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The Enigma of Solanum maglia in the Origin of the Chilean Cultivated Potato, Solanum
tuberosum Chilotanum Group. Landrace potato cultivars occur in two broad geographic
regions: the high Andes from western Venezuela south to northern Argentina (Solanum
tuberosum Andigenum Group, “Andigenum”), and lowland south-central Chile (S. tuber-
osum Chilotanum Group, “Chilotanum"”), with a coastal desert and 560 km between
southernmost populations of Andigenum and Chilotanum. Unlike Andigenum landraces,
Chilotanum landraces are adapted to long days and carry a 241 base pair plastid DNA
deletion. However, Andigenum and Chilotanum landraces are morphologically similar. We
investigated a hypothesis that Chilotanum landraces arose from Solanum maglia, a rare
tuber-bearing species found in Chile and Argentina. This hypothesis was formulated first
based on morphological analyses of starch grains of extant and preserved (12,500 years
before present) S. maglia, and on putative sympatry of extant S. maglia and Chilotanum
landraces. Our new starch grain analyses fail to support this hypothesis; we could find no
evidence of current sympatric distributions, and S. maglia lacks the 241-bp plastid deletion.
However, microsatellite data group all accessions of S. maglia exclusively with Chilotanum,
which is supported by our previous observation at the single locus of the waxy gene. These
results could be interpreted in various ways, but all explanations have problems. One
explanation is that S. maglia is a progenitor of Chilotanum. However, the plastid deletion in
Chilotanum but not S. maglia cannot be easily explained. Another explanation is that
Chilotanum was formed by hybridization between S. maglia and pre-Chilotanum, but this
conflicts with prior cladistic analyses. These new data shed light on aspects of this question
and highlight various evolutionary scenarios, but the origin of Chilotanum and the
involvement of S. maglia in its origin remain an enigma.

Key Words: Microsatellites, potato, Solanum maglia, Solanum tuberosum Andigenum
Group, Solanum tuberosum Chilotanum Group.

Introduction

Landrace potato cultivars occur in two broad
geographic regions: the high Andes from western
Venezuela south to northern Argentina, at 3,000
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4,000 m (Solanum tuberosum Andigenum Group,
“Andigenum,” containing diploids, 2n = 24,
triploids, 2n = 36, and tetraploids, 2n = 48), and
in south-central Chile in the Chonos and Guaitecas
Archipelagos and nearby mainland, from sea level
to 500 m (S. ruberosum Chilotanum Group,
“Chilotanum,” containing mostly tetraploids).
There is a 560 km break in distribution between
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them, incorporating a coastal desert, and the high
Andean cordillera, which is unsuitable for potato
cultivation (Spooner et al. 2010), and we can only
speculate how the high Andean populations got to
the lowlands of Chile. It is possible that this
distributional difference was much less in paleoeco-
logical times. The landraces of both cultivar groups
are highly diverse, with a great variety of shapes and
skin and tuber colors (Castronovo 1949; Ochoa
1990). Andigenum had its origin in southern Peru
from wild species in the Solanum brevicaule
complex (Miller and Spooner 1999; Spooner et al.
2005; Ugent 1970; Van den Berg et al. 1998). The
three rarer cultivated species (S. ajanhuiri Juz. and
Bukasov, diploid; S. juzepczukii Bukasov, triploid;
and S. curtilobum Juz. and Bukasov, pentaploid) are
products of hybridization of Andigenum with wild
species (Rodriguez et al. 2010). The above classifi-
cation of cultivated potatoes follows Spooner et al.
(2007b) and Ovchinnikova et al. (2011), differing
considerably from most other classifications that
recognize more cultivated species, especially
Andigenum, which recognizes each ploidy variant
as a separate species. Although Chilotanum land-
races are considered by some (e.g., Hawkes 1990)
to be exclusively tetraploid, there are a few reports
of diploid and triploid cultivated potatoes that have
been collected in lowland Chile (Briicher 1963,
1965; Contreras 1987; Sykin 1971).

There are various theories for the origin of
Chilotanum landraces. The dominant set of hy-
potheses proposes that they evolved from
Andigenum landraces, after human-mediated trans-
port to Chile, with subsequent minor morphological
differentiation and long-day adaptation (Andigenum
landraces are short-day adapted) (Hawkes 1990).
However, the theory in support of long-day
adaptation from Andigenum germplasm has been
challenged recently (Ghislain et al. 2009).

Grun (1990) hypothesized that the Chilotanum
landraces arose from a cross between Andigenum
landraces and an unidentified wild species, perhaps
S. chacoense. Hosaka (2002) documented a 241-bp
deletion in a subset of the Bolivian and
Argentinean wild species S. berthaultii (that we
here consider to include S. tarijense; Spooner et al.
2007a) and S. neorossii Hawkes and Hjert. Hosaka
(2003) used additional plastid markers to docu-
ment relationships of some S. berthaultii accessions
(but not S. neorossii) from southern Bolivia and
northern Argentina to Chilotanum. Hosaka
(2004) expanded this survey to include additional
cultivated accessions, showing that these plastid
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similarities were shared with nine tetraploid
Andigenum accessions, seven of them from north-
ern Argentina. He concluded that some popula-
tions of S. berthaultii with these plastid genotypes
crossed naturally as females with Andigenum from
which Chilotanum was naturally selected, and
these migrated to Chile, similar to a prior
hypothesis of Grun (1990), who did not identify
S. mrijense as this wild species. Supporting this
idea, some accessions of S. berthaultii serve as
superior parents to crosses with cultivated
Chilotanum potato, producing progeny with
long-day tuberization (Hermundstad and
Peloquin 1985).

Alternatively, Ugent et al. (1987) proposed
that Chilotanum landraces had an independent
origin from §. maglia Schltdl. not involving
Andigenum landraces. The bases of their hypoth-
esis follow: 1) Potato tuber skins were found in a
bowl from Monte Verde, a 12,500 BP archaeo-
logical site in south-central Chile in a region
where potatoes today are the principal crop
(Dillehay 1989). 2) Starch grains from this fossil
tuber were examined and compared to extant
grains of S. maglia, but from Chilean populations
1,000 km farther north. They claimed that both
the fossil and extant S. maglia produces starch
grains with four shapes, but modern S. tuberosum
has only one shape (oval), probably due to
selection of the S. maglia progenitor for culinary
traits. Tuber starch grain morphology has been
used as a taxonomic trait in potato (Verdun
1982) and includes grain size, shape, and the arm
lengths and angles of a birefringence “cross” as
seen under polarized light, produced by the
highly structured molecular configuration of the
starch grain (Liu 1997). 3) They claimed that
they found extant populations of S. maglia in
south-central Chile, reflecting supposed distribu-
tions 12,500 BP. 4) They proposed that diploid
forms of S. maglia underwent spontaneous
somatic doubling to produce a tetraploid form
of S. tuberosum in Chile.

Solanum maglia, the sole tuber-bearing wild
potato of the southern temperate region of the
South American continent, is distinguished mor-
phologically from S. tuberosum by its relatively
broad leaflets, especially the terminal leaflet, and by
its anthers with the tissue grading into the
filaments. In central and southern Chile in the
geographic Regions V, VII, VIII, IX, and X, it
grows in coastal humid valleys, from sea level to
about 1,200 m. The closest extant population of S.
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maglia to Monte Verde is about 1,000 km. away
(herbarium data from a monograph in revision of
sections Etuberosum and Petota in the Southern
Cone of South America by Spooner and collabo-
rators). In Argentina, S. maglia is known from a
single locality, in a gorge in Mendoza Province,
Argentina, Quebrada de Alvarado, with an eleva-
tion of 1,400-1,820 m. This gorge, unlike others
in that area, is deep and narrow with habitats
shaded throughout the day (Spooner and Clausen
1993). The known Chilean populations are
triploid (Hawkes and Hjerting 1969), and the
multiple populations in Argentina are diploid
(Spooner and Clausen 1993). Significant impact
of climate change has taken place since the earliest
human settlements in Monte Verde, more than
12,500 BP, which could explain the current rare
distribution of S. maglia (Dillehay et al. 2008).

Raker and Spooner (2002) investigated the
differentiation of the Andigenum and Chilotanum
landraces with nuclear microsatellites and showed
that the single analyzed accession of S. maglia
Schledl. from Chile clustered with Chilotanum
landraces. More recently, Rodriguez et al. (2010)
found that two of three Chilotanum accessions had
the same waxy gene alleles as S. maglia (Rodriguez
et al. 2010).

The report of extant populations of S. maglia
in southern Chile sympatric with S. tuberosum by
Ugent et al. (1987) are not supported by voucher
specimens and likely are misidentifications of .
tuberosum. We base this statement on reports of
others who have collected extensively in south-
central Chile (Contreras 1987; Contreras et al.
1993; Spooner et al. 1991), and on a letter from
Carlos Ramirez to Spooner, indicating that these
were likely misidentifications of S. tuberosum as S.
maglia (see Spooner et al. 1991).

The purpose of our study is to reinvestigate the
hypothesis that S. maglia was the progenitor of
Chilotanum, using a comprehensive microsatellite
analysis, plastid deletion data, and starch grain
analysis, and to place these data in the context of
prior data. Because the world’s cultivated potato
crop had its origin from Chilotanum (Ames and
Spooner 2008), this question is of interest to
phylogenists and plant breeders alike.

Materials and Methods
PLANT MATERIAL

Eight accessions of Solanum maglia were
examined from the germplasm banks of CIP
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(CIP prefix), NRSP-6 (PI prefix), and Balcarce
Argentina (CIM prefix). All accessions of S.
maglia accessible as germplasm collections and
used here come from two generalized areas. The
four CIP and NRSP-6 accessions come from the
area of Valparaiso Chile: 1) CIP 761484, Vifia
Refiaca (on N side of Vina del Mar); 2) CIP
761485, near Costa Brava (12 km from Vina del
Mar); 3) PI 245087, between Vina del Mar and
Concon, on a steep slope just above the ocean;
and 4) PI 558316, Petorca, ca. 500 m S of beach
at Zapallar. The four Argentinean accessions
(CIM 870-2; CIM 868-3; CIM 865-4; CIM
871-8) all come from one narrow canyon, the
Canén del Alvarado in Mendoza Argentina
(Spooner and Clausen 1993). We added these
accessions to the preexisting microsatellite and
plastid deletion data from Spooner et al. (2007b)
of 742 potato landraces of all cultivated potato
species and eight accessions of wild species that
included seven diploid wild species accessions in
the northern S. brevicaule complex and one
accession of tetraploid S. acaule. Starch grain data
were based on tubers produced by eight wild
species and 23 landrace accessions obtained from
the US Potato Genebank, NRSP-6.

STARCH GRAIN ANALYSIS

Tubers were generated in a greenhouse using
controlled lighting to induce tuberization in short
day plants. After tubers were harvested, they were
stored at 4°C until they were processed by removing
a thin slice perpendicular to the long axis and
through the center of the tuber. Slices were placed
in a -80°C freezer and then lyophilized. Each
sample was prepared by scraping dried tissue from
the slice, placing it on a microscope slide with a drop
of water, and adding a cover slip. A polarizing filter
was used to observe interference patterns. Samples
were observed at 400x magnification.

NuUCLEAR SSR AND Prastip DNA MARKER
ANALYSES

This study obtained new SSR and plastid
deletion data from the eight populations of .
maglia and added them to the data set from
Spooner et al. (2007b). All procedures for
genomic DNA isolation and purification, DNA
quantification, SSR and plastid marker analyses,
and data analysis follow that study. SSR marker
data and plastid deletion are available online from
the bioinformatics portal of the Generation
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Challenge Program web site (www.generationcp.
org) and of CIP (http://research.cip.cgiar.org/
confluence/display/IPD/SSR+Marker).

Results
STARCH (GRAINS

In S. maglia, the arms of the interference pattern
cross in the center of round and rectangular grains,
and toward one end of oval and triangular grains as
in Fig. 1 and as described by Ugent et al. (1987).
However, these authors do not describe how this
differs from the patterns in other Solanum species.
The hilum (the point of origin of the starch
granule and the center of the cross) is off-center in
S. maglia, also as described by Ugent et al. (1987),
but the same is true for both cultivar groups of S.
tuberosum and wild species (Fig. 1), and as
documented in Liu (1997). Ugent et al. (1987)
claimed that S. maglia starch grains are unusual
because they are found in four shapes—oval,
round, triangular, and rectangular—while the
starch grains of S. tuberosum consist are only oval
(Ugent et al. 1987). Our data, however, document
considerable variation in the proportion of oval-
shaped grains both within and among wild and
cultivated species. All four types of starch grains
occur in S. tuberosum (both Andigenum and
Chilotanum) and other wild and cultivated
Solanum species (Fig. 1). Small starch grains are
round, while larger ones have expanded into oval
shapes. Space constraints due to tight packing in
tuber parenchyma tissue likely led to the produc-
tion of starch grains with rectangular, triangular,
and other irregular shapes (Singh et al. 2009).
Verdun (1982) and Ugent and Verdun (1983)
evaluated only five starch grains per sample in their
taxonomic analysis, which was subsequently cited
by Ugent et al. (1987).

Our observations of thousands of starch grains
reveal large variability in appearance due to
differences in both their shape and, because they
are three-dimensional objects, their orientation
when viewed under a microscope. For example,
oval starch grains observed on end appear to be
round. Ugent et al. (1987) claimed that in S.
maglia, starch grain size varies from 10-20 p for
round grains and from 35-80 p for other types.
In S. muberosum, starch grains range from 1-110
um (Singh et al. 2009). Consequently, there is
considerable overlap in starch granule size among
species. Even within species, starch grains are
highly variable in size as in Fig. 1 and as reported
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in Geddes et al. (1965). Hence, neither the
original observations by Ugent et al. (1987) nor
our observations lend support to the idea that
starch grains of S. maglia are useful to infer an
independent origin of Chilotanum landraces from
S. maglia not involving Andigenum landraces.

NuUCLEAR SSR AND Prastip DNA MARKER

Four of the 50 SSRs amplified in Spooner et al.
(2007b), STMO0030, STM0031, STMO017, and
STWAX-2, did not amplify in S. maglia. Because
they amplified in control samples, we considered
these as true data “0.” STM1031 failed to amplify
S. maglia and the control samples due to unknown
technical reasons, and we left these data in the
original database and scored all accessions of S.
maglia as missing data “9.” In total, the database
consisted of 760 taxa and 556 alleles. Missing data
for the entire data set was 2.3% and for S. maglia
2.2%. Neighbor-joining analysis (Fig. 2) firmly
placed all eight accessions S. maglia with
Chilotanum, but not the other closely related wild
species relatives of S. zuberosum.

Since the potato genetic identity kit (Ghislain et
al. 2004) was developed using single locus markers,
the presence of 2 or 3 alleles is indicative of
presence of diploid and triploid S. maglia acces-
sions. All of the Argentinean accessions had two
alleles, and three of the four Chilean accessions had
three alleles. PI 245087 from Chile had two alleles.
Of the remaining 27 SSR markers, 18 were
monomorphic, 10 with one allele and the other
8 with 2 alleles. Neighbor-joining analysis grouped
S. maglia into two separate groups but adjacent to
each other, all diploid Argentinean accessions and
Chilean putative diploid PI 245087 in one group,
and all remaining putative triploid Chilean acces-
sions in another group. The topology of the
remaining accessions is similar to Spooner et al.
(2007b). Therefore, there is no area-specific
differentiation of these accessions. The four
accessions from the INTA genebank, collected at
the same location, were all identical with one
exception for the CLM 862-2, which did not
amplify the SSR locus STI001. This polymor-
phism was repeatedly tested and found reliable.
Hence, this accession might be mutated at this
precise microsatellite marker locus.

The 241-bp deletion marker was absent from
all DNA samples of S. maglia, whereas DNA
from the majority of the Chilotanum accessions
displayed the expected deletion. Ames and


http://www.generationcp.org
http://www.generationcp.org
http://research.cip.cgiar.org/confluence/display/IPD/SSR+Marker
http://research.cip.cgiar.org/confluence/display/IPD/SSR+Marker

16 ECONOMIC BOTANY [VOL 66

mag 2x? 245087 3 ag 2x CIM 890-2

(o] :) '\l-'

7 (33'.3080 Y oy
Ly ??%
: o o 0
| . Qo. | 5°Q '.(Z O ) ()
extinct mag i@ a tbr4x595459§ - tbr 4x 595458
5 W) QQ by @ 6 & ‘ @

) o
f__) O"o @‘(} “&CO.%(%OO
F- U RaORSy 1T

y (] o-
tor 4x 558341 |1 tbr 4x 558341

Fig. 1. Starch grains of landrace populations of S. curtilobum (cur), S. juzepczukii (juz), S. tuberosum
Andigenum Group (adg), S. tuberosum Chilotanum Group (tbr), and wild species Solanum maglia (mag) and .
bukasovii (buk); ploidy is listed after name.
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Spooner calculated that the 241-bp deletion in Discussion
the #n V-UAC/ ndh C intergenic region of the
plastid DNA molecule is absent in 94% (or 95%)
of the Andean tetraploid landraces and present in Starch grains increase in size as tubers expand,
86% (or 81%) of the tetraploid Chilean land- so the size of starch grains varies with the time at
races, depending on the studies of Hosaka (2004) ~ which tubers are collected (Geddes et al. 1965;
or Spooner et al. (2007b). Noda et al. 2004). It is impossible to know the

STARCH (GRAINS
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adg 4x 619148

developmental stage in which the tubers from the
Monte Verde site were collected, confounding
comparisons between archaeological specimens
and tubers produced for comparison in modern
studies. Post-harvest conditions also affect starch
grain size. We do not know whether the tubers from
the Monte Verde site were freshly harvested or had
been stored. During storage, the number of small
grains in a tuber increases (Chung and Hadziyev

)

juz 3x 595438

1980) and the number of large grains decreases
(Mica 1975), as starch is converted into sugars.
Environmental conditions during tuber growth
and storage also affect the size of starch grains
(Shannon et al. 2009). The climate in which the
tubers from Monte Verde were formed was likely
slightly warmer than present-day conditions
(Dillehay 1989). Tubers formed in a warm
environment (10-15°C) contain starch grains



18 ECONOMIC BOTANY

Primarily
ADG 4x

Primarily
CHL and

Solanum brevicaule
complex
wild species.
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S. juzepczukii, and S. acaule

Fig. 2.
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Neighbor-joining tree using SSR data of cultivated potatoes and putative ancestors, adding eight

accessions of Solanum maglia to the study of Spooner et al. (2007b). Bootstrap values are only placed in the basal
branches or on the interior branches defining the wild species and the “bitter” hybrid potatoes and at the base of
the branch containing all seven accessions of S. maglia (only two dots can be seen for S. maglia because of extreme
similarity and overlapping dots). Blue (colors on online version) is ADG, pink are the “Bitter” hybrid potatoes,
green are wild species, gray is CHL, and red (nested on the lower end of CHL) is S. maglia.

with a smaller length to width ratio than those
formed at warmer temperatures (20-25°C)
(Hizukuri 1969). The long-term conditions
under which the tubers at the Monte Verde site
were preserved for 12,000 years likely affected
starch parameters. Small starch grains are more
susceptible to biotic degradation than large
ones; introducing bias due to differential
decomposition (Haslam 2004).

MICROSATELLITES

The potato genetic identity kit amplified well
all S. maglia accessions but one of the 50 nuclear
SSR markers. We did not eliminate this SSR
marker to be able to use the large data set
obtained previously; instead S. maglia accession
were coded as missing data. Three SSR markers
did not amplify DNA from S. maglia. The lack of
amplification is most likely due to single
nucleotide polymorphism(s) in at least one of

the primer sequence as lowering the annealing
temperature increased the amplification prod-
uct. This can be expected for DNA from wild
species as we have previously observed higher
null allele with higher genetic distance between
wild species and S. zuberosum. More than half of
the SSR markers for S. maglia were monomorphic,
suggesting that this species is self-compatible. The
neighbor-joining grouping of S. maglia with
Chilotanum is similar to the accession of S. acaule
grouping with S. curtilobum and S. juzepczukii
(Fig. 1; Spooner et al. 2007b) forming distinct
clusters from the large Andigenum cluster.
Solanum acaule is supported as a parent of both
of these hybrid cultivated potatoes (Hawkes
1962; Rodriguez et al. 2010; Schmiedische et al.
1980). Similarly, our microsatellite data provide
support to S. maglia as a parent or introgressant in
the hybrid origin of Chilotanum. The hybrid
hypothesis is further supported by GBSSI sequenc-
ing data of Rodriguez et al. (2010), showing two of
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the three examined accessions of Chilotanum
sharing alleles with both S. maglia and
Andigenum.

Conclusions

Solanum maglia groups with Chilotanum based
on microsatellite data (present results) and with
some accessions based on GBSSI sequence data
(Rodriguez et al. 2010). This prompts a reconsid-
eration of its involvement in the origin of
Chilotanum, either as a wild species progenitor or
as an introgressant species. However, this hypoth-
esis has three problems: (1) the starch grain data that
built this hypothesis fail to distinguish these species;
(2) current distributional data of extant S. maglia
are not sympatric with Chilotanum; and (3) the
shared occurrence of plastid DNA of Chilotanum
and some accessions S. berthaultii wild species
occurring in southern Bolivia and adjacent north-
ern Argentina are lacking in S. maglia.

The starch grain data are neutral and address
no competing hypotheses. The current distribu-
tional data may not reflect those 12,500 BP,
when S. maglia and Chilotanum (or its initial
populations) may have been sympatric. The
plastid DNA data provide the biggest problem
to S. maglia being a parent of introgressant to
Chilotanum. One hypothetical explanation for
these discontinuities follows: Andigenum popula-
tions in southern Bolivia or northern Argentina
hybridized in that region with populations of S.
berthautii with the plastid deletion type. We
assume that this hybridization has happened as
we have found Andigenum landrace accessions
with the 241-bp deletion in northern Argentina.
These could have been transported to Chile and
crossed as females to long-day adapted potatoes
initially domesticated entirely from S. maglia,
resulting in new local landraces combining
nuclear DNA alleles of S. maglia and Andigenum.

Dillehay (1997) suggested that S. maglia was
likely a staple food for the prehistoric inhabitants
of south-central Chile. However, tubers of many
wild relatives of potato contain high levels of bitter,
toxic glycoalkaloids (Valkonen et al. 1996).
Glycoalkaloids are stable up to 300°C, so they
would not degrade due to cooking (Friedman and
Dao 1992). Consequently, consumption of these
tubers, especially as a staple food source, would be
problematic. Ugent et al. (1987) suggested that S.
maglia tubers are not bitter, but other reports
support the contrary (Correll 1962; Johns and
Alonso 1990). In fact, tubers of extant S. maglia
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were found to contain 56 mg glycoalkaloids per
100 g fresh tuber tissue, which likely confer a
bitter taste and could lead to poisoning, even after
cooking.

In conclusion, our data do not support one or the
other hypothesis of the origin of Chilotanum and
the involvement of S. maglia in its origin remains
an enigma. They do, however, revive the hypoth-
esis that Chilotanum is indigenous to southern
Chile as proposed by many authors in the
beginning of the 20" century (cited in Ugent et
al. 1987). As a potato genome has been sequenced,
the sequencing of multiple potato genomes,
cultivated and wild (to include S. maglia), com-
bined with the identification of domestication
alleles, will provide new insight into this century-
old debate over the origin of the cultivated potato.
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