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Genomic Origins of Potato 
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Abstract
Chromosome pairing relationships within cultivated potato (Solanum 
tuberosum) and its wild tuber-bearing relatives (Solanum sect. Petota) 
have been interpreted by genome formulas, developed in the early 1900s, 
through techniques of classic meiotic analysis of interspecifi c hybrids. 
Here we reexamine potato genome hypotheses with the fi rst phylogenetic 
analysis of all major genomes of sect. Petota using cloned DNA sequences 
of the single-copy nuclear gene GBSSI (waxy). Our results provide the fi rst 
molecular confi rmation of allopolyploidy in wild potato. They both support 
prior hypotheses and identify novel genome origins never before proposed. 
The data will be useful to help design crossing strategies to incorporate wild 
species germplasm into cultivated potato.

The cultivated potato, Solanum tuberosum, has 
about 190 wild species tuber-bearing relatives, forming 
a well-defi ned phylogenetic group, Solanum sect. Petota
(Spooner and Salas, 2006). Th e wild species represent 
diverse gene pools that are of great importance in breed-
ing resistant and heterotic genotypes. However, not 
more than 10% of them are currently involved in the 
breeding process (Ross, 1986). A better understanding of 
their genome relationships would clarify the prospects 
for introgression of alien genes into potato and will help 
in planning eff ective breeding programs.

About 70% of these wild species are diploid at 2n = 
2x = 24, with the remaining species polyploid, mostly at 
the tetraploid (2n = 4x = 48) or hexaploid (2n = 6x = 72) 
levels. Th ese polyploids are valuable sources of genes for 
disease resistance, stress tolerance, and improved tuber 
quality in potato. For example, S. demissum is a source 
of late blight (Phytophthora infestans) resistance and 
has been incorporated into potato cultivars (Plaisted 
and Hoopes, 1989). Solanum acaule is a source of frost 
tolerance (Vega et al., 2000), and S. hjertingii is resis-
tant to bruising (Culley et al., 2002). Other Solanum
allopolyploids contain genes for resistance to soft  rot 
(Pectobacterium spp.), bacterial ring rot (Clavibacter 
michiganensis subsp. sepedonicus), potato leafroll virus, 
potato virus X, and potato virus Y (Jansky, 2000). 

D.M. Spooner, F. Rodríguez, and S.H. Jansky, USDA-ARS, Dep. of Horticulture, University of Wisconsin, 
1575 Linden Dr., Madison, WI 53706-1590; Z. Polgár, University of Pannonia, Center of Agricultural 
Sciences, Potato Research Centre, 8360 Keszthely, Deak F. u. 16., Hungary; H.E. Ballard, Jr., Dep. of 
Environmental and Plant Biology, Ohio University, 317 Porter Hall, Athens, OH 45701-2979. Received 
11 Sept. 2007. *Corresponding author (david.spooner@ars.usda.gov).

Published in Crop Sci. 48(S1) S27–S36. Published 8 Feb. 2008.
doi:10.2135/cropsci2007.09.0504tpg
© Crop Science Society of America
677 S. Segoe Rd., Madison, WI 53711 USA

Abbreviations: AFLP, amplifi ed fragment length polymorphism; EBN, 
endosperm balance number; MP, maximum parsimony.

Ge ome

The

Ge ome

The

Original Research



S-28 The Plant Genome [A Supplement to Crop Science] ■ March 2008 ■ No. 1

 Moreover, multiple disease resistances have been 
reported in germplasm containing S. demissum and S. 
stoloniferum (DeJong et al., 2001). An understanding 
of the biology of these species aids breeders in devel-
oping eff ective strategies to introgress this valuable 
germplasm into the cultivated potato.

Potato Taxonomy and 
Plastid DNA Phylogeny
Recent morphological and molecular results show 
interspecifi c relationships sometimes at great vari-
ance with the latest comprehensive classifi cation of 
potato by Hawkes (1990; Table 1). Hawkes (1990) 
recognized 232 species divided into 21 taxonomic 
series, but the most recent estimate (Spooner and 
Salas, 2006) is about 190 species divided into four 
clades (Fig. 1). At lower taxonomic levels and impor-
tant to this study, the Mexican hexaploid species 
S. demissum was shown to be related to the South 
American tetraploid species S. acaule and S. albicans, 
not to other members of series Demissa (Spooner 
et al., 1995; Kardolus et al., 1998; Kardolus, 1999; 
Nakagawa and Hosaka, 2002). Spooner et al. (2004) 
used these results to classify S. acaule, S. albicans, 
and S. demissum in an informal Acaulia Group, and 
the other members of series Demissa (S. hougasii, S. 
iopetalum, and S. schenckii) in an informal Iopetala 
Group. We use the terms Acaulia and Iopetala 
Groups in the text but show Hawkes’s (1990) tradi-
tional series classifi cations in Table 1.

Th e four-clade phylogeny is based on plastid 
DNA data (Spooner et al., 1991, 1993; Spooner and 
Sytsma, 1992; Castillo and Spooner, 1997; Rodríguez 
and Spooner, 1997; Spooner and Castillo, 1997). 
Th ese four clades comprise (i) the North and Central 
American diploid species, exclusive of S. bulbocasta-
num, S. cardiophyllum, and S. verrucosum; (ii) S. 
bulbocastanum and S. cardiophyllum, (iii) all exam-
ined members of the South American series Piurana 
and some South American species classifi ed to other 
series, such as S. andreanum; and (iv) all remaining 
South American species and the North and Central 
American polyploid species and S. verrucosum (Fig. 
1, Table 1).

Genome Hypotheses in Potato
Chromosome pairing relationships have been 
variously interpreted by genome formulas (Marks, 
1955; Hawkes, 1958; Irikura, 1976; Ramanna and 
Hermsen, 1979; Matsubayashi, 1991). Th ese were 
generated through classic genome analysis devel-
oped in the early 20th century by Kihara (1919) 
from meiotic interpretations of interspecifi c hybrids. 

Matsubayashi (1991) standardized these diverse 
genome interpretations as A, B, C, D, and P, with an 
additional genome (E) for members of related sec-
tion Etuberosum (Table 2). Th e cultivated potato, S. 
tuberosum, is an A genome species and is composed 
of a range of cytotypes from diploid to tetraploid 
(Spooner et al., 2007b). Its tetraploid cytotype is 
believed to be autotetraploid. Th e identity of the 
genomes in the allopolyploids relative to the dip-
loids has long been the subject of debate and uncer-
tainty. For example, the genomes C and D of series 
Conicibaccata and Demissa had no extant diploid 
species counterparts.

Th e present study reexamines genome rela-
tionships of potato by phylogenetic analysis of a 
single-copy gene in potato diploids and polyploids. 
Th e advantages and disadvantages of using single-
copy sequences for phylogenetic analysis have 
been reviewed by Wolfe et al. (1987), Gaut (1998), 
Doyle and Doyle (1999), Sang (2002), and Small et 
al. (2004). Th ese include, for example, biparental 
inheritance. Most plastid DNA phylogenies are uni-
parental, mostly maternal. In taxa with a history 
of transfer of plastids from one species to another 
through hybridization, followed by introgression 
from the (generally paternal) parent, DNA phylog-
enies are only of one parent. Second, the lack of con-
certed evolution is a phenomenon in multiple gene 
families that can produce and maintain a single or 
dominant DNA type. Finally, there are high rates of 
evolution, especially in intronic regions, and the gen-
eral independent evolution of paralogous sequences 
tend to make them stable in position and copy 
number. Th is latter quality is especially important 
for groups such as potato, which consist of closely 
related species.

With careful choice of true homologs (or 
homeologues), single-copy nuclear markers have 
been useful in identifying parental contributors to 
polyploids in cotton (Gossypium L.) (Cronn et al., 
1999; Senchina et al., 2003), Clarkia (Ford and Got-
tlieb, 2002), Oxalis (Emshwiller and Doyle, 2002), 
Paeonia (Sang and Zhang, 1999), Isoëtes (Hoot et 
al., 2004), soybean [Glycine max (L.) Merr.] (Doyle 
et al., 2004), rice (Oryza sativa L.) (Ge et al., 1999), 
Elymus (Mason-Gamer, 2001, 2004), and the cereal 
crop Eragrostis tef (Ingram and Doyle, 2003). In 
addition to actual sequence data, genome-specifi c 
DNA sequences can be identifi ed to design probes to 
amplify DNA in allopolyploids, followed by restric-
tion digests and comparison of additivity of bands to 
diploid progenitors (Vanichanon et al., 2003).

For our reexamination of genome relationships, 
we used the single-copy potato GBSSI (Granule-
Bound Starch Synthase I, or waxy) gene. It comprises 
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4663 bp, has 13 introns, and encodes a 58.2 kilodal-
ton mature protein with 540 amino acids (van der 
Leij et al., 1991). Th e phylogenetic utility of GBSSI 
was fi rst demonstrated by Mason-Gamer and Kel-
logg (1996) in grasses. Many studies documented 
GBSSI as a single-copy gene in cereals (e.g., Shure et 
al., 1983; Clark et al., 1991) and in many dicots (e.g., 
Dry et al., 1992; Wang et al., 1999), although it is 
clearly duplicated in other lineages (e.g., Evans et al., 
2000). Th e GBSSI gene was cloned and shown to be 
single copy in potato (van der Leij et al., 1991).

MATERIALS AND METHODS
Species
Forty potato (sect. Petota) accessions representing 
33 ingroup taxa were examined. Th ese represent 13 
series of Hawkes (1990), all four plastid DNA clades, 
all even (2x, 4x, 6x) ploidy levels, and all genomic 
groups of sect. Petota (Fig. 1, Tables 1, 2). With cloned 
sequences, we examined 144 total DNA sequences. 
We rooted the phylogenetic tree with S. etuberosum 
and S. palustre (sect. Etuberosum) based on Spooner 
et al. (1993). Hosaka (2003) supported S. berthaultii 
(= S. tarijense, Spooner et al., 2007a) as a maternal 
genome contributor to the evolution of S. tuberosum 

Table 1. Species and accessions examined with GBSSI sequence data and comparisons to previous studies.

Series of potato clade (Hawkes, 
1990) species, and outgroup

Accessions (no. of 
clones sequenced)† Ploidy‡ GBSSI 

clade
Plastid 
clade 

Solanum sect. Petota  Dumort.
(potato clade)
Acaulia Juz.

S. acaule Bitter 472735 (7) 4 4 4

S. albicans (Ochoa) Ochoa 230494 (11) 6 4 4

Bulbocastana (Rydb.) Hawkes

S. bulbocastanum Dunal 347757 2 1+2 2

Conicibaccata Bitter

S. colombianum Bitter 498150 (8) 4 3, 4 4

S. moscopanum Hawkes 567844 (4) 6 3, 4 4

S. santolallae Vargas 195168 2 4 4

S. violaceimarmoratum Bitter 473396 2 4 4

Cuneoalata Hawkes

S. infundibuliforme Phil. 472857 2 4 4

Demissa Bukasov

S. demissum Lindl. 545757 (10) 6 4 4

S. hougasii Correll 161174 (7) 6 3, 4 4

S. iopetalum (Bitter) Hawkes 275183 (9) 6 3, 4 4

S. schenckii Bitter 558457 (9) 6 3, 4 4

Lignicaulia Hawkes

S. lignicaule Vargas 473351 2 4 4

Longipedicellata Bukasov

S. stoloniferum Schltdl. 186544 (7), 251740 (5), 
255546 (7), 497998 (3)

4 1+2, 4 4

S. hjertingii Hawkes 498050 (5), 545713 (5) 4 1+2, 4 4

Megistacroloba Cárd. and Hawkes

S. raphanifolium Cárd. 
and Hawkes

265862 2 4 4

Pinnatisecta (Rydb.) Hawkes

S. cardiophyllum Lindl. 595465 2 1+2 2

S. ehrenbergii (Bitter) Rydb. 611097 2 1+2 1

S. jamesii Torr. 458424 2 1+2 1

Piurana Hawkes

S. pascoense Ochoa 365339 2 3 3

Series of potato clade (Hawkes, 
1990) species, and outgroup

Accessions (no. of 
clones sequenced)† Ploidy‡ GBSSI 

clade
Plastid 
clade 

S. piurae Bitter 310997 2 3 3

Polyadenia Correll

S. polyadenium Greenm. 161728 2 1+2 1

Tuberosa (Rydb.) Hawkes

S. andreanum Baker 320345 2 3 3

S. avilesii Hawkes and Hjert. 498091 2 4 4

S. berthaultii Hawkes
498096, 498105, 

545851
2 4 4

S. bukasovii Juz. 210042 2 4 4

S. candolleanum P. Berthault 545972 2 4 4
S. tuberosum L. Group 
Andigenum

265882 (10) 4 4 4

S. tuberosum Group Chilotanum 245835 (6) 4 4 4
S. tuberosum Group 
Stenotomum

234011 2 4 4

S. vernei Bitter and Wittm. 458371 2 4 4

S. verrucosum Schltdl. 545745 2 4 4

Yungasensa Correll

S. tarijense Hawkes§ 545922, 566799 2 4 4

Potato outgroups
Solanum sects. Lycopersicum and 
Lycopersicoides (tomato clade)

S. pimpinellifolium L. LA722 2

S. lycopersicum L. LA1673 2

S. peruvianum L. LA2744 2

S. pennellii Correll LA716 2

S. lycopersicoides Dunal LA1964 2
Solanum sect. Etuberosum 
(Bukasov and Kameraz) A. Child

S. etuberosum Lindl. 498311 2

S. palustre Poepp. 558233 2
†The six-digit numbers are U.S. Plant Introduction numbers.
‡Ploidy (2n = 24; 4n = 48; 6n = 72).
§Placed in synonymy with S. berthaultii by Spooner et al. (2007a) but maintained by this 
name here to show discordance with prior taxonomies.
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 Chilotanum Group (Chilean) from Andean popula-
tions of this species. We included S. berthaultii, and S. 
bukasovii and S. candolleanum, diploid wild species 
progenitors of S. tuberosum, based on phylogenetic 
studies of Spooner et al. (2005).

GBSSI Primer Design and Sequencing
DNA sequences were obtained from the fi rst to the 
eighth exon of GBSSI. All techniques regarding DNA 
isolation, purifi cation, primer design, cloning, and 
sequencing follow Peralta and Spooner (2001). A range 
of 3 to 11 cloned sequences from initial GBSSI amplifi -
cation products were amplifi ed for the polyploids.

Data Analyses
Sequence chromatograms were checked for quality 
and edited by eye in STADEN Package (Staden, 1996). 
Sequences initially were aligned using ClustalX ver-
sion 1.81 (Th ompson et al., 1997) using a gap opening 
penalty of 10, a gap extension penalty of 0.20, and a 
delay divergent sequence percentage of 15%. Subse-
quent minor gap alignments were done by eye. We 
identifi ed primary sequence types of the polyploids for 
a given accession and summarized minor diff erences 
within these types by using ambiguity codes. We 

scored gaps by the simple gap scoring method (Sim-
mons and Ochoterena, 2000) using Gap Recoder Web 
interface (http://maen.huh.harvard.edu:8080/services/
gap_recoder). Th e aligned DNA fi le is available as a 
Supplemental PAUP fi le. Maximum parsimony (MP) 
was performed in PAUP* 4.0b10 (Swoff ord, 2002) using 
DNA sequences and gaps. Th e most parsimonious trees 
were found by heuristic searches under Fitch criteria 
and equal weight for all characters. A rooted strict-con-
sensus tree was obtained and support values were esti-
mated with bootstrap analyses using 300,000 replicates.

Hypothesis Testing
Th e phylogenetic placement of the Mexican species 
S. bulbocastanum and S. cardiophyllum as a separate 
clade 2, sister to clades 3 and 4 as in the plastid tree 
(Fig. 1), was examined under MP approaches per-
forming a Templeton test (Templeton, 1983) using 
only diploid species.

RESULTS
About 15% of the DNA sequences appeared to be a 
result of polymerase chain reaction recombination 
and were not used for analysis. Th e aligned DNA 

Figure 1. Cladistic relationships of potato, tomato, and outgroups from plastid DNA restriction site data, sensu Spooner 
and collaborators as described in text, showing the four clades in potato, with bootstrap values above each branch.

Table 2. Genome designations for Solanum verrucosum (diploid), series Piurana (mostly diploid), and 
polyploid species in series Acaulia, Demissa, Longipedicellata, and Tuberosa according to the authors listed.

Author
S. verrucosum 

(diploid)
Ser. Piurana 

(2x)a

Ser. Conicibaccata 
(2x, 4x, 6x) 

Ser. Acaulia 
(4x, 6x)

Ser. Demissa 
(6x)

Ser. Longipedicellata 
(4x)

Ser. Tuberosa 
(4x)

Marks (1955) A ABB(1–4)

Hawkes (1958) A1 A2A3 A1A4(B,C,D) A4B

Irikura (1976) A ABa ABsBd ABs AA

Ramanna and Hermsen (1979) A1 A1A4B
Matsubayashi (1991) A Ap (for diploids), AP 

(for tetraploids)
Ac1,c2, Ac1C(a,1,0), no 
designation of 6x

AAa, AAaXb ADD(b,d,g,s) AB AA(s,t)
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data matrix was 1018 characters long, and gap scores 
added an additional 93 characters. From these 1111 
characters, 159 were parsimony informative; 100 of 
159 were nucleotide substitutions and 59 were gap 
characters. Maximum parsimony analyses produced 
more than 10,000 trees of 475 steps long with a con-
sistency index of 0.806 and retention index of 0.918.

We originally direct sequenced all species, both 
diploid and polyploid. Th ere was a clear diff erence 
in sequence between ploidy levels. Th e diploids pro-
vided bands with little allelic polymorphism present 
only as base pair changes that we could easily score 
as ambiguity codes. Th e polyploids showed tremen-
dous polymorphisms that were due to both base pair 
changes and insertions and deletions; as a result we 
cloned the polyploids before sequencing them.

A strict consensus tree with overlaid bootstrap 
values (Fig. 2) shows a topology for the outgroups 
identical to the plastid DNA topology (Fig. 1). Th at 
is, potatoes (Solanum sect. Petota), form a well-sup-
ported clade (99% bootstrap support) with tomatoes 
(Solanum sect. Lycopersicon) sister to them.

Th e Templeton test was conducted to determine 
if it was possible to refute the prior hypothesis that 
S. bulbocastanum and S. cardiophyllum cluster with 
all South American diploid species and S. verruco-
sum. Trees constructed by forcing S. bulbocastanum 
and S. cardiophyllum separate from all North and 
Central diploids and sister to clades 3 and 4 were 
signifi cantly longer (10 steps longer) than the most 
parsimonious tree. Th erefore, they explain the data 
statistically worse (P < 0.05) than the most parsi-
monious tree. Th e GBSSI data are thus incompat-
ible with the hypothesis that S. bulbocastanum and 
S. cardiophyllum cluster apart from the rest of the 
Mexican and central diploid species as is supported 
by the plastid data.

Within sect. Petota are three main clades that 
are similar to the plastid clades (Fig. 1), except that 
(i) the species of plastid clades 1 and 2 are combined 
into a single clade (now designated as clade 1+2), (ii) 
clades 1+2, 3, and 4 form a polytomy, not a defi ned 
sister group structure as was defi ned on the plastid 
tree, and (iii) clade 4 is divided into two well-sup-
ported clades (90% and 87% bootstrap support).

Figure 3 summarizes the cladistic relationships 
of the allopolyploids. Members of series Longipedi-
cellata have alleles falling on clade 1+2, and in clade 
4b. Polyploid members of series Conicibaccata have 
alleles falling on clade 3 and 4a. Members of the 
Iopetala Group have alleles falling on clades 3, and 
either 4a and/or 4b.

All alleles of S. acaule and S. albicans (Acaulia 
Group) fall on a well-supported clade (81% boot-
strap support) within clade 4a with some alleles of S. 

demissum (Acaulia Group) and S. schenckii (Iopetala 
Group). Solanum demissum has alleles falling on 
clade 4a and 4b.

All alleles of the cultivated species S. tuberosum 
fall entirely within clade 4b, and its cultivar Groups 
Andigenum and Chilotanum fall on diff erent sub-
clades of 4b. Some of these alleles group with their 
wild species progenitors S. bukasovii and S. candol-
leanum, in concordance with amplifi ed fragment 
length polymorphism (AFLP) data (Spooner et al., 
2005), while some fall on other subclades. Both tet-
raploid cultivar groups of S. tuberosum (Andigenum, 
Chilotanum) group with S. berthaultii.

DISCUSSION
We interpret GBSSI to be a valid orthologous phylo-
genetic marker in all of the species we investigated 
(i) because of its prior characterization as single 
copy in cultivated potato (van der Leij et al., 1991), 
(ii) because of its successful use in the sister clade 
tomato regarding providing results in concordance 
with other phylogenies (Peralta and Spooner, 2001), 
(iii) because of its successful use in our potato study 
providing phylogenies that are largely concordant 
with recent plastid phylogenies, and (iv) because 
recent studies by Wu et al. (2006) suggest that the 
Solanaceae and related families have not undergone 
widespread periods of ancient polyploidization in 
their history.

Divergent plastid DNA and GBSSI results may 
highlight important evolutionary events in sect. 
Petota. Th e sister relationships of S. bulbocastanum 
and S. cardiophyllum in a plastid tree (Fig. 1) but not 
a GBSSI tree (Fig. 2) may signal plastid introgression 
from species across clades (“plastid or chloroplast 
capture”). Th is phenomenon is widely documented 
in angiosperms (Wendel and Doyle, 1998). Many 
examples of discordance exist between plastid and 
nuclear gene trees (Wendel and Doyle, 1998), and the 
causes of this discordance are not always clear. Th e 
signifi cance of the plastid (Fig. 1) and GBSSI (Fig. 2) 
diff erences need further exploration with additional 
nuclear markers, currently in progress.

Th e allopolyploid origin of members of series 
Longipedicellata from A and B genomes is unequivo-
cal. It has been suggested by other authors (Table 2), 
and we here provide the fi rst molecular confi rmation 
of this allopolyploid origin. Because plastid DNA 
groups all members of series Longipedicellata in clade 
4, the direction of this cross is clearly supported as a 
maternal A genome parent from clade 4 and a pater-
nal B genome species parent from clade 1+2. Although 
no extant species-specifi c paternal parent is yet clearly 
supported, its maternal parent is likely S. verrucosum 
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Figure 2. Strict consensus maximum parsimony tree from GBSSI sequence data of wild potatoes (Solanum sect. Petota) 
and outgroups in the tomato clade and Solanum sect. Etuberosum, with overlaid bootstrap values. Red accessions are 
members of the Iopetala Group (all hexaploids), blue accessions of series Longipedicellata (all tetraploids), and green 
the tetraploid and hexaploid accessions of series Conicibaccata. Solanum acaule, S. albicans, S. demissum, and S. 
tuberosum Groups Andigenum and Chilotanum are also polyploid, while the remaining accessions are diploid. The 
numbering of the clades follows the convention of the plastid DNA results (Fig. 1).
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or its progenitor because this is the only A genome 
species in North and Central America.

Th e genomic contribution of species within 
series Piurana (clade 3) to series Conicibaccata and 
members of the Iopetala Group also is well sup-
ported by our GBSSI results but has not been sug-
gested by previous authors. Matsubayashi (1991) 
designated polyploid members of series Conicibac-
cata as having A and C genomes and series Dem-
issa as having A and D genomes; but the C and D 
genomes had no extant diploid species representa-
tives. Our results identify these unknown C and D 
genomes as members of clade 3, and corresponding 
to Matsubayashi’s (1991) AP genome. As in the ori-
gin of the members of series Longipedicellata, the 
direction of the cross is well supported as a paternal 
contributor from members of clade 3 and a mater-
nal origin from members of clade 4, indicated by 
the plastid data.

All alleles of S. acaule and S. demissum fall 
entirely within clade 4. All alleles of S. acaule 
cluster with some alleles of S. demissum and S. 
schenckii in clade 4a, but S. demissum has alleles 
in clade 4a also that cluster with the alleles from 
species of the Iopetala Group and series Longipedi-
cellata. Solanum acaule and S. albicans are puta-
tive allopolyploids but with only slight difference 
in their genomes, completely in accordance with 
findings of previous authors (Table 2), who also 
indicated only minor genomic differences in these 
species. This is in contrast to major differences in 
series Conicibaccata, series Longipedicellata, and 
the Iopetala Group.

Solanum tuberosum is an autotetraploid based 
on quadrivalent chromosome pairing. Its grouping 
in the same clade with S. bukasovii and S. candol-
leanum is expected on the basis of AFLP data of 
Spooner et al. (2005). Th ere is no cultivar-group spe-
cifi c association of S. tuberosum Chilotanum Group 
with S. berthaultii (Hosaka, 2003).

In summary, our results provide the fi rst 
molecular evidence of allopolyploidy in potato. 
We support prior ideas of allopolyploid origins 
for members of series Longipedicellata (as AABB 
genome from clades 1+2 and clade 4), and show 
novel origins for members of series Conicibaccata 
and the Iopetala Group never suggested before 
(from clade 3 as AP or P genome and clade 4 as A 
genome). Th e latter results highlight the problems 
inherent in classic genome analysis and the need 
to reexamine long-held interpretations of genomic 
origins in other groups. Additional sequencing 
with other orthologous genes and using additional 
species is underway to provide better resolution to 
these allopolyploid origins.

Impact of This Study on Potato Breeding
To use wild species eff ectively in potato breeding 
programs, it is important to consider both genomes 
and “endosperm balance number” (EBN). Entirely 
on the basis of empirical data, Solanum species have 
been assigned EBN numbers based on their ability to 
hybridize with each other (Hanneman, 1994). Bar-
ring other crossing barriers, successful hybridization 
is expected when male and female gametes have 
matching EBN values, regardless of ploidy. Ploidy 
(EBN) combinations in potato include 6x (4EBN), 4x 
(4EBN), 4x (2EBN), 2x (2EBN), and 2x (1EBN).

Breeders use EBN values to determine whether 
interspecifi c crosses will succeed and to design strat-
egies to access exotic germplasm by manipulating 
EBNs (Johnston and Hanneman, 1980). Endosperm 
balance numbers can be increased through somatic 
doubling (using colchicine or callus culture) or the 
production of (2n) gametes. Plants that express 
naturally occurring meiotic mutations produce 2n 
gametes in which the chromosome number and 
EBN value of the parent plant is maintained, rather 
than reduced, during meiosis (Carputo et al., 2000; 
Peloquin et al., 1999). Some meiotic mutations result 
in the production of 2n eggs (Stelly and Peloquin, 
1986; Werner and Peloquin, 1990), while others 
produce 2n pollen (Mok and Peloquin, 1975; Quinn 
et al., 1974). Endosperm balance numbers can also 

Figure 3. A summary of the cladistic relationships of 
the allopolyploid members of Solanum sect. Petota as 
shown in Fig. 2 using the series terminology of Hawkes 
(1990), except that the Iopetala Group refers to members 
of Hawkes’s series Demissa but excluding S. demissum 
(see text) (Table 2). Clade 1+2 combines species of these 
clades in the plastid tree of Fig. 1. Members of series 
Tuberosa and the Acaulia Group all fall within clade 4.



S-34 The Plant Genome [A Supplement to Crop Science] ■ March 2008 ■ No. 1

be reduced, through anther culture (Sonnino et al., 
1989) or parthenogenesis (Hougas et al., 1958).

Series Longipedicellata (4x, 2EBN, AABB) spe-
cies can be crossed to 2x, 2EBN, AA genome spe-
cies because their endosperm balance numbers 
match despite diff erent ploidy levels. Th e resulting 
hybrids are 3x, 2EBN and AAB. Triploids are typi-
cally sterile because of their odd ploidy. A breeder 
has two options to produce fertile off spring. First, 
the triploids can be somatically doubled to produce 
6x, 4EBN, AAAABB plants. When these hexaploids 
are crossed to 4x, 4EBN AAAA cultivated potatoes, 
presumably the B genome chromosomes will prefer-
entially pair with each other, and limited recombina-
tion will occur between the A and B genomes.

Alternatively, a breeder can use a strategy in 
which chromosomes from the A genome must pair 
with those in the B genome. In this scheme, the 
triploids are screened for mutants that produce 2n 
gametes. Homologous pairing is common in trip-
loid hybrids between allopolyploids and diploids 
(Dvorak, 1983), so recombination between the A and 
B genomes is expected. Th is strategy was used by 
Adiwilaga and Brown (1991), who crossed 4x, 2EBN 
Longipedicellata species to 2x, 2EBN plants. Several of 
the resulting triploids produced 2n pollen (3x, 2EBN) 
and were successfully crossed to 4x, 4 EBN cultivars 
(gametes 2x, 2EBN) to produce 5x, 4EBN off spring.

Th e identifi cation of the genomes that have con-
tributed to allopolyploid species may provide a strat-
egy for their use in bridging crosses. For example, 
S. bulbocastanum is a 2x, 1EBN, BB genome species 
that does not readily cross with the cultivated potato 
(Helgeson et al., 1998). Assuming no other cross-
ing barriers, S. stoloniferum (4x, 2 EBN, AABB), for 
example, could be crossed to 2n gamete-producing 
S. bulbocastanum (2x, 1 EBN, BB) plants. Th e 2x, 
1EBN, AB S. stoloniferum gametes would unite with 
2x, 1 EBN, BB gametes from S. bulbocastanum, 
producing 4x, 2EBN, ABBB hybrids. When these 
hybrids are crossed to a 2x, 2EBN, AA plant, chro-
mosomes from the A genome would only have B 
genome chromosomes as pairing partners, so recom-
bination would be expected between the genomes. 
Th e resulting triploids could be selected for 2n gam-
etes (3x, 2EBN) and crossed with tetraploids (gam-
etes 2x, 2EBN) to produce 5x, 4EBN hybrids. We are 
not aware of any reports of the use of the hexaploids 
in series Conicibaccata or the Iopetala Group in 
potato breeding programs, but our study can aid this 
process. We here show these to be allopolyploids of 
A genome and “clade 3.” Similar to Matsubayashi 
(1991), we refer to species in clade 3 as P genomes, 
not C or D, as previously hypothesized (Table 2). We 
will assume that they are AAPPPP, as Matsubayashi 

(1991) indicated for series Demissa hexaploids. Th e 
hexaploids carrying the P genome may provide a 
bridge to access species in series Piurana that have 
been diffi  cult to cross to the cultivated potato, such 
as S. paucissectum (Villamon et al., 2005). A cross 
between a 6x, 4EBN, AAPPPP species (gametes 3x, 
2 EBN) and a 2n gamete-producing 2x, 2EBN, PP 
species in series Piurana (gametes 2x, 2EBN) would 
produce a 5x, 4 EBN, APPPP hybrid. Recombination 
is expected to occur in the pentaploid hybrid as it 
is crossed to a 4x, 4 EBN, AAAA cultivated potato 
plant. Crossing barriers other than EBN sometimes 
occur in interspecifi c Solanum crosses (Jansky, 
2006), so EBN manipulations that work in theory 
may not work in practice.

In situ hybridization methods off er the potential 
to advance our understanding of genome evolution 
and polyploid formation (Gavrilenko, 2007). We are 
currently setting up the crosses outlined above and 
plan to use in situ hybridization to determine the 
scope and eff ects of preferential pairing in interspe-
cifi c Solanum hybrids.
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