fig. 6 N, S). Only three S. peruvianum acces-
sions were placed outside the northern and
southern clusters (LA 2172, LA 1379, LA 1982).

We also present the CORR phenogram (Fig. 7)
despite a lower cophenetic correlation (0.75; vs.
DIST, 0.93), because it provides better phenetic
support for S. cheesmaniae and S. galapagense,
and north and south populations of S. peru-
vianum. Unlike the DIST phenogram, it places
the two outgroups, S. lycopersicoides and S.
sitiens, as an internal branch with one of two
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main clusters (A). The self-compatible, red- to
orange- to yellow-fruited species: S. cheesmani-
ae, S. galapagense, S. lycopersicum, and S.
pimpinellifolium grouped together within the
cluster A. The three accessions of S.
habrochaites formed a separate group, and also
the three S. pennellii accessions clustered
together. The other main branch (B) includes S.
peruvianum, S. chilense, S. neorickii, and S.
chmielewskii. The CORR phenogram, unlike the
DIST phenogram, showed a better clustering of
the northern and southern S. peruvianum
groups (Fig. 7), and maintained all accessions of
S. cheesmaniae and S. galapagense together.
Like the DIST phenogram, S. peruvianum (LA
1982) clustered with S. chilense. The two acces-
sions of S. peruvianum f. glandulosum clustered
with the southern S. peruvianum. Solanum
neorickii, S. chmielewskii, and the two acces-
sions of S. peruvianum var. humifusum clustered
with the northern S. peruvianum.

The SDA of all taxa discriminated 30 characters.
The 10 best characters, in decreasing order of
discriminative utility, were: (1) anther attach-
ment, (2) anther color, (3) pseudostipules, (4)
number of nodes, (5) number of tertiary
leaflets, (6) number of leaves per symposia, (7)
trichome type lll, (8) anther length, (9) plant
height, and (10) number of secondary leaflets.

The SDA of the northern and southern populations
of S. peruvianum discriminated 11 characters, (1)
number of inflorescence branches, (2) style exser-
tion, (3) dorsal leaflet petiolule, (4) fruit color, (5)
ratio: articulation length/pedicel length, (6) anther
curvature, (7) internode length, (8) trichome type V,
(9) pedicel length, (10) trichome type IV, and (11)
terminal leaflet length.

CLADISTIC RESULTS

The analysis using all 26 characters (Tables 3, 4)
produced 28 equally parsimonious trees, length
54 (Fig. 8). The strict consensus tree (Fig. 9) has
a Cl = 0.870, Consistency Index excluding unin-
formative characters (CIU) = 0.857, and Rl =
0.900. Bootstrap analysis using 10,000 replicates
gave 96% support for the ingroup. Jackknife

values (10,000 replicates) were similar or some-
times lower, but also support these groups
(Fig. 9). In the ingroup Solanum pennellii is
supported as basal. The relationships among
the self-incompatible species S. chilense,
S. habrochaites, and S. peruvianum south were
not resolved, and the three taxa formed a poly-
tomy in all 28 equally parsimonious trees (Fig.
9). Solanum peruvianum north appeared as
basal to S. chmielewskii and S. neorickii (Fig. 9)
in the 28 equally parsimonious trees with
76(64)% bootstrap (jackknife) support. Solanum
chmielewskii and S. neorickii appeared always
together and supported in a basal position in
the same clade as the monophyletic group
formed by S. cheesmaniae, S. galapagense, S.
pimpinellifolium, and S. lycopersicum (Fig. 9).

When the breeding characters (Table 3: 25, 26)
were excluded, 24 trees were obtained (length
= 50; Cl = 0.880, CIU = 0867, Rl = 0.902). A strict
consensus tree of these 24 trees is identical to
the strict consensus tree using all 26 characters
(Fig. 9). The analysis using the subset of 15 char-
acters (Table 3) produced 10 equally parsimo-
nious trees, length 26. The strict consensus tree
(Cl = 0.846, CIU = 0.818, RI = 0.895) is topologi-
cally the same that was obtained using all 26
characters (Fig. 9), except S. peruvianum north
is now part of the polytomy with Solanum
chilense, S. habrochaites, and S. peruvianum
south.

CONCORDANT MORPHOLOGICAL

CLADISTIC RESULTS

The cladistic results showed the following pat-
terns of relationships: (1) Within the four out-
group taxa, Solanum ochranthum and S. juglan-
difolium were sister taxa and S. lycopersicoides
and S. sitiens were sister taxa. (2) Within the
tomato ingroup, S. pennellii was basal. (3)
Solanum cheesmaniae, S. galapagense, S.
pimpinellifolium, and S. lycopersicum were ter-
minal taxa and monophyletic. (4) Solanum
chmielewskii and S. neorickii appeared always
together in a basal position in the same clade as
S. cheesmaniae, S. galapagense, S. pimpinelli-
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Figure 4. Means, ranges, and one standard deviation of the mean for the 30 of 66 characters examined in this study showing the
greatest differences among taxa of Solanum chilense = chl; S. chmielewskii = chm; S. cheesmaniae = chs; S. galapagense = gal [=
S. cheesmaniae f. minor]; S. habrochaites = hab; S. lycopersicoides = lyc; S. lycopersicum var. cerasiforme = lypc; S. neorickii = neo;
S. pennellii = pen; S. peruvianum = per; S. peruvianum f. glandulosum = perg; S. peruvianum var. humisufum = perh; S. pimpinel-
lifolium = pim; S. sitiens = sit.
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Figure 4 continued.
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Figure 5. Means, ranges, and one standard deviation of the mean for the 18 of 61 characters examined in this study showing the
greatest differences among S. peruvianum accessions from northern Peru = N, and southern Peru = S.
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T
2.16 173 1.30 0.88 0.45

Figure 6. UPGMA dendrogram (DIST similarity option) based on 61 morphological characters. Species codes, accession numbers,
and map locations as in Table 1.
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Figure 7. UPGMA dendrogram (CORR similarity option) based on 61 morphological characters. Species codes, accession numbers,
and map locations as in Table 1.
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Figure 8. One representative phylogram of 28 equally parsimonious trees, length = 54, based on all 26 unordered morphological
characters. Cl = 0.870, CIU = 0.857, Rl = 0.900.
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Figure 9. Strict consensus tree of the 28 most parsimonious trees (length 54) based on all 26 unordered morphological characters.
Percentage of 10,000 bootstrap replicates, followed by percentage of 10,000 jackknife replicates (in parentheses), is given above
branches. The same strict consensus topology was obtained in the analysis excluding the two breeding characters, and nearly
the same topology (except for S. peruvianum N that was part of the basal polytomy with S. peruvianum S, S. habrochaites, and
S. chilense) in the analysis of 15 characters (25, 26, Tables 3, 4).

249



A FESTSCHRIFT FOR WILLIAM G. DARCY

folium, and S. lycopersicum. (5) The self-incom-
patible S. chilense, S. habrochaites, and S. peru-
vianum south form a basal polytomy in the
ingroup (the 15-character data set included S.
peruvianum north in this basal polytomy).

CONCORDANCE OF MORPHOLOGICAL
PHENETICS AND CLADISTICS

The phenetic results are not designed to show
phylogenetic relationships. When similarities
due to shared ancestral characteristics or homo-
plasy exceed similarities due to shared derived
characteristics, the phenogram will not repre-
sent the true phylogeny, but if there were no
homoplasy, the phenogram constructed by the
phenetic analysis would correspond to the true
phylogenetic tree (Futuyma, 1998). The similari-
ties of phenetic and cladistic results show: (1) The
outgroup taxa were differentiated in both
analyses. (2) Solanum cheesmaniae, S. galapa-
gense, S. pimpinellifolium, and S. lycopersicum
were also consistent “groups.” (3) Solanum peru-
vianum was differentiated in two groups from
northern and southern Peru, with 76% boot-
strap support in the cladistic results (Fig. 9). (4)
Solanum chmielewskii and S. neorickii grouped
with the northern S. peruvianum but not with S.
cheesmaniae, S. galapagense, S. pimpinellifoli-
um, and S. lycopersicum as in the cladistic results.
(5) Solanum chilense grouped with the southern
S. peruvianum in the phenetic results (Fig. 7), but
in the cladistic results S. chilense appeared as a
basal polytomy with southern S. peruvianum and
S. habrochaites (Fig. 9).

CONCORDANCE OF MORPHOLOGICAL
CLADISTICS AND GBSSI CLADISTICS

There are striking concordances between the
morphological cladistic results shown here and
the GBSSI cladistic results of Peralta and
Spooner (2001). (1) Within the four outgroup
taxa, Solanum ochranthum and S. juglandifoli-
um were sister taxa and S. lycopersicoides and S.
sitiens were sister taxa. (2) Within the tomato
ingroup, S. pennellii was supported as a basal
taxon. (3) Solanum habrochaites also appeared
in a basal position. (4) Solanum peruvianum

south showed a close relation with the last two
taxa and also with S. chilense. (5) Solanum
cheesmaniae, S. galapagense, S. pimpinellifoli-
um, and S. lycopersicum were terminal taxa and
monophyletic. (6) Solanum chmielewskii and S.
neorickii were basal to S. cheesmaniae, S. gala-
pagense, S. pimpinellifolium, and S. lycoper-
sicum. GBSSI and morphological results showed
a closer relationship of these three last taxa
with S. chmielewskii and S. neorickii, which are
also related to the northern populations of S.
peruvianum.

Di1SCUSSION

PHENETICS

The above analysis of character state variation
and phenetic relationships provided useful data
to (1) help support existing species, (2) support
the northern and southern populations of
Solanum peruvianum as separate taxa, (3) show
character state variation useful for species
descriptions, and (4) show character states use-
ful for cladistic analyses.

Although the range of values for many charac-
ters did not show discrete breaks to differenti-
ate species, some have breaks in variability use-
ful for species differentiation and cladistic
analysis. The most important morphological
characters, determined by the simple statistics
and SDA, agreed with those previously used in
taxonomic diagnoses and construction of keys
(Muller, 1940; Luckwill, 1943; Rick et al., 1977,
1990; Taylor, 1986). Qualitative flower character
states, such as white, free anthers with large fil-
aments, and more than five leaves per sympodi-
um were only shared by the species of subsec-
tion Lycopersicoides. Development of pseu-
dostipules and inflorescence bracts, number of
inflorescence branches, anther curvature, color
and pubescence of the fruits, and trichome
types have taxonomic value within wild toma-
toes. Solanum pennellii traditionally has been
recognized by its particular anther structure,
lacking the sterile tip, poricidal dehiscence, and
slightly asymmetric flowers.
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Although most of the quantitative characters
evaluated had continuous distribution of states
across taxa, some of them were useful for species
diagnosis. Short plants with short internode
lengths and early formation of inflorescence (8th
to 9th node) characterize Solanum cheesmaniae,
while in the shrubby, low-branched, and taller
plants of S. lycopersicoides, inflorescences were
generated after the 35th node. Solanum sitiens
can be identified by its smaller and narrow
leaflets. Solanum neorickii was recognized by its
small flowers with short anther tips, short inflo-
rescence axis, and a high number of flowers in
relation to the axis length. Diagnostic characters
for S. chilense were large peduncles, leaves with
few secondary and tertiary leaflets, and large
flowers and fruits. Taller, very robust, and pubes-
cent plants characterized S. habrochaites, which
produces inflorescences after the 18th node, and
has leaves without secondary leaflets. In S. pen-
nellii, the width of the leaflet lamina, as well as
anther length and structure, are valuable diag-
nostic characters. Solanum lycopersicum pro-
duced the largest fruits and numerous secondary
leaflets, while S. pimpinellifolium presented the
largest ratio between corolla lobe length and
corolla lobe width, indicating a stellate shape.

The phenetic analysis distinguished the “north-
ern” and "“southern” groups in S. peruvianum.
This result was postulated by morphology and
crossing relationships (Rick, 1963, 1979, 1986b),
and was also supported by the GBSSI phylogeny
on the same accessions (Peralta & Spooner,
2001). The SDA selected similar sets of charac-
ters to those used previously to characterize the
northern races, such as unbranched inflores-
cence, straight anther tubes, reduced style
exsertion, and 5 to 7 leaflets (Rick, 1986b).
Although most of the quantitative characters
had a continuous distribution of states across
these northern and southern populations, some
of them (plant height, internode length, inflo-
rescence axis length, leaf length, size of leaflets,
and sepal length) showed that taller and more
robust plants characterized the northern acces-
sions. In contrast, the southern accessions can
be differentiated by the presence of few sec-

ondary leaflets, branched inflorescences, bright
yellow larger corollas, bright yellow larger and
curved anthers, and exserted styles.

CLADISTICS

Concordance among phenetic and cladistic
results might indicate that the amount of homo-
plasy does not outnumber similarities due to
shared derived characteristics in wild tomatoes.
The following discussion focuses on cladistic
results of morphological, GBSSI, and other
molecular data to comment on prior phyloge-
netic hypotheses in tomatoes (above). Cladistic
results of morphological features confirm
ingroup relationships shown by nuclear RFLP
data (Miller & Tanksley, 1990), cpDNA restriction
site data (Palmer & Zamir, 1982), and GBSSI DNA
sequence data (Peralta & Spooner, 2001).
Phenetic and cladistic analyses of morphological
characters showed the distinct nature of the
northern and southern Peruvian populations of
Solanum peruvianum, a result consistent with
GBSSI sequence data. The morphology shown
here, as well as the nuclear RFLP (Miller &
Tanksley, 1990), cpDNA restriction site (Palmer &
Zamir, 1982), and GBSSI data (Peralta & Spooner,
2001), do not agree with the mitochondrial DNA
phenetic results (McClean & Hanson, 1986).

Monophyly of the self-compatible species with
pigmented fruits, Solanum cheesmaniae, S. gala-
pagense, S. pimpinellifolium, and S. lycoper-
sicum, has been shown by the cpDNA phylogeny,
GBSSI data, and nuclear RFLP data, and here con-
firmed by morphology. Furthermore, S. neorickii
and S. chmielewskii were placed with northern
races of S. peruvianum as recently shown by
cpDNA, nuclear RFLP, and GBSSI data. Solanum
chmielewskii and S. neorickii appeared support-
ed together in a basal position in the same clade
as S. cheesmaniae, S. galapagense, S. pimpinelli-
folium, and S. lycopersicum. Our morphological
and GBSSI results showed the northern acces-
sions of S. peruvianum as closely related to S.
neorickii, S. chmielewskii, and the three red- to
orange- to yellow-fruited species of the
Esculentum complex, discordant with Rick’s
(1979) classification (Fig. 1). Furthermore, the
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morphological results, as well as copDNA, nuclear
RFLP, and GBSSI data, are discordant with the
placement of S. pennellii and S. habrochaites in
the Esculentum group (Rick, 1979). On the other
hand, Solanum chilense showed close relation-
ships with the southern accessions of S. peru-
vianum, as indicated by crossability (Rick, 1979),
cpDNA, and GBSSI phylogeny.

Morphological and molecular data support
allogamy, self-incompatibility, and green fruits
as plesiomorphic in tomatoes. The basal taxa
also share characters such as branched and
bracted inflorescences and leaves usually with
pseudostipules. These results do not support
the phylogenetic hypothesis proposed by
Luckwill (1943), where all tomato species
evolved from an ancestral stock with
unbranched inflorescences, leaves with few
leaflets, and without pseudostipules.

Large and attractive flowers have also been
associated with the presence of a self-incom-
patibility system, and with the extent of out-
crossing and genetic variation. Rick (1982b) pos-
tulated that three independent genetic systems
are operating on the prevention of self-fertil-
ization, changes in flower parts to ensure cross
pollination, and development of secondary
flower display characters to attract pollinators.
Interestingly, a recent linkage analysis and
quantitative trait loci (QTL) mapping of repro-
ductive behavior and floral traits in wild toma-
toes showed that major QTLs for several charac-
ters important to pollination biology harbor in
the same region of the self-incompatibility
locus, S, on chromosome 1. These QTL results
suggest that a gene complex is controlling both
genetic and morphological mechanisms of
reproduction, and this gene complex may have
been conserved since early periods of plant evo-
lution or may reflect a convergent evolutionary
process (Bernacchi & Tanksley, 1997).

Several characters of the corolla, anthers, and
stigma (Table 2), associated with floral display,
pollinator attraction, and reproduction, were
included in this morphological study. The self-

incompatible accessions of S. habrochaites and
S. pennellii (Table 1) showed larger corollas and
anthers as well as more exserted stigmas than
the self-compatible accessions. Similarly, in the
self-compatible S. pimpinellifolium one faculta-
tive allogamous accession has larger flower
parts and stigma exsertion than the two autog-
amous accessions. Changes in flower size and
stigma exsertion also occur in the two sibling
self-compatible species, S. chmielewskii and S.
neorickii. The accessions of the first species
showed larger flower parts, while the acces-
sions of the exclusively autogamous S. neorickii
have smaller flower parts and stigmas included
in the anther tube. The southern self-incompat-
ible accessions of S. peruvianum, like the out-
crossing genotypes of S. habrochaites, S. pen-
nellii, and S. pimpinellifolium, also displayed
floral traits for pollination attraction. Larger,
bright yellow corollas, larger, curved and asym-
metrical anthers, and exserted styles are fea-
tures that probably correlate with the high out-
crossing rates found in S. peruvianum (Rick et
al., 1977). Actually, branched inflorescences
with many showy open flowers (usually 8 to 10)
act as the attractive unit for pollinators (Rick et
al., 1978). In contrast, the northern S. peru-
vianum accessions have unbranched inflores-
cences, smaller corollas, short and straight
anther tubes, and reduced stigma exsertion.
The differences found in inflorescence and
flower morphology, and crossing behavior
between northern and southern S. peruvianum
races, raise an interesting question about the
role that environmental factors might play in
such differentiation. Northern races are wide-
spread from the coast to interior uplands in the
Andes (north of 8°S) in more mesic-subtropical
habitats (Rick, 1986b). In contrast, the southern
races are distributed along the arid Pacific coast
(south of 8°S) to northern Chile, and in the adja-
cent Andean Mountains (Rick, 1986b). The pres-
ent hyper-arid climates between 5°S and 28°S
result primarily from the rain shadow effects of
the Andes and the subtropical convergence of
winds, and the drying effects of the cold
Humboldt Current. Paleobotanical, paleonto-
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logical, and geological evidences suggest that
such harsh climatic conditions developed
recently during the Holocene (Arroyo et al.,
1988). The Neotropical plant communities that
occupied the area before the climatic change
were displaced toward more southerly and
boreal latitudes, and a new flora became adapt-
ed to the new xeric conditions (Villagran et al.,
1983). A similar scenario can be hypothesized to
explain the differentiation between S. peru-
vianum groups. The southern populations
became adapted to the unstable, very arid con-
ditions of the coastal Pacific range. Under such
harsh climatic conditions, lower pollinator avail-
ability and an increase of anemophily in the
plant communities have been reported (Arroyo
et al., 1983). Selection pressures to ensure cross-
ing in self-incompatible plants may have driven
changes in flower traits that increase insect
attraction. The shifts of secondary flower char-
acters are correlated with increase in levels of
heterozygosity in populations (Rick et al., 1977).
An opposite change toward reduction of flower
organs and attractiveness has been reported in
the self-compatible S. cheesmaniae. This
endemic species of the Galdpagos Islands grows
in isolated, unstable, and dry habitats, where
very few pollinator species are found. The S.
cheesmaniae populations evolved toward strict
autogamy, and genetic variation was only
found between populations (Rick, 1986b).

Genetic mechanisms ensuring crossing may
have played a role to maintain gene flow
among southern S. peruvianum populations, as
has been supported by hybridization studies
(Rick, 1963, 1979, 1986b). In contrast, the north-
ern populations growing in more stable habi-
tats developed isolation mechanisms that pre-
vent gene flow in sympatric populations. In
addition to the prezygotic barriers, postzygotic
isolating mechanisms have been found in this
group (Ehlenfeldt & Hanneman, 1992).

A possible scenario in the evolution of wild toma-
toes can be hypothesized taking into account the
adaptation to changing environments, as well as

the interaction with biotic factors such as avail-
ability of pollinators. The shift toward compati-
bility and reduction of floral structures also
played an important role in the speciation
process. Putative SI ancestral populations proba-
bly occupied a wide area of distribution in central
Peru. After the drastic climatic change during the
Holocene and the formation of the
Peruvian—Chilean desert, a process of adaptation
to the new habitats may have occurred leading to
differentiation and speciation. Some populations,
adapted to more mesic and humid conditions,
colonized the northern areas. Changes from Sl to
SC may have originated autogamous popula-
tions, further accentuating isolation and proba-
bly genetic drift, and contributed to differentia-
tion and speciation. Putative ancestors from the
Rio Marafién area may have originated self-com-
patible taxa, as suggested by Rick (1986b). On the
other hand, populations growing in arid habitats
may have differentiated and migrated following
the Pacific coast and colonized the adjacent west-
ern slopes, but were limited in their altitudinal
distribution by frost. Selection pressure to ensure
crossing in the SI populations may have driven
evolutionary changes, and genetic differentiation
most probably occurred by gene substitution
(Rick, 1986b). Reproductive isolating barriers
arose to prevent gene flow between sympatric
populations. Analogously, putative ancestors of S.
juglandifolium and S. ochranthum became
adapted to more wet and warm environments,
while ancestors of S. sitiens and S. lycopersicoides
evolved in the desert.

Some taxonomic problems remain, and more
studies are needed to elucidate the relation-
ships between Solanum chmielewskii and the
northern S. peruvianum races, and between S.
chilense and the southern S. peruvianum races.
Palmer and Zamir (1982), based on a cpDNA
phylogeny, suggested that S. chmielewskii and
S. chilense could be considered at the subspecif-
ic level within S. peruvianum. Muller (1940) con-
sidered S. chilense as a variety of S. peruvianum,
while Luckwill (1943) included it as the sub-
species puberulum. Our morphological results,
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based on few S. chmielewskii and S. chilense
accessions, provided good diagnostic charac-
ters. Nevertheless, analysis of more collections
and herbarium specimens, especially those from
original types, will help to clarify taxonomic
problems. Studies of S. peruvianum infraspecif-
ic categories as well as the species recognized as
L. glandulosum and L. pissisi are currently in
progress. Rick and Lamm (1955), based on the
photograph of the original collection of L. pis-
sisi, concluded that this specimen was not relat-
ed to S. peruvianum. Nevertheless, the identity
of L. pissisi remains unsolved.

Our morphological results support existing
species and support the northern and southern
populations of S. peruvianum as separate taxa
that may represent two distinct species.

Morphological data showed valuable diagnostic
characters for species differentiation and
phylogenetic relationships in wild tomatoes.
These results are currently being used to
prepare a monographic study of Solanum
sections Lycopersicon, Lycopersicoides, and
Juglandifolium. This monograph will include a
new classification based on a synthesis of dif-
ferent data sets, reflecting the phylogenetic
relationships of wild tomato species.

NOTE IN PROOF

This paper showed the need to reconsider
the species limits of Solanum peruvianum;
this was accomplished by Peralta et al. (2005)
who recognized four species within Solanum
peruvianum sensu lato, necessitating the
publication of two new names.
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