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Allopolyploid speciation of the Mexican tetraploid
potato species Solanum stoloniferum and
S. hjertingii revealed by genomic in situ
hybridization
Galina Pendinen, Tatjana Gavrilenko, Jiming Jiang, and David M. Spooner

Abstract: Thirty-six percent of the wild potato (Solanum L. section Petota Dumort.) species are polyploid, and about half
of the polyploids are tetraploid species (2n = 4x = 48). Determination of the type of polyploidy and development of the
genome concept for members of section Petota traditionally has been based on the analysis of chromosome pairing in species and their hybrids and, most recently, DNA sequence phylogenetics. Based on these data, the genome designation
AABB was proposed for Mexican tetraploid species of series Longipedicellata Buk. We investigated this hypothesis with
genomic in situ hybridization (GISH) for both representatives of the series, S. stoloniferum Schltdl. and S. hjertingii
Hawkes. GISH analysis supports an AABB genome constitution for these species, with S. verrucosum Schltdl. (or its progenitor) supported as the A genome donor and another North or Central American diploid species (S. cardiophyllum
Lindl., S. ehrenbergii (Bitter) Rydb., or S. jamesii Torrey) as the B genome donor. GISH analysis of chromosome pairing
of S. stoloniferum also confirms the strict allopolyploid nature of this species. In addition, fluorescence in situ hybridization data suggest that 45S rDNA regions of the two genomes of S. stoloniferum were changed during coevolution of A
and B genomes of this allotetraploid species.
Key words: allopolyploid, FISH, GISH, potato, section Petota.
Résumé : Trente-six pour cent des espèces sauvages de pommes de terre (Solanum L. section Petota Dumort.) sont polyploı̈des et environ la moitié de celles-ci sont tétraploı̈des (2n = 4x = 48). La détermination du niveau de ploı̈die et le développement du concept du génome chez les membres de la section Petota s’est traditionnellement appuyée sur l’analyse de
l’appariement chromosomique chez les espèces et leurs hybrides ainsi que plus récemment sur la phylogénie des séquences
d’ADN. Sur la base de ces données, une formule génomique AABB a été proposée pour les espèces tétraploı̈des mexicaines de la série Longipedicellata Buk. Les auteurs ont examiné cette hypothèse à l’aide de l’hybridation génomique in situ
(GISH) pour deux espèces représentatives de la série, S. stoloniferum Schltdl. et S. hjertingii Hawkes. L’analyse GISH
vient appuyer l’hypothèse d’une constitution génomique AABB chez ces espèces et le S. verrucosum Schhtdl. (ou son ancêtre) serait la source du génome A tandis que le génome B aurait été contribué par d’autres espèces diploı̈des de l’Amérique centrale ou du nord comme le S. cardiophyllum Lindl., le S. ehrenbergii (Bitter) Rydb. ou le S. jamesii Torrey.
L’analyse GISH de l’appariement chromosomique chez le S. stoloniferum confirme également la nature strictement allopolyploı̈de de cette espèce. De plus, les résultats d’une analyse par hybridation in situ en fluorescence suggèrent que les régions d’ADNr 45S des deux génomes du S. stoloniferum auraient été modifiés au cours de la co-évolution des génomes A
et B chez cette espèce allotétraploı̈de.
Mots-clés : allopolyploı̈de, FISH, GISH, pomme de terre, section Petota.
[Traduit par la Rédaction]

Introduction
Potatoes are members of Solanum L. section Petota Dumort., which contains approximately 190 wild species

(Spooner and Salas 2006) and 4 cultivated species (Spooner
et al. 2007). Within the section, 36% of species are polyploids and 64% are diploids (2n = 2x = 24) (Hijmans et al.
2007). Determination of the type of polyploidy and develop-
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ment of the genome concept for species of section Petota
traditionally has been based mainly on the analysis of chromosome pairing in species and their hybrids (Marks 1955,
1965; Hawkes 1958; Irikura 1976; Ramanna and Hermsen
1981; López and Hawkes 1991; Matsubayashi 1991;
Gavrilenko 2007). Chromosome pairing relationships in
interspecific hybrids and in polyploid species have been interpreted by genome formulae, although authors have used
different genome symbols.
Wild polyploid species of series Longipedicellata Buk.
are considered to be strict allopolyploids (AABB genome)
based on meiotic analyses (Wangenheim 1955; Irikura
1976; Matsubayashi 1991). The diploid species S. verrucosum Schltdl. was suggested as the putative contributor of
the A genome (Marks 1965; Irikura 1976), a result supported by plastid DNA phylogenies (Spooner and Sytsma
1992) and by geographical and morphological data (Spooner
et al. 2000).
The B genome donor of the polyploids of series Longipedicellata is still unknown. Hawkes (1994) hypothesized
that the B genome was an ancestral ‘‘primitive’’ indigenous
genome from Mexico, and Irikura (1976) considered S. cardiophyllum Lindl. as a possible donor of the B genome in
Mexican tetraploids. However, no experimental evidence
about the B genome progenitor was provided by classical
genome analysis. The DNA sequence results of Spooner et
al. (2008) supported an allopolyploid origin of members of
series Longipedicellata, from the North and Central American diploid species S. verrucosum and any one of the 13 remaining North and Central American diploid species.
This is the first study applying GISH analysis to investigate genome origins of natural polyploids within section Petota. GISH analysis has been used to investigate somatic
hybrids between potato (section Petota) and members of
other sections of Solanum (Dong et al. 1999; Gavrilenko
2007). The objective of our research is to study the polyploid origin of Mexican tetraploid species of series Longipedicellata (S. stoloniferum Schltdl. and S. hjertingii
Hawkes) and to test the evolutionary relationships of these
taxa relative to representative Mexican or Central American
diploids. We chose the diploid species S. verrucosum as a
putative A genome progenitor and S. cardiophyllum, S. ehrenbergii (Bitter) Rydb., and S. jamesii Torrey as putative
B genome progenitors for S. stoloniferum and S. hjertingii,
based on prior hypotheses of classical genome analyses
(Marks 1965; Irikura 1976) and the nuclear DNA sequence
phylogeny of Spooner et al. (2008), which showed these
species to represent a sample of the diversity in these clades.

Materials and methods
Plant materials
Four accessions of S. stoloniferum (PI 186544, PI 497998,
PI 255546, PI 251740) and one accession of S. hjertingii
(PI 545713) were used in GISH analysis. Solanum stoloniferum is much more widespread than S. hjertingii, so we
evaluated more accessions of this species. Both species are
tetraploid (2n = 4x = 48). The diploid species Solanum verrucosum (2n = 2x = 24) (PI 545745) was used as a putative
A genome progenitor species. Putative B genome progenitor species included S. cardiophyllum (PI 595465), S. eh-
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renbergii (PI 275216), and S. jamesii (PI 458424); these
three species are diploid (2n = 2x = 24). Spooner et al.
(2004) recognized 13 species of Mexican diploids and
these were chosen as random representatives of this group.
We also included in GISH S. andreanum Baker (PI
320345) and S. piurae Bitter (PI 310997), which are also
diploid (2n = 2x = 24). We chose these species because
they were shown to be members of the distinctive Piurana
clade in the phylogenetic study of Spooner et al. (2008).
GISH and FISH
Slide preparation
Roots were collected from greenhouse-grown plants and
pretreated in 2 mmol/L 8-hydroxyquinoline at 20 8C for
3 h. Root tips and flower buds were fixed in a solution of
100% ethanol and glacial acetic acid (3:1) and stored in a
freezer (–20 8C) until use.
Root tips were digested with 4% cellulase and 1% pectinase at 37 8C for 80 min. The macerated root tips were suspended by forceps in a drop of 45% acetic acid and
squashed. Slides were pretreated in pepsin solution (final
concentration 0.1 mg/mL) for 45 min at 37 8C and subsequently incubated in RNase A solution (6 mL of 10 mg/mL
stock solution + 24 mL of 2 SSC per slide, 40 min at
37 8C) and then formaldehyde solution (4% for 10 min).
After each treatment slides were washed 3 times in 2 SSC
buffer for 5 min at room temperature. Finally slides were
incubated in a 70%, 90%, 100% ethanol series, for 3 min
each at room temperature.
DNA extraction and labeling
Genomic DNA was isolated from the putative diploid A
and B genome progenitor species using young leaves of
greenhouse-grown plants. The GISH technique was
performed according to published protocols (Leitch et al.
1994; Schrader et al. 2000; Dong et al. 2001) with minor
modifications. DNA was labeled with either digoxigeninUTP or biotin-UTP by nick translation (DIG- and BiotinNick Translation Mix, Roche Applied Science, cat.
Nos. 11745816910 and 11745824910).
Hybridization
The hybridization mix (40 mL per slide) for GISH was
prepared with differentially labeled DNA from the putative
parental species (species 1 and 2) and included sheared fish
sperm DNA (20 mg), probe DNA of species 1 (100 ng),
probe DNA of species 2 (100 ng), 10% dextran sulfate, and
deionized formamide (50%). Hybridization was performed
overnight at 37 8C. FISH was performed using rDNA probes
followed Dong et al. (2000). Denaturation of probes and
slides was performed as described by Schrader et al. (2000).
Stringent washing was performed as follows: 3 times in 2
SSC for 5 min each at 37 8C, 3 times in 0.1 SSC for 5 min
each at 42 8C, and 2 times in 2 SSC for 5 min each at
room temperature.
Detection
DIG-labeled DNA was detected with rhodamine antiDIG conjugate and biotin-labeled probes were detected
with FITC-conjugated avidin (Roche Applied Science,
cat. Nos. 11207750910 and 11975595910). After addition
#
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Fig. 1. GISH analysis of tetraploid (2n = 4x = 48) Solanum stoloniferum and S. hjertingii using diploid (2n = 2x = 24) putative A genome
(S. verrucosum) and B genome (S. cardiophyllum, S. ehrenbergii, S. jamesii) donor species. (a) Somatic chromosomes of S. stoloniferum
probed with labeled DNA from S. verrucosum (red) and S. jamesii (green). (b) Somatic chromosomes of S. stoloniferum probed with labeled
DNA from S. verrucosum (red) and S. ehrenbergii (green). (c) Somatic chromosomes of S. stoloniferum probed with labeled DNA from
S. verrucosum (red) and S. cardiophyllum (green). (d) Somatic chromosomes of S. hjertingii probed with labeled DNA from S. verrucosum
(red) and S. jamesii (green). (e) Somatic chromosomes of S. stoloniferum probed with labeled DNA from S. verrucosum (red) and S. andreanum (green). A large fragment (big arrows) and a small fragment (small arrows) from two pairs of S. stoloniferum chromosomes
showed bright green color. Color differentiation was not observed on the rest of the chromosomes. (f) The same metaphase cell in (e) was
hybridized with a 45S ribosomal RNA gene probe (red). The two large (white arrows) and two small (yellow arrows) FISH sites are not
located on the chromosomes with color differentiation in GISH analysis. Bars = 5 mm.

of 29 mL of blocking reagent (30 mg BSA in 999 mL
4 SSC), slides were incubated for 30 min at room
temperature. The antibody solution, consisting of 1 mL
of anti-DIG–rhodamine stock solution + 1 mL of avidinfluorescein stock solution + 28 mL of detection buffer
(0.1 g BSA dissolved in 9.9 mL 4 SSC, pH 7.4),
was added to each slide and slides were incubated for
45 min at 37 8C. Slides were washed 3 times in 4
SSC (pH 7.4) for 5 min each at 42 8C. Chromosomes

were counterstained by 4’,6-diamidino-2-phenylindole
(DAPI) in Vectashield antifade solution (Vector Laboratories).
All images were captured digitally using a SenSys CCD
(charge-coupled device) camera (Roper Scientific, Tucson,
Arizona) attached to an Olympus BX60 epifluorescence
microscope. The CCD camera was controlled using IPLab
Spectrum version 3.1 software (Signal Analytics, Vienna,
Virginia) on a Macintosh computer.
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Cells with complete chromosome numbers, without overlapping, were included in analysis.
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jam + adr
S. stoloniferum (PI 186544, PI 255546)
#

a

13
2

7
1
1
ver + adr

5
4
ver + adr

S. stoloniferum (PI 251740, PI 255546,
PI 497998, PI 186544)
S. hjertingii (PI 545713)

S. stoloniferum (PI 255546)

37

Only 4 chromosome
differentiated with
Only 4 chromosome
differentiated with
Only 4 chromosome
differentiated with
Color differentiation
was not observed

Complete color differentiation of the parental
chromosomes: 24 red + 24 green

44
8
12
12
6
7
5
2
2
2
1
1
+
+
+
+
+
+

cph
ehr
jam
cph
ehr
pur
ver
ver
ver
ver
ver
ver

7
2
2
2
1
1

No. of cells
analyzeda
37
No. of slides
analyzed
5
No. of GISH
experiments
4
Diploid species used for
GISH probe combinations
ver + jam

S. hjertingii (PI 545713)

FISH analysis of the distribution of 45S and 5S rDNA
sites in the genome of potato species
One 45S rDNA locus and one 5S rDNA locus were found
in all diploid species (Figs. 2b, 2c). The 45S rDNA was lo-

Species and accessions used for
chromosome preparations
S. stoloniferum (PI 186544, PI 497998,
PI 255546, PI 251740)

GISH analysis of chromosome pairing of Mexican
tetraploid species
Meiotic analysis showed that the 48 chromosomes of
S. stoloniferum regularly pair as 24 bivalents at diakinesis
(Table 2) without any meiotic irregularities. GISH analysis
of meiotic chromosomes revealed only intragenomic chromosome pairing (Fig. 2a), i.e., no intergenomic pairing associations, in 29 GISH-analyzed meiotic cells, confirming the
allopolyploid nature of this tetraploid species.

Table 1. Summary of diploid and tetraploid species used in GISH analysis.

GISH analysis of the mitotic chromosomes of Mexican
tetraploid species
We probed mitotic chromosomes of the Mexican tetraploid species S. stoloniferum and S. hjertingii with differentially labeled DNA of their putative diploid progenitors in
three series of GISH experiments: (1) S. jamesii (biotin) and
S. verrucosum (DIG), (2) S. cardiophyllum (biotin) and
S. verrucosum (DIG), and (3) S. ehrenbergii (biotin) and
S. verrucosum (DIG).
With all three probe combinations, half of the 48 chromosomes from S. stoloniferum were clearly labeled red (due to
the contribution by S. verrucosum) and half were labeled
green (due to the contribution by S. cardiophyllum, S. ehrenbergii, or S. jamesii) (Figs. 1a–1c, Table 1). Similar GISH
results were obtained from S. hjertingii (Fig. 1d). These results confirmed a significant differentiation between the
genome from S. verrucosum and the genomes from the three
putative B genome progenitor species. The GISH results
also showed that S. cardiophyllum, S. ehrenbergii,
S. jamesii, or a diploid species closely related to these three
species contributed the B genome of the Mexican allotetraploid species.
We also used S. andreanum and S. piurae in GISH analysis. We labeled the S. verrucosum DNA in red and the
DNA from S. andreanum and S. piurae in green. Most of
the S. stoloniferum and S. hjertingii chromosomes were preferentially labeled in red in GISH. These results suggest that
neither S. andreanum nor S. piurae is the B genome progenitor and S. verrucosum is genomically closer to the B genome chromosomes of the tetraploids than S. andreanum or
S. piurae.
Only two pairs of chromosomes in S. stoloniferum (as
well as in S. hjertingii) had segments that were labeled in
green owing to hybridization to the S. andreanum probe.
The preferential green labeling on the first pair spanned the
majority of the chromosome, including the centromere. The
green labeling on the second pair included a small section in
the proximal region on the short arm (Fig. 1e). FISH analysis using a 45S ribosomal RNA gene probe showed that
these two pairs of chromosomes were not associated with
the 45S rDNA (Fig. 1f). These results show that S. andreanum and S. piurae are more distantly related to the B component genome of S. stoloniferum than are S. cardiophyllum,
S. ehrenbergii, and S. jamesii.

GISH results summary
Complete color differentiation of the parental
chromosomes: 24 red + 24 green

Results

Note: Standard three-letter potato species codes are as follows: adr, S. andreanum; cph, S. cardiophyllum; ehr, S. ehrenbergii; hje, S. hjertingii; jam, S. jamesii; pur, S. piurae, sto, S. stoloniferum; ver,
S. verrucosum.
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Table 2. Mean chromosome pairing per pollen mother cell (PMC) in Solanum stoloniferum at diakinesis, analyzed by
GISH (hybridization with differentially labeled DNA of S. verrucosum and S. jamesii).
No. and type of chromosomal associations per PMC
Genotype
Solanum stoloniferum (PI 497998)

No. of PMCs
analyzed
29

II,
genome A
12

II,
genome B
12

II,
genome A + B
0

IV,
genome A – B
0

Fig. 2. Chromosomal pairing and mapping of 45S rDNA in tetraploid (2n = 4x = 48) S. stoloniferum and its putative diploid (2n = 2x = 24)
progenitor species, S. jamesii and S. verrucosum. (a) GISH analysis of chromosomal pairing of S. stoloniferum at diakinesis. Pairing between A genome chromosomes (red, labeled DNA from S. verrucosum) and B genome chromosomes (green, labeled DNA from S. jamesii)
was not observed. (b) Detection of 45S rDNA (red) and 5S rDNA (green) in S. verrucosum. (c) Detection of 45S rDNA (red) and 5S rDNA
(green) in S. jamesii. (d) Detection of 45S rDNA (red) and 5S rDNA (green) in S. stoloniferum. Two large (big arrows) and two small
(small arrows) 45S rDNA hybridization sites were observed. Bars = 5 mm.

cated at the terminal region and the 5S rDNA at the proximal region of the short arm of the chromosomes. These locations are similar to those reported in S. tuberosum L.
(Dong et al. 2000). We observed the expected two 45S
rDNA loci and two 5S rDNA loci in the tetraploid species
(Fig. 2d). The two 45S rDNA loci in S. stoloniferum showed
dramatic size differences (Fig. 2d). In sequential GISH and
FISH experiments it was shown that the large 45S rDNA locus was located on a pair of B genome chromosomes and
the small locus on a pair of A genome chromosomes (data
not shown). These results show that the 45S rDNA locus
from the A genome has undergone significant rearrangement
since the allopolyploidization event.

Discussion
Hawkes (1990) partitioned species of section Petota into
21 taxonomic series, but recent plastid DNA phylogenetic
analyses (e.g., Spooner and Castillo 1997) divided section
Petota into 4 clades. These 4 clades comprise (1) the North
and Central American diploid species, exclusive of S. bulbocastanum Dunal, S. cardiophyllum, and S. verrucosum,
(2) S. bulbocastanum and S. cardiophyllum, (3) all examined
members of the South American series Piurana and some
South American species classified to other series, such as
S. andreanum; and (4) all remaining South American species
as well as the North and Central American polyploid species
#
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and S. verrucosum. A recent nuclear DNA sequence phylogenetic analysis (Spooner et al. 2008) yielded similar results,
except (1) the species of plastid clades 1 and 2 are combined
into a single clade, and (2) clades 1+2, 3, and 4 form a polytomy, not a defined sister group structure as with the plastid
DNA phylogenies. Our present analysis supports an allopolyploid origin of members of series Longipedicellata,
with the diploid species S. verrucosum in clade 4 as the A
genome contributor and one of the remaining North and
Central American diploid species in clade 1+2 as the B
genome donor.
Here we provide the first demonstration of genome origins of natural potato polyploids (S. hjertingii and S. stoloniferum) with GISH. Our results are concordant with the
results of Spooner et al. (2008) in showing clear discrimination of two divergent parental genomes (genomes A and B)
matching those of extant diploids but not other genomes of
more distantly related species such as S. andreanum and
S. piurae (see below). Component genome A of tetraploid
species is highly homologous to the genome of S. verrucosum and genome B is homologous to the genomes of the
Mexican and Central American diploid species S. cardiophyllum, S. ehrenbergii, and S. jamesii, or a diploid species
closely related to them. These latter three species, members
of clade 1+2, are very similar and we can therefore confirm
clade-specific progenitors but not species-specific progenitors. In addition, results of GISH analysis of meiotic
preparations of S. stoloniferum confirm the strict allopolyploid nature of this species.
Matsubayashi (1991) designated diploid (2n = 2x = 24)
Mexican or Central American species of Hawkes’s (1990)
series Pinnatisecta (S. cardiophyllum, S. ehrenbergii,
S. jamesii) as possessing an ApiApi genome. Taking into account the significant differentiation between the genome of
S. verrucosum and the genomes of the three Mexican diploid
species (S. cardiophyllum, S. ehrenbergii, S. jamesii), from
both our new results and the phylogenetic results of Spooner
et al. (2008) we propose to change the genome symbols
ApiApi (Matsubayashi 1991) for the diploid species S. cardiophyllum, S. ehrenbergii, and S. jamesii to BB.
We also used S. andreanum and S. piurae to test the clade
1 specific nature of S. cardiophyllum, S. ehrenbergii, and
S. jamesii. Most of the S. stoloniferum and S. hjertingii chromosomes were preferentially labeled in red in GISH because
of hybridization with DNA of S. verrucosum. A and B component genomes of these allotetraploid species are
homoeologous because intergenomic pairing at meiosis is
inhibited (probably because their chromosomes were structurally altered during evolution of S. stoloniferum and
S. hjertingii). When the hybridization mixture contained the
DNA of both diploid progenitors, differential labeling of two
component genomes of S. stoloniferum (as well as S. hjertingii) was observed. In the absence of DNA of the B genome
diploid species (S. cardiophyllum, S. ehrenbergii, S. jamesii)
in the GISH hybridization mixture, S. verrucosum DNA
could hybridize to both A and B genome chromosomes of
S. stoloniferum (the same result occurred with S. hjertingii).
Only two pairs of chromosomes in both S. stoloniferum
and S. hjertingii had segments that were labeled in green
owing to hybridization to the S. andreanum probe. Our results indicate that genomes of the diploid South American
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species S. andreanum and S. piurae and genomes of the
tetraploid Mexican species S. stoloniferum and S. hjertingii
have homologous segments only on two chromosome pairs.
The GISH results indicate that the genome of S. andreanum
has diverged from both the A genome of S. verrucosum and
the B genome of Mexican diploid species (S. cardiophyllum,
S. ehrenbergii, S. jamesii). Partial homology of the two
chromosome pairs of S. stoloniferum with the genomes of
S. andreanum and S. piurae (and the two chromosome pairs
of S. hjertingii with the genome of S. andreanum) suggests a
possible introgression of genetic material of S. andreanum
and S. piurae (or closely related species) into the genomes
of these allotetraploid species. Our results also indicate that
S. andreanum and S. piurae are more distantly related to the
B genome of S. stoloniferum than are S. cardiophyllum,
S. ehrenbergii, and S. jamesii. Further research is needed to
show relationships and the origins of these four fragments
relative to S. andreanum, S. piurae, or other species.
Here we also determined the number and location of 45S
and 5S rDNA loci among Mexican and Central American
tetraploid and diploid species. The number and location of
rDNA loci in S. stoloniferum was as expected based on our
results of FISH of four diploid species. The 5S rDNA pattern of S. stoloniferum was similar to those in the parental
species. However, the 45S rDNA locus from the B genome
chromosome in S. stoloniferum appeared to be significantly
bigger than those in the parental species. The FISH patterns
suggest that a nucleolar dominance event may have occurred
after the polyploidization. Thus, only the 45S rRNA genes
from the B genome are active in S. stoloniferum.
In summary, our results provide experimental evidence of
the allopolyploid nature and speciation of the Mexican tetraploid species S. stoloniferum and S. hjertingii. Our continuing research is using GISH and FISH to test other genome
origins outlined in Spooner et al. (2008). From a practical
point of view, multiple disease resistances have been reported in germplasm containing S. stoloniferum (DeJong et
al. 2001). Solanum stoloniferum has been extensively used
in potato breeding because of viral resistances. For example,
desirable genes from S. stoloniferum (Rysto and Nasto, which
confer resistance to potato viruses Y and A, respectively)
have been transferred through sexual crosses into modern
potato cultivars (Solomon-Blackburn and Barker 2001).
Knowledge of the genome constitution of Mexican polyploids will clarify understanding of the inheritance of desirable genes in these wild species and help to plan further
strategies for potato improvement.
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