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Abstract Leptines of Solanum chacoense are effective
natural deterrents against the Colorado potato beetle.
Leptines are the acetylated forms of the glycoalkaloids
solanine and chaconine and are supposed to be synthesis-
ed via hydroxylated derivatives, called leptinines. Inher-
itance of leptinine production was studied in crosses of
closely related S. chacoense genotypes. The segregation
data supported a single-gene model for the inheritance of
leptinine production. In the segregating F; population of
a S chacoense cross, AFLP, RFLP and RAPD markers
segregating with the leptinine production have been
identified. The locus involved in leptinine synthesis was
localised to the short arm of chromosome 1 of the potato
where amajor QTL for solanidine production, and mark-
ers with tight linkage to leptine production, have been
mapped before. Our data further support the previous
finding that the short arm of chromosome 1 is involved
in steroid alkaloid synthesis in potato, and suggest that
the genes involved in leptinine and leptine production
aretightly linked in S. chacoense.
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Introduction

The Colorado beetle (CPB; Leptinotarsa decemlineata
Say.) is avery important economical pest of the cultivat-
ed potato. In recent decades CPB control was predomi-
nantly based on excessive use of pesticides. The increas-
ing demand for environmentally friendly and sustainable
agriculture stresses the importance of developing potato
varieties resistant to CPB.

One of the candidate donor species to introduce resis-
tance against CPB into the cultivated potato is the wild
species Solanum chacoense Bitter (Kuhn and Low
1961). The active agents in S. chacoense’s defence reac-
tion are the leptines, the acetylated derivatives of the ste-
roid glycoalkaloids solanine and chaconine synthesised
also in Solanum tuberosum (Stirckov and Low 1961).
Sinden et al. (1986) identified several S. chacoense ge-
notypes accumulating high and low amounts of leptines.
Recently, Ronning et al. (1998) reported the inheritance
of foliar leptine production in genotypes derived from S.
chacoense accessions Pl 320287 and Pl 458310. Most of
the segregation data were consistent with a single reces-
sive-gene model, athough it was noted that a few fami-
lies differed significantly from this expectation.

S chacoense is a diploid potato species (2n = 2x = 24).
Regenerants from one of the high-leptine producer geno-
types of the accession Pl 458310, doubled in chromo-
some number, were selected (Sanford et al. 1997) and
crossed with tetraploid S tuberosum breeding lines. All
F, hybrids, their F, progeny, as well as almost all proge-
nies from the backcross to S. tuberosum, synthesised fo-
liage leptines, athough the average concentration of lep-
tines was reduced in the backcross population (Sanford
et al. 1996, 1998).

The mapping of the steroid alkaloids solasodine and so-
lanidine in S tuberosum x S berthaultii potato progenies
reveaed several QTLs located on chromosomes 1, 4, 6, 8,
11 and 12, which probably represent structural or regulato-
ry genes controlling the accumulation of these aglycons
(Yencho et a. 1998). Recently, in a segregating S. chaco-
ense population, two molecular markers associated with a
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high percent of solanine/ chaconine and, conversely, to a
nil/ low percent of leptine were mapped to the end of the
short arm of chromosome 1, in the region of a major QTL
for solanidine production (Ronning et al. 1999).

Previously, we have confirmed that resistance against
CPB is correlated with leptine production in the foliage.
Based on the analysis of segregating populations of dif-
ferent accessions, including Pl 320287, we have isolated
S. chacoense lines representing the putative fina enzy-
matic steps in leptine synthesis, such as hydroxylation
resulting in leptinine formation and acetylation giving
rise to leptines (Silhavy et al. 1996).

The am of the current investigation was the identifi-
cation of molecular markers linked to leptinine synthesis
in a S. chacoense segregating population. The mapping
work was mostly based on the use of AFLP markers
(Vos et al. 1995), which is the most-appropriate method
to map traits in the progeny of parents with alow degree
of heterozygosity.

Materials and methods

Parents and crossings

Three S. chacoense parental lines were used in this study: A15 with
a solanine/ chaconine, leptinine and leptine content; A6 synthesis-
ing solanine/ chaconine and leptinine; and H1 producing only sola-
nine and chaconine (Silhavy et a. 1996). A15 and A6 were derived
from the same accession, Pl 320287, while H1 originated from the
accession Pl 320294. Plants were grown in greenhouses and vege-
tatively propagated from tubers. Crosses between the lines H1 and
A15, and H1 and A6, were made under field conditions by pollinat-
ing stigmas of emasculated unopened flower buds of female par-
ents. The pollination resulted in 16 berries containing 720 seeds
and three berries with 120 seeds from the H1 x A15 and H1 x A6
crosses, respectively. On testing the glycoalkaloid composition of
91 plants derived from the H1 x A15 cross, 43 plants containing
solanine and chaconine, and 48 plants producing solanine/ chaco-
nine and leptinine, were identified. Analysis of 83 progenies of the
H1 x A6 cross resulted in the detection of solanine/ chaconine in
38, and solanine/ chaconine and leptinine in 45, individual plants.

Glycoalkaloid extraction and detection

Glycoakaloid extraction was done according to Bergenstrahle et
a. (1992). A leaf sample (100 mg) was homogenised in 1.2 ml of
extraction buffer containing water : acetic acid : N&aS,05
(100:5:0.5) with a mortar and pestle. The homogenate was trans-
ferred into a micro-centrifuge tube. After centrifugation for 15 min
at 13000 rpm, 200 pl of the supernatant was transferred into anoth-
er micro-centrifuge tube and vortexed with 800 Wl of a mixture of
chloroform : methanol : acetic acid (200:100:3). After separation
by centrifugation for 3 min at 13000 rpm the upper layer was re-
moved, evaporated to dryness and dissolved in 40 pl of methanol.
To determine the composition of total glycoalkaloids, 5-20 pl
of extracts were separated on TLC silica gel plates (Merck 5554)
with chloroform : methanol : 1% ammonia (70:30:5) for 30 min.
The plates were dried at room temperature and heated to 105°C
for 15 min. After cooling to room temperature (15 min) the glyco-
akaloids were stained in the dark by immersing the plates in
0.02% Blankophor disolved in methanol for 1 min. Blankophor
BA 267% was kindly provided by L. Jonsson, Swedish University
of Uppsala. The plates were dried again at room temperature,
heated at 105°C for 15 min and visualised by UV (Jellema et al.
1982). As standards, solanine and chaconine (Sigma) were used.

Alkaloid analysis

Glycoalkaloids disolved in methanol were hydrolysed by adding a
one-tenth vol of HCl and heating for 2 h at 68°C. The liberated
aglycones were extracted by adding 2 vol of concentrated ammo-
nia and 1 vol of chloroform. After mixing and separating by cen-
trifugation, the chloroform layer was removed and washed once
with water. The aglycones were separated on TLC silica plates
(Merck 5554) with ethylacetate : cyclohexane (55:54) and visual-
ised with iodine (Gregory et a. 1981). Solanidine (Sigma) was
used as a standard.

AFLP analysis

DNA isolation for AFLP was performed on fresh leaf tissue ac-
cording to Shure et al. (1983). AFLP analysis was carried out by
following the methods described by Vos et al. (1995). Template
DNA was prepared by using the restriction enzymes EcoRl, and
Msel, and pre-amplified by the *‘EcoRl-primer” E+0 and the
“Msel-primer” M+0. The pre-amplification step was followed by
selective amplification. Polymorphic AFLP markers resulted from
the following primer combinations: EA5M47 — E+ATG / M+CAA;
E39M47 — E+AGA /| M+CAA; E38M49 — E+ACT / M+CAG;
E39M34 — E+AGA /| M+AAT; E38M60 — E+ACT / M+CTC;
E33M51 — E+AAG / M+CCA; E31M48 — E+AAA / M+CAC. The
name of the primer combinations employed are followed by a
number ““x” on the map (see Fig. 2B) which corresponds to the xth
polymorphic band obtained by the same primer combination.

The degenerate primer designed for the steroid-binding motif
of cytochrome P450 enzymes, and used as an AFLP primer, con-
tained inosine (I) and had the sequence GC/GI GG/CI GTI GAl
ACI ACI T/GCI.

Cloning of AFLP fragments and extended AFLP

Polymorphic AFLP fragments were cut out from the sequencing
gel and boiled in 100 pl of distilled water for 10 min. From the re-
isolated DNA 10 pl was used in a 100-pl PCR reaction. Amplifica-
tion was carried out by using the same conditions and primers as
for the original AFLP reaction. The amplified DNA was run on an
agarose gel and the AFLP fragment was excised, purified and
cloned into a pBluescript SK (Stratagene) vector prepared for di-
rect PCR cloning (Marchuk et al. 1990). Three independent clones
from each AFLP marker were sequenced using an Applied Bio-
synthesis 373 DNA sequencer. To verify that the cloned DNAs
and the AFLP markers were identical we performed an extended
AFLP reaction where the AFLP primers contained three additional
bases from the cloned and sequenced AFLP markers. The AFLP
was carried out as previously described with the only exception
that the pre-amplification was done with the selective AFLP prim-
ers used to identify the polymorphic AFLP fragments.

RFLP analysis

To screen for polymorphism, restriction enzyme digestions of 10
Mg of genomic DNA were performed. Restriction fragments were
separated on a 0.8% TAE-buffered agarose gel and transferred to a
Hybond N+ membrane (Amersham). DNA probes TG14, TG17,
TG23, TG25, TG42, TG44, TG46, TGA7, TG65, TG128, TG367
(Tanksley et al. 1992), CP45, CP46 and CP108 (Gebhardt et al.
1991) were radiolabelled with a-[32P]dATP by the random prime
hexamer method. Hybridisation was done at 65°C in 10% dextran
sulphate, 1% SDS, 1 M NaCl, 50 mM Tris-HCI (pH 7.5), and 40
pg mi-1 of denatured salmon sperm DNA. Filters were washed in
2 x SSC at 65°C for 5 min followed by awashing step in 2 x SSC,
1% SDS at 65°C for 20 min.



RAPD analysis

PCR reactions were carried out for RAPD analysis as described by
Ronning et al. (1999) using the primer TCAGCCAGCG which is
suitable for amplification of the RAPD marker UBC370-1500.

Mapping

The mapping populations of diploid potatoes were the progenies
of the C x E (van Eck et a. 1994) and the SH x RH crosses
(Rouppe van der Voort et al. 1997) characterised previously by
RFLP and AFLP markers.

Linkage analysis of pairwise recombination frequencies be-
tween AFLP markers and the gene at issue was performed by the
computer program JoinMap 2.0 (Stam 1993). For map-construc-
tion recombination frequencies were converted into map units
(cM) by the use of the Kosambi function. Markers with LOD >3.0
were assigned to the linkage group. The order of the characterised
markers was confirmed by colormapping (Kiss et al. 1998).

Results
Rapid test for glycoakaloid and alkaloid detection

To study the inheritance of leptinine and leptine produc-
tion a rapid simple chromatography assay was devel-
oped. Based on the method of Jellema et a. (1982) for
the detection of solanine and chaconine in S. tuberosum,
total glycoakaloids of the three selected S. chacoense
lines H1, A6 and A15 (see Materials and methods) were
isolated, separated on TLC plates and stained with the
fluorescent dye Blankophor (Fig. 1A). This experiment
resulted in the identification of leptinines and leptines on
the plate, which was confirmed by re-isolating the glyco-
alkaloids from the bands and analysing them by HPLC
(data not shown).

The glycoalkaloid analysis of segregating populations
derived from crosses was supported by anaysing the
corresponding akaloids. Glycoalkaloids were hydro-
lysed and the resulted aglycons, solanidine from solanine
and chaconine, hydroxy-solanidine from leptinine, and
acetyl-solanidine from leptine, were separated on TLC
plates and stained with iodine (Fig. 1B). The sensitivity
of both glycoakaloid- and alkaloid-analysis was approx-
imately 0.5 pg of solanine, chaconine or solanidine per
lane. This sensitivity is comparable to the sensitivity of
HPLC analysis, athough it is not so quantitative.

S. chacoense populations segregating
for leptinine production

Inheritance of leptinine and leptine production was test-
ed in the S. chacoense F; populations H1 x A15 and H1
x A6. Even though the parental lines A15 and A6 were
different in respect of leptine production, i.e. A15 syn-
thesised leptine while A6 did not, the F; populations of
the H1 x A15 and H1 x A6 crosses segregated in the
same way (see Materials and methods for details). None
of the F, plants expressed leptine, while both F; fam-
ilies segregated 1:1 for solanine/ chaconine : leptinine
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Fig. 1 Glycoalkaloids (A) and alkaloids (B) detected in the pa
rental S chacoense lines H1, A6, and A15. Ln | leptine I; Cn
chaconine; Sn solanine; Lnn | leptinine |; Ac-sol acetyl-solanidine;
Sol solanidine; OH-sol hydroxy-solanidine. Lnl and Lnnl have the
same sugar content as Cn. Lnll and Lnnll, the derivatives of S,
were not detectable in the extracts. The double band at Cn in the
line A6 isapartial degradation product of Cn

H1 A6 A15

(SOH- : SOH* phenotype). Since the two progenies showed
the same segregation ratio for leptinine production only
one of them, the H1 x A15 population with the larger
seed number, was used in further experiments. Based on
the assumption that the aglycon of leptinine is a hydroxyl-
ated derivative of the alkaloid solanidine (Osman et al.
1987), the locus involved in leptinine production and
segregating in the H1 x A15 population was designated
as soh.

Mapping of the AFLP markers associated
with the soh locus

To identify AFLP markers linked to the soh locus, we
first carried out bulk segregant analysis with two pools
of DNA samples, each consisting of eight individual
plants with a SOH* and SOH- phenotype, respectively.
The primer combinations which produced DNA frag-
ments that were polymorphic between the parental lines,
as well as between the SOH*+ and SOH- pools, were test-
ed on atotal of 70 individual plants, 37 with SOH*+ and
33 with SOH- phenotypes. Out of 73 primer combina-
tions seven primer pairs produced a total of 11 AFLP
markers that showed co-inheritance with the soh locus
(Fig. 2B). All the identified co-segregating markers were
mapped on one side of the soh locus. The closest AFLP
marker was located at 4.2 cM (LOD = 3.1) while the far-
thest AFLP marker in the linkage group was at 40.7 cM
(LOD = 6.9). Two AFLP markers, E39M47-2 and
E45M47-2, showed co-inheritance with the absence of
leptinine in the segregating population and may be repul -
sion phase markers for the soh locus.

The hydroxy solanidine has been assumed to be syn-
thesised by a cytochrome P450 enzyme (Osman €t al.
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Fig. 2 A Map of chromosome 1 of the potato containing a
RAPD marker (UBC370-1500) linked to leptine production
(Ronning et a. 1999) and a major QTL involved in solanidine
synthesis (Vos et al. 1995). Solid box P < 0.0001, cross-hatch
P < 0.0100 significance levels. B Molecular markers associated
with the soh locus in the H1 x A15 S chacoense cross. C Map
position of the E39M47-1ext., the extended AFLP marker on
chromosome 1 of the C x E diploid S. tuberosum mapping popu-
lation. Markers on the right and distances between the markers in
cM on the left, are indicated. Arrows show the identical markers
in different crosses

1987) and cytochrome P450 enzymes are known to be
involved in the biosynthesis of akaloids. Therefore,
based on the sequence of known plant (Szekeres et al.
1996) and mammalian steroid-hydroxylases (Su et al.
1990), a degenerate primer was designed for the SRS4
steroid-binding motif. This primer was used as an AFLP
primer in the standard AFLP reaction combined with 26
different Msel primers. Out of these 26 primer combina-
tions, one, SRS4AM 33, showed polymorphism in the pa-
rental lines A15 and H1 and was co-inherited with the
soh locus in the H1 x A15 mapping population. This
marker is located at 33.2 cM (LOD = 3.1) from the soh
locus (Fig. 2B).

RFLP analysis

In a previous study we have isolated cytochrome P450
genes with unknown function belonging to the CYP71D
subfamily (Hutvagner et al. 1997). To investigate wheth-
er this type of P450s cytochrome can be involved in hy-
droxy solanidine synthesis, the Bglll/Xhol fragment of
the clone CYP71D6 was used as a hybridisation probe
to the DNAs of the H1 x A15 progenies. In this way,
a co-segregating repulsion RFLP marker, designated
CYP71BX in Fig. 2B, was detected which is located at a
distance of 10.2 cM (LOD = 3.5) from the soh locus.

Position of the soh locus on potato chromosome maps

Chromosome maps of S. tuberosum are based on RFLP
and RAPD markers (Tanksley et al. 1992). Identification
of the linkage group carrying the soh locus may facilitate
the mapping experiments by using described RFLP and
RAPD markers in the vicinity of the soh locus. There-
fore, 14 RFLP markers which mapped onto chromo-
somes 1,2,3,4,5,6,7 and 11 in S. tuberosum were tested in
hybridisation to the DNAs of the H1 and A15 parental
lines. Unfortunately, however, neither of them showed
polymorphism between the two lines.
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Fig. 3 Comparison of the sequence of the E39M47-1 AFLP
marker derived from H x A15 S. chacoense with the sequence of
the extended AFLP marker E39M47-1ext. that showed polymor-
phismin aC x E S. tuberosum mapping population. PCR primers
used in the AFLP reaction are boxed. * = reverse complementary
sequence

Another way to fit our data onto the established pota-
to map is to map the markers co-inheriting with the soh
locus in a potato population for which a RFLP map is
available. For this reason four AFLP markers,
SRSAM33, E39M47-1, E38M60-1 and E38M60-2,
were isolated, cloned, sequenced, and used as CAPS,
SCARs, as well as extended AFLP markersin the S. tu-
berosum mapping populations C x E (van Eck et al.
1994) and SH x RH (Rouppe van der Voort et al. 1997).
One of the primers, E3OM47-1, located at 29.5 cM
(LOD = 3.4) from the soh locus in S. chacoense showed
polymorphism in the S tuberosum C x E population
when it was used as an extended AFLP primer. This
polymorphism co-inherited with the markers of linkage
group 1 suggesting that the soh locus is located at the
end of the short arm of chromosome 1 (Fig. 2C).

To prove that the AFL P marker which was detected in
the S. chacoense population and the extended AFLP
marker which was used to identify the linkage group are
identical, we isolated and sequenced the extended AFLP
marker from S. tuberosum and compared it to the se-
guence of the E39M47-1 AFLP marker isolated from S.
chacoense. This comparison revealed a single base dele-
tion and one nucleotide difference between the two
markers (Fig. 3). This finding supports the reliability of
our mapping data.

Mapping the UBC370-1500 RAPD marker

Ronning et al. (1999) published a RAPD marker which
co-segregated with nil/ low leptine production in S
chacoense and was mapped to the end of the short arm
of chromosome 1 of potato (Fig. 2A). Amplifying the
UBC370-1500 RAPD marker in the progenies of the H1
x A15 S chacoense cross we could detect the same, ap-
proximately 1500-bp, fragment that was mostly present
in the individuals producing nil/ low leptinine. This
RAPD marker was |located at the other side of the soh |o-
cus to the AFLP and RFLP markers and at a distance of
1.5cM (LOD = 6.8; Fig. 2B).

Discussion

In this study AFLP and RFLP markers were identified
and shown to be co-segregating with the soh locus in-
volved in leptinine biosynthesisin S. chacoense.

MAT+3*

Leptinines are thought to be intermediates in the bio-
synthetic pathway between solanine/ chaconine and lep-
tines (Sinden et al. 1988). Since commercia varieties of
S tuberosum produce only solanine/ chaconine, the iso-
lation of genes responsible for both hydroxylation and
acetylation will be necessary in order to obtain leptine-
producing CPB-resistant transgenic potato cultivars by
molecular breeding. Therefore, genetic studies on lepti-
nine production may be as important as those on leptine
synthesis.

In our experiments F, populations of two different S.
chacoense crosses were analysed. The high-leptine and
high-leptinine producing parents were derived from the
same accession Pl 320287 while the nil/ low producer
was from Pl 320294. Both progenies segregated in a
similar way producing no plants expressing leptine, but
segregating 1:1 for solanine/ chaconine : leptinine. This
segregation strongly suggests that the inheritance of the
ability for leptinine production in S. chacoense is con-
trolled by a single gene or closely linked genes. Since
the genotype of the parental lines are unknown, further
crosses are required to determine whether the locus in-
volved in leptinine production, the soh locus, contains a
dominant or a recessive gene(s). Due to the detection
limit of the method we used to analyse the phenotype of
the progenies derived from the S. chacoense crosses, the
possibility that the plants with a SOH- phenotype pro-
duce a small amount of |leptinines can not be excluded.
Thus, we do not know whether we followed the segrega-
tion of a gene coding for an enzyme responsible for the
hydroxylation of solanidine or that of a gene(s) with a
large effect on the quantity of Ieptinine production.

The P450s cytochrome are a group of membrane-
bound heme-containing proteins that catalyse a range of
oxidative reactions in both prokaryotic and eukaryotic
cells. They have an important role in steroid and alkaloid
biosynthesis, and leptinines are assumed to be synthesis-
ed by a P450 cytochrome as well (Osman et a. 1987).
This study revealed a marker (SRS4M33) linked to the
soh locus when one of the original AFLP primers was re-
placed by an oligo designed for the steroid-binding motif
of the P450s cytochrome catalysing steroid hydroxylat-
ions. Using a previously described S. chacoense cyto-
chrome P450 (Hutvégner et al. 1997) fragment as a hy-
bridisation probe, a repulsion RFLP marker was detected
located at 10.2 cM from the soh locus. Although, P450s
cytochrome can be arranged in the genome in clusters
(Lin et al. 1999) the genetic distance of these two mark-
ers from the soh locus (Fig. 2B) excludes the possibility
that they would mark a cytochrome P450 cluster contain-
ing the gene(s) responsible for the hydroxylation.

All the AFLP and RFLP markers identified belong to
the same linkage group and are situated on one side of the
soh locus. These data support the assumption that lepti-
nine production is affected by one gene or closely linked
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genes, and suggest that the soh locus is located at the end
of one of the chromosomes. An extended AFLP marker
linked to the soh locus showed polymorphism in the S. tu-
berosum C x E mapping population (van Eck et al. 1994)
and was co-inherited with the markers of linkage group 1
(Jacobs et a. 1995), suggesting that the soh locus is locat-
ed at the end of the short arm of chromosome 1. A magjor
QTL for solanidine accumulation (Yencho et al. 1998) and
two molecular markers, including UBC370-1500, that are
closely linked to high-percent solanine/ chaconine and,
conversely, to nil/ low-percent leptine (Ronning et al.
1999), have also been mapped to this region of chromo-
some 1 in the potato (Fig. 2A). These results, together
with our finding, indicate that this part of the potato ge-
nome has a large effect on the accumulation of different
steroid alkaloids. The RAPD marker UBC370-1500 had a
recombination value of 3% in a S chacoense F, progeny
segregating for leptine production (Ronning et a. 1999).
Since the same molecular marker had a recombination
value of 11% in our mapping population it is fairly likely
that the loci involved in leptine and leptinine production
aretightly linked in S. chacoense.

The proposed biosynthetic pathway leading from cho-
lesterol to solanidine and from solanidine to leptine as-
sumes several intermediates; however, no genes or en-
zymes have yet been characterised that might be involved
in these reactions. Fine-mapping and detailed analyses of
this chromosome region would help to understand the
synthesis of steroid alkaloids and would reveal more mo-
lecular markers assigned to the genes affecting leptine
and leptinine synthesis, thereby facilitating the introgres-
sion of these traitsinto cultivated potato varieties.
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