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INHERITANCE OF PIGMENTED TUBER FLESH
IN CULTIVATED DIPLOID POTATOES

H. De Jong!

Abstract

In a genetic study with cultivated diploid potatoes the distribution of
anthocyanin to the tuber flesh was found to be controlled by a single
dominant allele. The gene symbol PF(pigmented flesh) is proposed. The
gene I, which controls the distribution of pigment to the tuber skin, is
necessary for the expression of £/ and is closely linked to the P# locus. The
Pf gene is a potentially useful genetic marker which does not appear to be
associated with any deleterious traits and can be screened for without
laboratory equipment.

Compendio

En un estudio genético con papas cultivadas diploides, se encontro que
la distribuciéon de antocianinas en la carne del tubérculo era contralada por
un solo alelo dominante. Se propone para el gene correspondiente el simbolo
Pr(pigmented flesh=carne pigmentada). Para la expresién del gene Pfse
hace necesaria la presencia del gene 7, el cual controla la distribucion del
pigmento a la piel del tubérculo y esta estrechamente vinculado al locus 7. El
gene Pfes un marcador genético potencialmente util que no parece estar
asociado con ninguna caracteristica negativa o perjudicial y puede ser
detectado sin equipo de laboratorio.

Introduction

The distribution of anthocyanin pigments in potatoes can extend into
various plant parts, including the tuber flesh (Figure 1). Primitive cultivars
with pigmented flesh have been reported to be used for dyeing purposes (5).

The basic inheritance pattern for anthocyanin pigmentation in potatoes
has been reviewed by Howard (7, 8). The loci P and R are responsible for
the production of purple and red pigments, respectively. There are several
genes that affect the distribution of pigments to various plant parts (2, 3, 4,
9). In order for a specific plant part to be pigmented, a dominant allele of the
respective distribution gene for that part must be present in addition to a
dominant allele of either one or both pigment production genes (£ and R).

1 Agriculture Canada, Research Station, P.O. Box 20280, Fredericton, New Brunswick, E3B

47,7, Canada.
Accepted for publication April 22, 1987.
KEY WORDS: Diploid, pigmentation.
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FIG. 1. Varying degrees of tuber flesh pigmentation.
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Krantz (10) analyzed the progeny obtained by selfing Congo Black, a
cultivar with pigmented flesh (presumed to be tetraploid), and concluded
that the segregation ratio fit a pattern of a single dominant gene for flesh
color. By selfing an unnamed cultivar with pigmented flesh, Mueller (11)
obtained a ratio of approximately 9 pigmented: 7 non-pigmented and
concluded that two dominant alleles (C and 7) are required for the expression
of pigmented flesh. He further postulated the presence of a third gene (Z),
the dominant allele of which would act as an inhibitor of pigmented flesh.
Austin, ez a/. (1) recently demonstrated the value of the pigmented flesh trait
as a marker in a somatic fusion experiment.

Although the cultivated potato of North America (and most other
parts of the world), Solanum tuberosum Group Tuberosum (tbr) is a tetra-
ploid (2n=4x=48), the disomic inheritance pattern of cultivated diploid
(2n=2x=24) potatoes makes them much more suitable for genetic analyses.
This account describes the inheritance of the distribution of anthocyanin
pigments in the tuber flesh of cultivated diploid potatoes.

Materials and Methods

Among the primitive diploid cultivars such as S. tuberosum Groups
Phureja (phu) and Stenotomum (stn) clones with pigmented flesh (either
red or purple) are quite common. The degree of tuber flesh pigmentation
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can vary from just a slight pigmentation of the vascular ring to a complete
pigmentation of the entire tuber (Figure 1). Thus far the diploid breeding
project at the Agriculture Canada Research Station in Fredericton, N.B. has
been primarily based on diploid hybrids between phu or stn and tbr
haploids. Several clones were selected for various traits such as adaptation,
tuber type, tuber size, yield, male and female fertility, and pigmented flesh.
By analyzing segregating progenies, genoty pes for several previously described
marker genes can be assigned to parents in the diploid breeding project.
The parents used in this study are described in Table 1.

Since the red pigment is often not as fully expressed as the purple or
blue pigment, only clones with purple pigmented flesh were used as parents.

Results and Discussion

Progenies of 11 crosses were analyzed (Table 2). Since none of the
white-skinned tubers had pigmented flesh, the former are not further
considered in this discussion. Segregation for pigmented flesh occurred
within that portion of each progeny that had pigmented tuber skin. This
indicates that the dominant allele at the /locus, which controls the expression
of anthocyanins in the tuber skin, is also necessary for the expression of
anthocyanins in the tuber flesh. The segregation for pigmented flesh in
families 1 to 4 fits a 1:1 ratio which suggests that this trait is controlled by a
single dominant allele. The gene symbol P/ already advanced by Rowe
(personal communication, 1972) is proposed.

TABLE L. — Description of parents.

Pigmentation phenotype

Tuber Genotype for some
Skin Flesh previously described

Clone No. +! or — Color +t or — Color pigmentation genes
75-15 + purple + purple Ppr RR i
79-15 + red - pp RRpw I
79-48 + red - 2p Rr V74
312-4 + purple + purple Pp Rr I
320-1 + red — pp Rr I7 B4p
7506-1 — — b rr 74
7539-1 + purple + purple PP R- 17
7553-1 + purple + purple Pp Rr I
8132-2 - - pp Rr i7
US-W7589.2% - — pprr 7
US-W9234.3* - - pp R- 7

*Received from Inter-Regional Potato Introduction Station, Sturgeon Bay, Wisconsin.
1+ = pigmented.
— =non-pigmented.
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In contrast to families 1 to 4 which did not segregate for tuber skin
pigmentation, families 5 to 11 segregated for both tuber skin and flesh
pigmentation. The segregation for tuber skin pigmentation is consistent
with the parental genotypes as described in Table 1. The segregation ratios
for pigmented flesh in these families are all highly significantly different
from the 1:1 ratio which would be expected if P/ were segregating indepen-
dently of I For example, family 10 contained 29 plants with pigmented
tuber skin. Without linkage between 7 and Pfthe expected segregation for
pigmented tuber flesh would be 14.5:14.5, which contrasts with the observed
of 28:1. These results fit a hypothesis of close linkage between [ and P/ in
this case in the coupling phase. The single plant with nonpigmented flesh
represents progeny of a crossover gamete from the female parent. This
confirms the observation by Krantz (10) that: “the factor for skin color was
either absent or closely linked with flesh color.” The data presented in Table
2 are internally consistent with the proposed genoty pes of the parents for the
Pflocus as well as for the joint segregation of Pfand 1.

The degree to which the tuber flesh is pigmented in Pf~genotypes can
be quite variable among, but usually not within, genotypes (Figure 1}.
Tuber flesh pigmentation can be considered as a product of a sequence of
events in which genes for both pigment production (P and/or R), and
distribution (/) play an essential role. Factors which affect one or more steps
in this sequence may affect the amount and pattern of pigmentation of the
tuber flesh.

The Pfgene does not appear to be a part of the hierarchy of multiple
alleles at the B locus. One of the parents used in this study (320-1) has the B4
allele. This allele, in the presence of the pigment production gene F, gives
rise to pigmented nodal bands and seeds with “embryo spot.” According to
Dodds and Long (3) B is the highest allele described thus far at this
multiallelic locus; the dominance order is B/ > Bc > B¢ > Bz > b. Clone
320-1 does not have pigmented flesh. Furthermore, none of the parents with
pigmented flesh ( P-I-Pf) produced seeds with embryo spot. It can, therefore,
be concluded that the B locus does not control pigmented flesh.

Genetic map distances between Pfand other known pigment distribution
genes were not studied. For this purpose, several clones with a PP genotype
are required. Since only one of the parents used in thisstudy (7539-1) has the
PP genotype, most progenies were segregating for purple and red pigments.
Red genotypes (ppR-) frequently do not allow the pigment distribution
alleles to be fully expressed which means that some ppR- P/~ genotypes could
be misclassified as not having pigmented flesh. A parallel situation occurs
with embryo spot; ppBZ-R- embryo spot is vague and difficult to classify (6).
Mapping studies involving the P/ gene must await the development of this
and other distribution genes in a more suitable genetic background. This
will include good tuberization, flowering, male and female fertility and PP
constitution. Improved genetic stocks could also be used to evaluate the
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model map proposed by Kessel and Rowe (9) for several other genes in this
linkage group. A major gene for tuber shape also appears to be associated
with this chromosome (2, 8), and thus further genetic studies of this linkage
group are likely to result in an increased knowledge of the genetics of
economically important traits.

The results of this study also emphasize the following points:

1. Genes controlling the production and/or distribution of anthocyanin
pigments are excellent tools in potato genetics. For instance, whole
plants can be studied and progenies segregating for most anthocyanin
pigmentation genes can be scored visually in the field and/or greenhouse.
Many potential genetic markers that affect the morphology and/or
physiology of the potato plant frequently have deleterious effects (such as
weak plants, sparse flowering, sterility, etc.) and are therefore often
difficult to use in genetic studies. The anthocyanin pigmentation genes
described thus far do not appear to be associated with any deleterious
effect on either the growth and development or reproduction of the
potato.

2. The linkage of Pfto I adds another gene to the same linkage group. All
the anthocyanin pigment distribution genes described thus far are linked
(2, 3, 4, 9). The significance of this was already discussed by Dodds and
Long (3) when they discovered the linkage between B, I and F and
reasoned that “The closeness of these loci evidently facilitates intergenic
co-operation either in reaction or timing sequences of the development
of anthocyanins and the production of pattern effects.”

Further genetic studies with pigmentation genes in diploid potatoes
should enhance our current limited knowledge of the genetics of this major
world food crop.
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Abstract The dominant Nbh gene of potato confers
strain-specific hypersensitive resistance against potato
virus X (PVX). A population scgrcgating for Nb was
screened [or resistance by inoculatling with PVX strain
CP2, which is sensitive to Nb. Through a combination
of bulked segregant analysis and selective restriction
fragment amplification, several amplified fragment
length polymorphism (AFLP) markers linked to Nb
were identified. These were cloned and converted into
dominant cleaved amplified polymorphic sequence
(CAPS) markers. The segregation of these markers in
a Lycopersicon esculentum x L. pennellii mapping popu-
lation suggested that Nb is located on chromosome 5.
This was conlirmed by examining resistanl and suscep-
tible potato individuals with several tomato and potato
chromosome-5-specific markers. Nb maps to a region
of chromosome 5 where several other resistance genes—
including RI, a resistance gene against Phytophthora
infestans, Gpa, a locus that confers resistance against
Globodera pallida, and Rx2, a gene that confers extreme
resistance against PVX—have previously been identified.

Key words Solanum tuberosum - Resistance gene
cluster - Potato virus X - Phytophthora infestans -
AFLP

Introduction

Several dominant genes have been identified in potato
that confer resistance against potato virus X in a strain-
specific fashion. The Nb and Nx genes each confer

Communicated by F. Salamini

W. De Jong - A. Forsyth - D. C. Baulcombe (1)
The Sainsbury Laboratory, Norwich Research Park,
Norwich NR4 7UH, UK

D. Leister - C. Gebhardt
Max-Planck-Institut fiir Ziichtungforschung, W-5000 K6ln 30,
Germany

hypersensitive resistance against PVX, while Rx7, and
Rx2 both confer extreme resistance against this virus
(Cockerham 1970; Ritter ct al. 1991). The pancl of
dilferent interactions between PVX and potato resist-
ance (R) genes constitutes an informative system to
study the specificity of R gene-virus interactions.

Several PVX strains that differentiate potato R genes
have been cloned and sequenced (Huisman et al. 1988;
Skryabin et al. 1988; Orman et al 1990; Kavanagh et al
1992; Querci et al. 1993; Feigelstock et al. 1995).
Through the construction of hybrids between virulent
and avirulent strains, the viral determinants of inter-
action with Nx and Rx/ have been identified (Santa
Cruz and Baulcombe 1993; Goulden et al. 1993; Be-
ndahmane et al. 1995). Both Nx and Rx appear to
“recognize” the viral coat protein, although different
features are perceived by each gene.

To more completely understand the basis of specifi-
city in PVX-R gene interactions, it will be necessary to
clone and characterize the corresponding R genes. Sev-
eral R genes have recently been isolated and sequenced
from other plants (reviewed in Jones 1996). Although
the genes cloned to-date confer resistance against a var-
iety of pathogens, including bacteria, fungi and viruses,
clear sequence relationships are evident among these
genes. Most of them code for a leucine-rich repeat
sequence, an element that may be involved in signal
perception, and some express kinase-like domains, pos-
sibly involved in signal transduction (Jones 1996).
Many of these R genes were isolated by map-based
means (Martin et al 1993; Mindrinos ct al 1994; Grant
et al. 1995; Song et al 1995; Dixon et al. 1996).

Genetic mapping studies have localized Rx/ to the
top arm of chromosome 12 and Rx2 to the upper arm
of chromosome 5 (Ritter et al. 1991). This information
provides a useful starting point for the map-based clon-
ing of these genes. Indeed, work is in progress to clone
Rx1 by positional means (A. Bendahmane, K. Kanyuka
and D.B., personal communication). Less, however,
is known about thc chromosomal locations of the
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hypersensitive resistance genes Nx or Nb. Such informa-
tion might reveal relationships between these genes and
those conlerring extreme resistance, or Lo genes conler-
ring resistance to non-viral pathogens. Map informa-
tion is also important if these R genes are to be cloned.

To determine where Nb is located, we examined
progeny which resulted from selfing cv ‘Pentland
Ivory’, a potato variety that carries Nb. Through the
use of bulked segregant analysis (Michelmore et al.
1991) and AFLP technology (Vos et al. 1995), several
markers linked to Nb maps to chromosome 5, close to
the cxtrecme rcsistance genc Rx2, as well as to Gpa
(Kreike et al. 1994), a locus that provides resistance
against Globodera pallida, and R] (Leonards-Schippers
et al. 1992), a gene that confers hypersensitive resistance
to Phytophthora infestans.

Materials and methods

Plant and viral matecrials

The virus-free potato cultivar “Pentland Ivory’ was obtained [rom
the Agriculture and Fisheries Department, East Craigs, Edinburgh.
Pentland Ivory carries the Nb resistance gene and was selfed to
construct a population of 109 progeny segregating for Nb.

PVX strain CP, re-named CP2 in this paper to reflect that it is
a group-2 strain as defined by Cockerham (1955), is unable to infect
potato varieties that carry the Nb resistance gene (Moreira et al.
1980). Transcripts from a full-length cDNA alone (S. Santa-Cruz
and D.B., unpublished results) of CP2 were synthesized in vitro to
provide a genetically uniform source of inoculum, and were used to
mechanically inoculate the cotyledons of young tomato seedlings.
Two to three weeks after inoculation, virus particles were purified
from infected tomato plants. Ten grams of symptom-expressing
leaves were homogenized in 20 ml of 0.5 M sodium borate, pH 8.2,
and then mixed with 30 ml of chloroform. The phases were separ-
ated by a 20-min centrifugation at 3500 g, and the aqueous super-
natant was filtered through muslin into new tubes. For each 10 ml of
supernatant, 5.25ml of 20% (w/v) polyethylene glycol (PEG;
M, = 8000) was added. The solution was mixed, and left to stand for
1 h at 4°C. The virus was pelleted with a 10-min centrifugation at
13200 g and then re-suspended in 10 ml of 4% (wv) NaCl. The
resulting suspension was centrifuged again for 10 min at 13200 g
and the supcrnatant was then transferred to a new tube and mixed
with 525 ml of 20% PEG. After 1 h 4°C, the virus was pelleted as
above, re-suspended in 1 ml of 50 mM sodium borate, pH 8.2, and
used immediately for potato inoculations.

DNA from F, progeny (41 individuals) of an L. esculentum x L.
pennellii mapping cross was kindly supplied by C.M. Thomas (Sain-
sbury Laboratory, UK). The plants from which the DNA was isolat-
ed were originally provided by S. Tanksley (Cornell University,
USA). Data for the segregation of over 1000 RFLP markers in these
plants is available from the SolGenes Genome Database
(http:\ \probec.nalusda.gov:8000/cgi-bin/browsc/solgencs).

A population of 461 diploid potato progeny segregating for
Phytophthora resistance conferred by RJ has previously been de-
scribed (Meksem et al. 1995), as has a population of 44 diploid
progeny segregating for Rx2 (Ritter et al. 1991).

Screening of the mapping population for resistance against CP2

Stock plants of 109 Pentland Ivory S; progeny were maintained in
the glasshouse (20°C). Two or more cuttings were taken from each
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stock plant, allowed to root, and then transferred to a controlled
environment chamber (15°C, 85% humidity, 16-h photoperiod, light
intensity of 100 pEm™~2s ™) at least 1 week prior to inoculation.
When the cuttings reached 10—20 cm in height, two leaves from each
cutting were mechanically inoculated with CP2 virion preparation.
Inoculated leaves were examined 8 days later for the presence of
hypersensitive lesions. Three weeks alter inoculation, systemic infec-
tion of non-inoculated leaves was tested by ELISA, using polyclonal
PVX antisera [Agricultural Development and Advisory Service
(ADAS), Harpenden] to coat microtitre plates, and monoclonal
antibody MACS58 (Torrance et al. 1986) (supplied by ADAS) to
detect the virus. Plants were considered resistant if they displayed
hypersensitive lesions on inoculated leaves and virus could not be
detected in non-inoculated leaves. Plants were considered suscep-
tible if no local lesions were evident and virus could be detected in
non-inoculated leaves.

Preparation of genomic DNA for AFLP analyses

To isolate genomic DNA, 5 g of potato leaves were frozen in liquid
nitrogen and ground into a fine powder with a mortar and pestle.
This powder was transferred to a tube containing 30 ml of extraction
buffer [100 mM Tris-Cl, pH 8.0, 50 mM EDTA, 500 mM NaCl,
12.5% SDS., 8.3 mM NaOH, 0.38% w/v) sodium bisulphite, 0.38%
(w/v) sodium diethyl-dithio-carbamate] pre-heated to 65°C. After
ensuring that all the powder had been wetted, the suspension was
placed at 65°C. After ensuring that all the powder had been wetted,
the suspension was placed at 65°C for a further 30 min. Potassium
acetate (9.3 ml of a 5-M solution) was added to the suspension, and
the mixture was then placed on ice for 20 min. Particulate material
was pelleted with a 10-min centrifugation at 2600 g and then the
supernatant was filtered through muslin. Nucleic acids were precipi-
tated by the addition of 0.7 vol of 2-propanol and pelleted immedi-
ately at 2600 g for 10 min. The pellet was washed with 70% ethanol
and then dissolved in 2 ml of TE (10 mM Tris-Cl pH 8.0, 1 mM
EDTA). An equal volume of CTAB buffer (200 mM Tris-Cl, pH 8.0,
50 mM EDTA, 2 M NaCl, 2% CTAB) was added, and then the
solution was mixed and incubated at 65°C for 15 min. The solution
was extracted once with chloroform, the aqueous phase was trans-
ferred to a new tube, and 0.7 vol of 2-propanol were added. Nucleic
acids were again pelleted with a 10-min centrifugation at 2600 g,
washed with 70% ethanol, and re-suspended in 4 ml of 25 mM
Tris-Cl pH 8.0, 10 mM EDTA. Genomic DNA was then further
purified through CsCl density gradient centrifugation (Ausubel et al.
1987). Equivalent amounts of DNA from 20 resistant and 18 suscep-
tible progeny, chosen at random, were bulked to create “resistant”
and “susceptible” pools. Both pools were prepared for selective
restriction fragment amplification as described by Thomas et al.
(1995), using Msel as the ‘frequent” cutting enzyme and Ps¢l as the
‘rare’ cutting enzyme.

AFLP analyses

Selective restriction fragment amplification were performed, and the
resulting products separated on 4.5% polyacrylamide gels, exactly
as described by Thomas ct al. (1995). Bricfly, the resistant and
susceptible pools were examined with 4 Pstl and 24 Msel primers,
giving a total of 96 different primer combinations. The PstI primers
were complementary to linkers that had been ligated to the PstI
sticky ends after digestion; in addition, the Pstl primers carried two
extra nucleotides as their 3’ ends. Similarly, the Msel primers were
complementary to linkers ligated to Msel sticky ends, and carried
three extra nucleotides at their 3’ ends. The extra nucleotides at the
3" ends of the PstI and Msel primers allowed for selective restriction
fragment amplification. Side-by-side comparison of the amplified
DNA of resistant and susceptible pools allowed casy detection of
candidate AFLP markers linked in cis to Nb.
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Cloning of AFLP markers

Restriction fragments amplified specifically from the resistant pool
represent sequences that may be linked in cis to Nb. Slices contain-
ing such fragments were excised from 4.5% acrylamide gels that had
previously been dried on Whatmann 3 MM paper. The gel slices
were re-hydrated in 1 ml of TE for 1 h at room temperature. The
slices were then transferred to new tubes containing 200 pl of TF,
crushed with a pipette tip, and left for another 2 h. After soaking, the
crushed slice was pelleted with a brief centrifugation at 12000 g. One
microliter of supernatant was then used as a template in a further
polymerase chain reaction (PCR) amplification, using the same
reaction conditions and the same pair of primers that had originally
been used to amplify the restriction fragment from the resistant pool.
These PCR products were than cloned directly into the vector
PGEM-T (Promega). To confirm that a clone corresponded to the
desired fragment, each clone was used as a template for a further
amplification, using the same Pstl and Msel primers and reaction
conditions that had revealed the initial AFLP.

RFLP markers

The tomato chromosome-5 RFLP markers CT167 and TG432
(Tanksley ct al. 1992) were kindly provided by S. Tanksley (Cornell
University, USA). Map locations of potato chromosome-5 RFLP
markers GP21, GP179 and GP186 (Leonards-Schippers et al. 1992)
and conversions of GP21 and GP179 into PCR markers have
previously been described (Meksem et al. 1995).

Conversion of AFLP and RFLP markers into cleaved
amplificd polymorphic scquence (CAPS) markers

The ends of AFLP and RFLP markers were sequenced with M13
forward and reverse primers. For all RFLP markers and large
(>200 bp) AFLP markecrs, this scquence information was used to
design oligonucleotide primers for direct PCR amplification of the
RFLP or AFLP locus. For small AFLP markers ( <200 bp), primers
were first designed for a cycle of inverse PCR (I-PCR). Following the
1-PCR protocol of Thomas et al. (1994), sequences flanking the small
AFLP markers were cloned and sequenced, and this information
was then used to design primers for direct PCR amplification of the
AFLP locus. Undigested DNA from resistant and susceptible pools
was amplified with forward and reverse primer pairs corresponding
to each RFLP or AFLP locus. In all cases, amplification of resistant
and susceptible pools resulted in products of identical size. To search
for polymorphism between the PCR products of resistant and sus-
ceptible pools, the products of each were digested with a panel of
restriction enzymes with four-base recognition specificities. If a poly-

morphism was detected after digestion, it was confirmed by examin-
ing individual members of the resistant and susceptible pools.

PCR-based screening of the mapping population

Initially, 109 Pentland Ivory S; progeny were screened for resistance
and susceptibility. Some of the stock plants died or did not tuberise,
leaving only 90 plants (68 resistant and 22 susceptible) for sub-
sequent analysis. Template DNA for CAPS analysis (Konieczny and
Ausubel 1993) was prepared from the 90 remaining plants by grind-
ing a small leaf disc of each plant in a 1.5-ml tube containing 200 pl
of 0.14 M sorbitol, 0.022 M EDTA, 0.8 M NaCl, 0.8% CTAB, 1%
sodium n-lauroylsarcosine and 0.22 M Tris-Cl, pH 8. Chloroform
(200 pl) was then added to each tube, the contents were mixed, and
the emulsions were incubated at 65°C for 5 min. The tubes were
centrifuged at 12000g for 5 min, and then 100 pl of supernatant
were transferred to a new tube containing 100 pl of isopropanol.
DNA was allowed to precipitate for 15 min at room temperature,
and then collected by a 15-min centrifugation at 12000 g. The
resulting pellet was washed with 70% ethanol, air dried, and re-
suspended in 50 pl of water. Two microliters of this DNA were used
as a template in amplification reactions. All CAPS analyses ol
individuals in the mapping population were conducted in 50-pl
reaction volumes containing 10 mM Tris-Cl pH 8.3, 04 mM
dNTPs, 2.5 mM MgCl,, 50mM KCIl, 0.05% nonidet-P40 and
0.5 pM of each oligonucleotide primer. Primer sequences and details
of thermal cycling conditions for each CAPS marker are given in
Table 1.

Construction of map around Nb locus

To analyse the data from tetraploid Pentland Ivory S; progeny, we
used the program MapMaker 2.0 (Lander et al. 1987), and assumed
a negligible frequency of double reduction. Without double reduc-
tion, 50% of gametes from a simplex parent will carry Nb, which is
the same proportion of gametes that would carry Nb if a hetero-
zygous diploid parent had been used. L'hus, the data were treated as
if they had arisen from a diploid self (Nbhnb x Nbub).

Results
Development of a segregating population
The tetraploid potato cultivar ‘Pentland Ivory’ carries

the Nb resistance gene. To construct a population seg-
regating for Nb, Pentland Ivory was selfed. Two or

Table 1 PCR markers linked to
Nb Marker

name

Forward and reverse primer sequences (5’ to 3')

Cycling conditions (35 cycles)

GP186

TTCTATTACTCATGAAGGCTCTCC

94°C, 15 s; 55°C, 155; 72°C, 90 s

AATCATAATCACGACTCATTGTCC

SPUDS39

GACATGAGTTTTAGCAACAGTG

94°C, 15s; 55°C, 155; 72°C, 40 s

AAGTAGCTGATATTGGGGATTC

GP21

GGTTGGTGGCCTATTAGCCATGC

94°C, 15 s; 60°C, 155s; 72°C, 605

AGTGAGCCAGCATAGCATTACTTG

TG432

AAAGCAGTTGGATCTTCATCATCTC

94°C, 15s; 55°C, 155; 72°C, 120 s

CGTTCAACACTGGTGCAATGAGAAG

SPUD237

TTCCTGCTGATACTGACTAGAAAACC

94°C, 15 s; 55°C, 155; 72°C, 40 s

AGCCAAGGAAAAGCTAGCATCCAAG

SPUDI128

GTCAGCTCACGAATTCACATTCC

94°C, 15 s; 50°C, 155s; 72°C, 40 s

GTGCAGACTCTGCCTAATCGACTC
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more cuttings from each of the S; progeny were
screened for resistance to PVX by mechanically inocu-
lating two leallets of each culting with strain CP2,
which is sensitive to the Nb gene. By 8-days post-
inoculation, 84 of the S; progeny had developed dis-
tinctive hypersensitive lesions on the inoculated leaves,
characteristic of the Nb-mediated resistance response.
The remaining 25 S, progeny did not develop lesions.
Three weeks after inoculation, PVX could readily be
detected by DAS-ELISA in the non-inoculated leaves
of the 25 progeny which had not developed lesions,
indicating that thesc plants were susceptible to PVX
strain CP2. The observed 84:25 segregation ratio is
a good fit to the 3:1 segregation ratio predicted if
Pentland Ivory carries Nb in the simplex condition (i.e.
genotype Nbnbnbub). In a few cases, virus could be
detected at levels comparable to susceptible plants in
the non-inoculated leaves of plants which had de-
veloped local lesions. However, this was not reproduc-
ible for independent cuttings of any clone, and was
always associated with the presence of hypersensitive
Icsions in thc non-inoculated lcaves, suggesting that
PVX could occasionally escape the plant delences in
the inoculated leaves, only to trigger the hypersensitive
response again in the non-inoculated leaves.

Identification of markers linked to Nb

To identify markers linked to Nb, DNA from resistant
and susceptible progeny was bulked to create resistant
and susceptible pools. Each pool was then examined
with 96 primer combinations, to identily AFLP
markers linked to Nb. The primer combination each
amplified approximately 100 fragments, so that about
9600 fragments were screened for linkage to Nb. Of the
96 primer combinations, seven revealed a total of eight
fragments specific to the resistant pool. The AFLPs
ranged in size from 40 to 400 bp; two representative
AFLPs are shown in Fig. 1.

It is our long term goal to clone Nb by using closely
linked DNA markers. In addition to identifying many
AFLP markers linked to Nb, this process will require
the identification of chromosomal recombination
events near the Nb locus. To facilitate the screening of
progeny for recombination events near Nb, several
AFLP markers were cloned, and then converted into
CAPS markers (Koniecany and Ausubel 1993).

To clonc the AFLP markers thc DNA was cluted
from dried-down gels and re-amplified using the same
primer combination that had originally been used to
identify each polymorphic fragment. The resulting
PCR products were then ligated into a plasmid vector.
To assess whether the cloned fragments were of the
same size as the initial AFLPs, the DNA of individual
clones was amplified with the primer combination used
to generate each AFLP, and the ensuing PCR products
were compared with the original AFLP on a se-
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Fig. 1 Examples of two AFLP
markers linked to Nb. Selected
restriction [ragments were
amplified from pools of DNA
from resistant (res) and
susceptible (susc) S; progeny.
Black arrows denote AFLPs, ie.
fragments specifically amplified
from the resistant pool. Putative
clones of each AFLP were
amplified with the same primer
combination to assess insert sizes.
The uppermost (grey) arrow
indicates an insert of
inappropriate size.

AFLP 1 AFLP 2

quencing gel (Fig. 1). While most clones tested had
inserts of the correct size, some did not (Fig. 1).

Cloned DNA corresponding to the size of the AFLP
was scquenced. Based on the scquence, primers werce
designed for direct amplification of the corresponding
locus if the AFLP was greater than 200 bp in length.
Alternatively, if the AFLP was smaller than 200 bp in
length, primers were designed for an intermediate step
of inverse PCR (I-PCR). When I-PCR was employed,
the I-PCR products were cloned and sequenced. Based
on this sequence-data further primers were designed for
direct amplification of the AFLP and its surrounding
DNA.

After cloning and sequencing an AFLP marker it is
not possible, withoul cloning and sequencing all
alternative alleles, to determine what sequence poly-
morphism gave rise to the AFLP. Thus additional
polymorphisms linked to resistance were sought by
digesting the PCR products corresponding to each
AFLP locus with a panel of restriction enzymes. For
three of six cloned AFLP markers, this strategy led to
the identification of DNA polymorphism linked to Nb.
The CAPS marker SPUD237, illustrated in Fig. 2, was
identificd in this way, as wecre CAPS markers
SPUDS839 and SPUDI128 {(gel images not shown;
primer sequences are given in Table 1).

Analysis of interspecific tomato cross suggests
a chromosome-5 location

The genomes of potato and tomato show a remarkable
conservation of gene order (Bonierbale et al. 198S;
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resistant

susceptible

SPUD237

GP21

Fig. 2 Examples of two CAPS markers linked to Nb. DNA from ten
resistant and nine susceptible S; progeny was PCR-amplified with
SPUD237 forward and reverse primers, or GP21 forward and re-
verse primers (Table 1). After amplification, all PCR products were
digested with Alul, separated on a 2% agarose gel, and visualized by
staining with ethidium bromide. Arrows denote digestion products
that are linked to resistance. The resistant plant marked with an
asterisk carrics a rccombination cvent between Nb and SPUD237;
this was the only recombinant identified between Nb and SPUD237
in a mapping population of 90 S, progeny

Gebhardt et al. 1991). One high-density genetic map for
solanaceous plants was obtained by scoring over 1000
RFLP markers in the F, progeny of an interspecific
tomato cross (L. esculentum x L. pennellii; Tanksley et al.
1992). We [ound that two CAPS markers linked to Nb,
SPUD237 and SPUDI128, revealed a polymorphism
between L. esculentum and L. pennellii (data not
shown). The segregation of these markers in the tomato
mapping population suggested a chromosome-5 loca-
tion for Nb, as both SPUD237 and SPUD128 mapped
to the upper arm of tomato chromosome 5, within
10 cM of tomato RFLP markers CT167 and TG432.
This location was confirmed by RFLP analysis in po-
tato with CT167 (data not shown) and was further
confirmed by the conversion of potato and tomato
chromosome-5 RFLP markers into CAPS markers
that co-segregated with Nb. The co-segregation of Nb
with CAPS marker GP21 is illustrated in Fig. 2. Sim-
ilar data were obtained with tomato chromosome-5
marker TG432 and potato chromosome-5 marker
GP186 (data not shown).

Construction of a genetic map around Nb

The segregation of six CAPS markers linked to Nb was
monitored in a mapping population of 90 Pentland
Ivory S progeny. The data were analysed with Map-
Maker (Lander et al. 1987) and are summarized in
Fig. 3 A. As the tomato data suggested, Nb maps to the

—1 GP186
9/90
- GP21
- GP21, SPUDS39
2/90 - GpP21 2/44
1 Nb 10/461
190 SPUDea7, TGaa2  pjani—— SPUD237, TG432 — Rx2, TG432
3/90 5461 1 Gp17g
—{ spubizs 3/44
—-GP179
A B c

Fig. 3A—C Comparative map locations of Nb, R/, and Rx2. Genetic
maps shown were obtlained by mapping common markers in three
different segregating populations (see Materials and methods).
A Marker order around Nb. B Marker order around R/. C Marker
order around Rx2. All markers shown are PCR-based. The SPUD
markers were derived from AFLP markers linked to Nb, while
GP21, GP179, GP186 and TG432 were derived from chromosome
S-specific RFLP markers of the same name. 'I’he number of recombi-
nation events/number of plants scored is shown to the left of each
marker interval

upper arm of potato chromosome 5. Nb resides in an
approximately 3-cM interval defined on the telomeric
side by co-segregating markers GP21 and SPUDS39
and, on the centromeric side, by co-segregating
markers TG432 and SPUD237.

Nb is located in a resistance gene cluster

Three other resistance genes have previously been map-
ped to this region of chromosome 5. R/, a gene that
confers hypersensitive race-specific resistance to P.
infestans, was mapped 2.5 cM to the centromeric side of
RFLP marker GP21 (Leonards-Schippers et al. 1992).
Rx2, a gene that confers extreme resistance to most
strains of PVX, was mapped 4.5 cm centromeric of
GP21 (Ritter et al. 1991). Gpa, a locus that confers
resistance to G. pallida, also maps to this area (Kreike et
al. 1994). To further examine the relationship between
Nb and R, a population of 461 individuals segregating
for R1 was examined with the markers SPUD237 and
TG432. R7 was found to map just slightly centromeric
to both of these markers (Fig. 3 B), confirming that Nb
and R/ are closely linked, and also demonstrating that
R1 and Nb are not allelic. In a smaller mapping popula-
tion of 44 individuals segregating for Rx2, no recom-
binants were found between TG432 and Rx2 (Fig. 3 C),
showing that Nb and Rx2 are also closely linked.
Although Nb, Rx2 and R! have all been mapped in
different populations it is likely that these loci occupy
linked positions in the potato genome.
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Discussion

The potato resistance gene Nb maps to the upper arm
of chromosome 5 in a region where several other resist-
ance genes-R1, Gpa, Rx2-have previously been located.
In addition to other examples in potato (Leister et al.
1996), clustering of disease resistance genes has also
been observed in maize (McMullen and Simcox 1995),
lettuce (Kesseli et al. 1993), and soybean (Kanazin et al,
1996; Yu et al. 1996). Clustering may reflect localized
rcsistance gene duplication and subscquent divergence
events, since the resistance genes sequenced to-date [all
into a small number of related classes (reviewed in
Jones 1996). Functionally, the clustering of resistance
genes may facilitate coordination of defence against
diverse pathogens. Further high-resolution character-
ization of chromosome 5 in the region of Nb, RI, Gpa
and Rx2 should provide useful insight into resistance
gene organization and function.

It is particularly intriguing that Nb, a gene that
confers hyperscnsitive resistance against some strains
of PVX, maps so closely to Rx2, a gene that conlers
extreme resistance to most strains of the same virus.
Our data do not exclude the possibility that Nb and
Rx2 are alleles, although higher-resolution map data
would be needed to conclude this with any confidence.
Rxl is known to “recognize” a feature of the viral coat
protein (Goulden et al. 1993; Bendahmane et al. 1995),
and Rx2 apparently recognizes the same feature (Querci
et al. 1995). The avirulence determinant of the Nb-PVX
interaction has yet to be fully characterized, but it is not
the PVX coat protein (W.D., AF. and D.B., unpub-
lished results).

Nb and the extreme PVX resistance gene X' have
previously been reported to be unlinked (Solomon
1985). This result apparently contradicts the finding
reported here that Nb and Rx2 are linked because it has
been assumed that X’ and Rx2 are homonyms. How-
ever, the nomenclature for the extreme resistance genes
against PVX varies, and the relationships among the
various genes is not always clear. In view of the close
linkage between Nb and Rx2, it seems most likely that
X' is synonymous with RxI, or conceivably a third Rx
locus. The Nb gene studied by Solomon (1985) is very
likely the same gene studied here, as marker SPUD237
is linked to both copies of the Nb gene present in
cultivar ‘Catriona’ (W.D., A.F. and D.B., unpublished
rcsults), which was the source of Nb in the Solomon
(1985) study.

The mapping of Nb was initiated with the long-term
view of cloning this gene by “chromosome landing”
(Tanksley et al. 1995). To generate a high-resolution
map around the Nb locus will require both a large
number of markers lined to Nb and a large number of
recombination events around Nb to determine the rela-
tive order of all closely linked markers. With the advent
of AFLP methodology (Vos et al. 1995) it is relatively
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straightforward to generate a large number of markers.
Using just 96 primcr combinations wc identifiecd cight
markers linked 1o Nb. Several hundred more primer
combinations are available, and so it should be possible
to identify many more markers. The CAPS markers
SPUD237 and GP21 (Fig. 2) flank Nb, and will be
useful in identifying recombination events close to Nb.
Some 700 further plants have already been screened
with these markers, identifying additional recom-
binants in this interval (W.D and D.B., unpublished
results) and providing further evidence that Nb maps
between GP21 and SPUD237, rather than outside of
this interval.
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Abstract The potato R locus is necessary for the
production of red pelargonidin-based anthocyanin pig-
ments in any tissue of the plant, including tuber skin and
flower petals. The production of pelargonidins in plants
requires the activity of dihydroflavonol 4-reductase
(DFR) to catalyze the reduction of dihydrokaempferol
into leucopelargonidin. To test the hypothesis that potato
R encodes DFR, portions of both dfr alleles were
sequenced from a diploid potato clone known to be
heterozygous Rr. Sequence comparison revealed a poly-
morphic BamHI restriction site. The presence or absence
of this site was monitored in three diploid populations that
segregated for R, as well as in a wide range of tetraploid
breeding clones and cultivars, by amplifying a fragment
of dfr and digesting the products with BamHIL An
identically sized dfr restriction fragment lacking the
BamHI site was present in all potato clones that produced
red anthocyanin pigments, while the same fragment was
absent in many potato clones with white tuber skin and
flowers. An independent RFLP test using Dral to detect
sequence polymorphism was performed on a subset of the
potato clones. This test also revealed dfr-derived bands
that were present in all red-colored potatoes and absent in
several white clones. The presence of shared restriction
fragments in all red-colored potatoes provides strong
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evidence that R does indeed code for DFR. The data are
also consistent with a 48 year-old hypothesis by Dodds
and Long, that R was selected just once during the
domestication of potato. A cDNA clone corresponding to
the red allele of dfr was sequenced and compared to two
other alleles. The red allele is predicted to encode a 382
amino acid protein that differs at ten amino acid positions
from the gene products of the two alternative alleles.
Several of these differences map in a region known to
influence DFR substrate specificity in Gerbera.

Keywords Crop domestication - Secondary metabolism -
Marker-assisted selection - Allele dosage

Infroduction

The skin of cultivated diploid and tetraploid potato
(Solanum spp.) tubers can be colored either red, purple or
white. This natural variation in color is controlled by three
independent loci—R, P and { (reviewed in De Jong 1991).
R and P are required for the production of red and purple
anthocyanin pigments, respectively, anywhere in the
potato plant, e.g. in tubers, flowers, sprouts or stems,
while [ is required for the tissue-specific expression of
anthocyanins in tuber skin (Dodds and Long 1955, 1956).
The tubers of wild potato species are only purple or white,
which has led to the suggestion that the ability to produce
red anthocyanin pigments was selected just once, and at
the diploid level, during domestication (Dodds and Long
1955). R, P and [ have been genetically mapped to
chromosomes 2, 11 and 10, respectively (Van Eck et al.
1993, 1994).

Biochemical analyses have shown that the red antho-
cyanins in tuber skin and flesh are primarily derived from
the anthocyanidin pelargonidin, while the purple pig-
ments are derived from the related compound petunidin
(Lewis et al. 1998; Naito et al. 1998; Rodriguez-Saona et
al. 1998). Some pink-colored clones of the diploid species
Solanum phureja and Solanum stenotomum have been
shown to contain peonidin-derived pigments instead of
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pelargonidin derivatives (Dodds and Long 1955). The
enzyme dihydroflavonol 4-reductase (DFR) plays a
necessary role in the synthesis of pelargonidins, peonidins
and petunidins, although it catalyzes the reduction of
slightly different substrates, dihydrokaempferol (DHK),
dihydroquercitin (DHQ) and dihydromyricetin (DHM),
respectively, in each case (Holton and Cornish 1995). The
structure of DHK differs from DHQ and DHM in having
one and two fewer hydroxyl groups, respectively, on the
B phenyl ring. In some genera, including Petunia
(Forkmann and Ruhnau 1987) and Cymbidium (Johnson
et al. 1999), DFR is not able to efficiently reduce DHK
although it is still able to reduce DHQ and DHM. In other
genera, e.g. Gerbera, DFR can utilize DHK, DHQ and
DHM as substrates (Johnson et al. 2001). The variation in
DFR substrate specificity explains why red pelargonidin-
pigmented flowers are observed naturally in Gerbera but
not in Petunia (Johnson et al. 2001).

The dfr gene has previously been mapped in tomato to
chromosome 2 (Bongue-Bartelsman et al. 1994). This
chromosome shares extensive conservation of marker
order with potato chromosome 2 (Tanksley et al. 1992).
Because R also maps to this chromosome, and natural
variation at the R locus is suggestive of variation in the
substrate specificity of DFR, we wondered if R might
correspond to dfr. To test this we followed the segregation
of dfr alleles in several diploid populations that segre-
gated for color, as well as in a wide range of tetraploid
potato breeding clones and cultivars. We report here that
all red-colored potato clones tested, but not all white
potatoes, carry an allele of dfy that lacks a specific BamHI
restriction site. An independent RFLP test revealed that
red-colored potatoes also share a common dfr-derived
Dral restriction fragment, which is absent in some white
clones. These results suggest that R does indeed code for
DFR, and are consistent with the hypothesis (Dodds and
Long 1955) that the dominant R allele in modern potatoes
results from the identification and subsequent selection of
a single plant, most likely with red tuber skin, during crop
domestication.

Materials and methods
Plant material

Ploidy and color characteristics of potato clones used in this study
are summarized in Table 1. Several of the diploid clones have
previously been assigned genotypes at two loci—/ and R—that are
together required for the synthesis of red anthocyanin pigments in
tuber skin (De Jong 1991). These clones are 79-48 (genotype I1
RR”™) (De Jong 1987), 320-02 (i Rr; unpublished), 07506-01 (i rr)
(De Jong 1987; De Jong and Burns 1983) and W5281.2 ({i RR) (De
Jong and Burns 1983). CIP590001.7 was described by Watanabe et
al. (1994). Diploids W5281.2, W5337.3 and WS5295.7 were
developed at the University of Wisconsin. The NY clones listed
in Table 1 were developed by the Cornell University potato
breeding program. 320-02 was selfed to generate an S; population
that segregates for tuber skin color. 79-48 was crossed as a female
with 07506-01 to develop an F; population that segregates for
flower color. 07248-02 was crossed as a female with 320-02 to
generate an F; population that segregates for tuber skin color.

Allelic discrimination

In early experiments, template DNA for PCR amplification was
isolated with a DNeasy plant mini kit (Qiagen). For some large-
scale screening experiments potato DNA was isolated with the
rapid miniprep method of Edwards et al. (1991). Both methods
yielded acceptable results. PCR primers potDFR1 (5GGCTCTTG-
GCTTGTCATGAG) and potDFR2  (SAGCATTCCCCTGACT-
GTTGG) were designed to anneal to regions conserved between a
tomato dfr cDNA sequence (GenBank accession Z18277) and a
potato dfr EST sequence (accession BE923282). Based on
comparison to the genomic DNA sequence of Perunia dfrA
(accession X79723) the primers were anticipated to flank a region
near the 5 end of dfr that would include two small introns. The two
primers were used to amplify genomic DNA of diploid 320-02
using the following thermal profile: 94°C for 2 min, followed by 35
cycles of 94°C, 15 s; 55°C, 15 s; and 72°C, 60 s. This and other
amplifications below were carried out in a volume of 50 zl and
contained 200 nM of each primer, 200 uM of dNTPs, 10 mM of
Tris-Cl pH 8.3, 50 mM of KCl, 2.5 mM of MgCl,, 0.05% of
Nonidet-P40, 50-200 ng of template DNA and 2.5 units of Tag
DNA polymerase. The resulting PCR products were ligated into
vector pGEM-T following the manufacturer’s (Promega} instruc-
tions. Eight independent clones were sequenced and aligned for
comparison; this revealed a polymorphic BamHI restriction site
(see Results). To evaluate potato clones for this polymorphic site,
PCR was performed with primers potDFR1 and potDFR2, and the
products were then digested with BamHI. Digested products were
electrophoretically separated on a 2% agarose gel and visualized by
staining with ethidium bromide.

RFLP analysis

DNA isolation and gel-blot analysis were essentially as described
(Bonierbale et al. 1988). Genomic DNA was digested separately
with Dral or Scal prior to blotting. An approximately 1.5 kb
fragment of the tomato dfr gene, obtained by amplification with
primers 5'CACTCTCCTCCGAAGACGAC and 5 TCCATTGTCT-
GCAGTGCTTC, was used as a hybridization probe. Random
hexamer labeling of the probe, hybridization and washing methods
were as described previously (Feinberg and Vogelstein 1983).
Filters were washed to a final stringency of 0.5xSSC at 65°C
(IxSSC is 0.15 M Na(l and 0.015 M sodium citrate).

cDNA library screening and ¢cDNA sequencing

A cDNA library was constructed using a ZAP-cDNA synthesis kit
(Stratagene) with mRNA isolated from pigmented flowers and
stems of W5281.2. The tomato dfr probe described above was used
for library screening. Positively hybridizing phage were plaque-
purified and the inserts then excised to permit propagation in a
pBlueScript SK(~) phagemid vector, following the manufacturer’s
instructions. The largest cDNA insert was completely sequenced on
both strands. Partially sequenced (accession B(G595686) potato
cDNA clone ¢STS11C14 was provided by S.D. Tanksley (Cornell
University). This clone is derived from the potato cultivar
Kennebec and was also completely sequenced on both strands.

Amplification and sequencing of dfr from genomic DNA

Primers to amplify the entire open reading frame of dfr alleles from
W5281.2 and 07506-01 were designed based on the cDNA
sequences obtained from W5281.2 and Kennebec, respectively.
Primers DFRORF-F (5 CTTGAGGTTAAATTTTCTGACTC) and
DFRORF-R3 (5 GCCTITITATTTTGTTAGGTTGTG) were used to
amplify dfr from W5281.2, while primers DFRORF-F and
DFRORF-R (5 CCTTTTTATITCATATGGTTGCG) were used to
amplify dfr from 07506--01 and the dfr allele linked to R in 79-48.
Thermal cycling parameters were 94°C for 2 min, followed by 35
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Table 1 Characteristics of

e : . Clone Ploidy Tuber skin Flower Sprout dfr allele Genotype
potato clones utilized in this color® color? color® without (where
study BamH1D® known)

07248-02 2x White ‘White ND* No
07506-01 2x ‘White ‘White ND No ii rr
09479-05 2x Red Red ND Yes
75-10 2x White Blue ND No
79-48 2x Red Red ND Yes Ii RRPY
320-02 2x Red Red ND Yes Ii Rr
11364-09 2x White Blue ND No
11827-09 2x Red Red ND Yes
AC Candy Cane 2x Red Red ND Yes
CIP590001.7 2x Red Red ND Yes
W5281.2 2x Purple Purple Purple Yes Ii RR
W5295.7 2x Red eyes ND Red Yes
W5337.3 2x Red eves Red ND Yes
Andover 4x ‘White White Purple No
Allegany 4x ‘White Red ND Yes
Atlantic 4x ‘White Red ND Yes
Banana 4x White Red ND Yes
Chieftain 4x Red Red ND Yes
Chippewa 4x White Red Red Yes
Dakota Rose 4x Red Red ND Yes
Dark Red Norland 4x Red Red ND Yes
Elba dx White Red ND Yes
Eva 4x White White White No
Genesee 4x ‘White White Purple No
Hampton dx ‘White White Red Yes
Idarose 4x Red Red ND Yes
Jacqueline Lee 4x White Red Red Yes
Kanona dx White Red Red Yes
Katahdin 4x ‘White Red Red Yes
Kennebec 4x ‘White ‘White White No
Keuka Gold 4x ‘White ‘White Purple No
Lenape 4x White Blue Purple No
Marcy 4x ‘White White Purple No
Monona 4x ‘White White Red Yes
Nordonna 4x Red Red ND Yes
Pike 4x ‘White White Purple Yes
Reba 4x White White Purple No
Red Companion 4x Red ND ND Yes
Red Pearl 4x Red ND ND Yes
Redsen 4x Red Red Red Yes
Rideau 4x Red ND ND Yes
Rosa 4x Red eyes Red ND Yes
Salem 4x ‘White White Purple Yes
Serrana Inta 4x ‘White Blue Purple No
Snowden 4x ‘White White Purple No
Stirling 4x ‘White ‘White Purple No
Superior 4x White Red Red Yes
Yagana 4x White Red Red Yes
Yukon Gold 4x Red eyes Red Red Yes
NY97 4x Red Red Red Yes
NY99 4x White Red ND Yes
NY102 4x White White Purple No
NY115 4x ‘White White Red Yes
NY118 4x Red Red Red Yes
NY120 4x ‘White ‘White Purple Yes
NY121 4x White White White No
NY123 4y White Blue Purple No
NY124 4x ‘White White Red Yes
NY125 4x ‘White ‘White Purple No
NY126 4y ‘White White Purple Yes
NY129 4x Red Red ND Yes
NYEL1-45 4x White Red Red Yes
NYL235-4 4y White Blue Purple No
NYR6-4 4x ‘White ‘White Purple No
NYR17-7 4x ‘White Red Red Yes
NYS48-6 4x Red White ND Yes
NYT3-9 4x White White Purple No
NYT15-1 4x Red Red ND Yes
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Table 1 (continued)

Clone Ploidy Tuber skin Flower Sprout dfr allele Genotype
color® color? color® without (where
BamH1D® known)

NYT15-3 4x Red Red ND Yes

NYT17-2 dx Red Red ND Yes

NYT28-1 4x White ‘White Purple Yes

NYU47-2 4x White White Purple No

NYU75-1 4x ‘White White Purple No

NYUS85-12 4x ‘White ‘White Purple No

NYU100-87 dx White White Purple Yes

NYU106-26 4x White White Purple Yes

NYW2-8 4x Red ND ND Yes

NYW2-19 4x Red ND ND Yes

NYW2-24 dx Red ND ND Yes

NYW2-37 4x Red ND ND Yes

NYW2-42 4dx Red ND ND Yes

NYW2-112 4x Red ND ND Yes

NYW2-123 dx Red ND ND Yes

NYW2-127 4x Red ND ND Yes

NYW3-10 4x Red ND ND Yes

NYW3-31 4x Red ND ND Yes

NYY4-1 4x Red ND ND Yes

? Color was scored visually. "Red” denotes the presence of red pigment. For flowers and sprouts this
included colors that ranged from light pink to deep red
b Presence or absence of the dfr allele lacking the polymorphic BamHI restriction site (see text for

details)
¢ Not determined

cycles of 94°C, 15 s; 50°C, 15 s; and 72°C, 150 s. Amplification
products were ligated into pGEM-T. One full-length insert from
each amplification was chosen at random and sequenced in its
entirety on both strands.

Results

The red-skinned diploid potato clone 320-02 is heterozy-
gous at the R locus (genotype Rr). To determine if 320-02
possesses two alleles of dfr a fragment of the gene was
amplified with primers potDFR1 and potDFR2 (see
Materials and methods). The resulting PCR products,
approximately 530 base pairs (bp) in length, were cloned
into a plasmid vector. Sequencing eight independent
clones revealed the presence of two alleles, the sequences
of which are shown in Fig. 1. Three of the clones matched
allele 1 while the other five matched allele 2. The
sequence data suggested that the two alleles would differ
with regard to the presence or absence of a BamHI
restriction site (Fig. 1). The single C/T nucleotide
polymorphism underlying the polymorphic BamHI re-
striction site is in the wobble position of the 106th codon
and is not predicted to change the amino acid sequence of
DFR. To confirm the presence of this polymorphic site,
320-02 was again amplified with potDFR1 and potDFR2,
and then uncloned products were digested with BamHI
(referred to herecafter as “the BamHI assay”). The
resulting banding pattern after electrophoretic separation
on a 2% agarose gel was consistent with the presence of
two alleles, with one allele yielding fragments of 370 and
162 bp and the other allele yielding fragments of 231, 158
and 144 bp (Fig. 2).

To determine if either allele could be related to red
skin color 320-02 was selfed to yield an S; population of
56 individuals. Of these 39 had red skin and 17 had white
skin. The BamHI assay revealed that the 370-bp fragment
was present in all 39 clones with red skin and absent in
eight of the progeny with white skin (data not shown).
The R locus in potato is necessary but not sufficient for
the production of red anthocyanin pigments in tuber skin
(Dodds and Long 19535, 1956). Such production also
requires the action of a dominant allele at the / locus
(Dodds and Long 1955, 1956). Because the 370-bp
fragment was present in all red clones, dfr must be tightly
linked to R or [. It is known that both R and dfr map to
chromosome 2, while / maps to chromosome 10, so the
linkage must be between dfr and R. The presence of the
370-bp fragment in nine of the white clones could be
explained by assuming that some or all of these nine
clones are homozygous recessive ii.

To further assess if dfr could be related to red skin
color white-skinned diploid (7248-02, which does not
exhibit the 370-bp fragment (Fig. 2), was crossed with
320-02 to yield an Fy population of 199 individuals. Forty
three of the progeny had red skin while the remaining 156
were white. The observed segregation ratio is consistent
with 07248-02 having genotype ii rr and 320-02 having
genotype /i Rr. The 370-bp fragment was observed in all
43 red-skinned progeny as well as in 51 of the white-
skinned clones (data not shown). The presence of the 370-
bp fragment in all red-skinned progeny further established
a tight genetic linkage between dfr and R.

A third population resulting from a cross between 79-
48 (genotype II RRPY FF) and 07506-01 (ii rr [) was
evaluated next. The F locus is required for the production
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Fig. 1A,B Diagram of dfr gene organization and alignment of
partial sequences of the two alleles of dfr present in diploid potato
clone 320-02. A Schematic diagram of dfr gene organization. The
open boxes represent coding sequence, which is divided among six
exons. The locations where primers potDFR1 and potDFR2 anneal
are shown, as are the locations of polymorphic BamHI and Dral
restriction sites. The position of a conserved BamHI restriction site
is also shown. B Alignment of the sequence of two alleles of dfy
present in diploid potato clone 320-02 between the annealing sites
of primers potDFR1 and potDFR2. The regions where primers
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potDFR1 and potDFR2 anneal are highlighted with hyphens and
arrows. Exon sequence is shown in upper case type while introns
are denoted in lower case. Insertions or deletions of several
nucleotides in one allele relative to the other are shown with short
dashes. A BamHl restriction site present in both alleles is
underlined with a thin line. A polymorphic BamHI site, present
in allele 2 but absent in allele 1, is underlined with a thick line. The
sequence of W5281.2 dfr in this region is identical to that shown for
allele 1, except that the sequence of base 528 is G instead of A and
base 531 is T instead of C
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Fig. 2 Presence of a dfr BamHI restriction fragment in red-colored
potato clones and absence of this fragment in some white potato
clones. Genomic DNA was amplitied with primers potDFR1 and
potDFR2, and then the products were digested with the restriction
enzyme BamHI. Digested products were separated on a 2% agarose
gel, visualized by staining with ethidium bromide, and then
photographed. DNA size markers, with the lengths of selected
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allele 2 lanes show digestion products after amplification of cloned
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dfr fragments from 320-02 and correspond to allele 1 and allele 2 of
Fig. 1. The following potato clones or cultivars have red tuber skin:
320-02, 79-48, Chieftain, Redsen, T15-1, NY97. Their names are
followed by an R to indicate this. The following clones have white
flowers and white tuber skin: 07248-02, 07506-01, Eva, Kennebec.
Their names are followed by a W. Serrana has white tubers and
pale-blue flowers. W5281.2 has purple-skinned tubers and is known
to be homozygous RR. Digestion patterns for five red-flowered and
five white-flowered progeny of 79-48x07506-01 are also shown
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of anthocyanin pigments in potato flowers and is known
to be tightly linked to 7 (Dodds and Long 1956). The
phenotype of the R allele has only been described to-
date in several diploid species and is associated with the
production of pink-skinned tubers and white flowers
(Dodds and Long 1955). The pink pigment in such tubers
is derived from peonidin (a methylated derivative of
cyanidin), not pelargonidin (Dodds and Long 1955). Of
the 70 progeny evaluated, 28 had red flowers and red
tubers while 42 had white flowers and pink tubers. 79-48
displayed a BamHI fragment that migrated at the same
position as the 370-bp fragment of 320-02, while 07506-
01 did not exhibit a similar band (Fig. 2). Examination of
their progeny revealed that this large fragment was
present in all red-skinned/red-flowered clones and absent
in all pink-skinned/white-flowered clones (some progeny
are shown in Fig. 2). Thus, in the three segregating
populations examined, the BamHIl assay revealed an
apparently identical dfr restriction fragment in all progeny
with red tuber skin.

Since 79-48 and 320-02 do not share any immediate
ancestors yet nevertheless yield an indistinguishable 370-
bp restriction fragment with the BamHI assay, we
wondered how widely distributed this fragment might
be in other potato clones and whether the fragment would
always be associated with the ability to produce red
anthocyanin pigments. Accordingly a wide range of
potato cultivars, breeding clones and diploid clones were
evaluated with the BamHI assay. All 46 cultivars and
breeding clones tested with red skin, red flowers, and/or
red sprouts (see Table 1) exhibited a BamHI fragment
indistinguishable in size from the 370-bp band of 320-02
(some clones are shown in Fig. 2). Two red-skinned
breeding clones, NY97 and TI15-1, appeared to be
quadruplex for this allele since both clones yielded only
two BamHI fragments that co-migrated with the 370- and
162-bp fragments of 320-02 (Fig. 2). All six diploid
clones tested with red skin or red tuber eyes also revealed
fragments indistinguishable in size from the 370-bp
fragments of 320-02 and 79-48 (data not shown).

Potato clones that do not produce any anthocyanin
pigments in tubers, flowers or sprouts are relatively rare.
The three such clones evaluated (Eva, Kennebec and
NY121) did not display the 370-bp fragment (Fig. 2 and
data not shown). Several potato clones (Lenape, Serrana,
NY123, L235-4, 75-10 and 11364-09) appear, on the
basis of their light blue flowers, to produce only blue
petunidin-based pigments. If red pelargonidin-based pig-
ments were also present the flowers would be expected to
be purple. None of these six clones exhibited the large
BamHI fragment either (Fig. 2 and data not shown). Thus,
similar to what was observed in the segregating diploid
populations, an indistinguishable dfr-derived BamHI
restriction fragment was found in all potato cultivars,
breeding clones and assorted diploid clones known to
produce red pigments in their tuber skin, flowers and/or
sprouts, while this fragment was absent in all potato
clones tested that do not produce any red anthocyanins in
the same tissues.

We also evaluated 21 white-skinned and white-flow-
ered cultivars and breeding clones that produce purple
pigments in tuber sprouts. The purple color suggests that
all these plants possess a regulatory locus that directs
expression of anthocyanin biosynthetic genes in sprouts,
and that these plants can synthesize petunidin-based
pigments; but because we have never observed blue-
colored sprouts, even on plants with blue flowers, it was
not possible to visually discern whether any of these
plants also produced red pigment that might be masked by
the production of purple pigment. Of the 21 clones, 14 did
not display the 370-bp BamHI fragment. The remaining
seven (Pike, Salem, NY120, NY 126, NYT28-1, NYU100-
87 and NYU106-26) did reveal a large BamHI fragment
{data not shown).

To provide an independent test of whether unique or
closely related alleles of dfy are associated with the ability
to produce red pigments, we also subjected 17 potato
clones to RFLP analysis, using a portion of the tomato dfr
gene as a hybridization probe. As shown in Fig. 3 all
tested clones known to produce red pigments displayed an
identical RFLP marker allele approximately 3.6 kb in size
after digestion with Dral. This RFLP marker allele was
absent in clones that do not produce red anthocyanins
(Eva, Kennebec, Serrana, NY121, 07506-01) (Fig. 3).
Probing Scal-digested DNA blots yielded similar results;
all clones known to produce red pigments shared a
common RFLP band and this band was absent in clones
free of red pigment (data not shown). Similar to the
BamHI data described above, conventional RFLP data
also indicates that clones NY97 and T15-1 are quadruplex
for the allele linked to red color as both clones displayed
only the red-linked Dral RFLP marker band (Fig. 3).
Because the Dral and Scal tests assessed polymorphism
distinct from the BamHI assay, more than one sequence
difference distinguishes the dfr allele(s) associated with
red pigment production from all other dfr alleles.

The diploid clone W5281.2 is known to be homozy-
gous RR (De Jong and Burns 1993). To provide a
foundation for future comparison of dfr alleles a cDNA
clone prepared from W5281.2 and a second ¢cDNA clone
obtained from the white-skinned cultivar Kennebec were
completely sequenced (deposited in GenBank with
accession numbers AY289921 and AY289922, respec-
tively). These two cDNA clones as well as a third cDNA
sequence from the purple-skinned cultivar Jashim (Jeon et
al., unpublished; GenBank accession AF449422) are
predicted to encode proteins of 382 amino acids
(Fig. 4). The predicted W5281.2 gene product differs at
ten amino acid positions from both Kennebec and Jashim
(Fig. 4). The W5281.2 protein also differs at three
additional positions from Kennebec, and at five additional
positions from Jashim (Fig. 4). Of the three cDNA
sequences only W5281.2 lacked the BamHI restriction
site highlighted in Figure 1. Curiously the W5281.2
cDNA sequence revealed two mismatches with the
potDFR2 primer, albeit near the 5’ end of the primer, so
that this primer is nevertheless able to participate in the
amplification of this allele (Fig. 2). The sequence of
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Dark Red Norland (R
07506-01 (W)

Yukon Gold {R)
W5281.2

78-48 {R)
Kennebet (W)

Chieftain {R)
NY121 (W)
Eva {W)
Superior (R)
Redsen (R)
Serrana
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T15-3 (R)
548-6 (R)
NYS7 (R)

Fig. 3 RFLP analysis of potato dfr. Genomic DNA was digested
with the restriction enzyme Dral, separated by agarose-gel
electrophoresis, blotted onto a nylon membrane, hybridized to a
radioactively labeled tomato dfr gene fragment, and then the
membrane was used to expose X-ray film. The samples loaded are
shown above each lane. The left and right hand panels represent
data from different experiments. Approximate sizes of restriction
fragments are shown to the right. Clones denoted with an R have
either red tubers or red flowers, or both. Clones denoted with a W
have white tubers, flowers, and sprouts. Serrana has white tubers
and blue flowers. W5281.2 has purple-skinned tubers and flowers
and is known to be homozygous RR

“allele 17 shown in Fig. 1 was obtained from a PCR
product where potDFR2 was one of the amplification
primers. Thus if allele 1 shares these two nucleotide
differences with W5281.2 they would not have been
apparent when PCR products of allele 1 were sequenced.

Primers based on the 5" and 3’ non-coding regions of
W5281.2 and the Kennebec ¢cDNA sequences were used
to amplify genomic DNA between the translational start

Fig. 4 Comparison of predicted W52812

potato DFR protein sequences. Kennebec

cDNA clones isolated from ho-  Jashim

mozygous RR diploid W5281.2

(GenBank accession Wws281.2

AY289921) and white-skinned Kennebec

tetraploid cultivar Kennebec Jashim

(accession AY289922) were

completely sequenced. Their Wi5281.2

predicted gene products and Kerinebec

that from a dfr cDNA isolated Jastim

from the potato cultivar Jashim

(accessior? AF449422) are W5281.2

shown aligned. Each of the ten Kanﬂyeb@m

amino acid positions where Jashir

W5281.2 DFR differs from both

Kennebec and Jashim is high- iff{i;iﬂ

lighted in black. Other amino .

. L. Jaghim

acid positions that are not con-

served in these three alleles are  yenoy o

highlighted in gray Kennebeo
Jashim
We281.2
Kennebec
Jashim
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and stop codons of W5281.2 and 07506-01. Primers based
on the Kennebec cDNA sequence were also used to
amplify the dfr allele linked to RPY in 79-48. The PCR
products were cloned into a plasmid vector and then one
randomly selected full-length clone from each genotype
was completely sequenced (sequences not shown; ge-
nomic DNA sequence data for W5281.2 and 07506-01
have been deposited in GenBank with accession numbers
AY289923 and AY289924, respectively). The sequence
of W5281.2 in the region between the potDFRI1 and
potDFR2 annealing sites was found to be identical to the
sequence of allele 1 shown in Fig. 1. The corresponding
sequence of 07506-01 differs at several nucleotide
positions from both allele 1 and allele 2 of Fig. 1, as
well as from the Jashim cDNA sequence, and thus may
represent a fourth allele of dfr. Interestingly, the genomic
sequence of the dfr allele linked to R”" in 79-48 was
identical to the genomic sequence from 07506-01.
Regions corresponding to the predicted exons of 07506-
01 and 79-48 were identical to the cDNA sequence of
Kennebec. A basis for the different Dral RFLP patterns of
Fig. 3 was found by comparing the genomic DNA
sequence from W5281.2, 07506-01 and 79-48. W5281.2
contains no Dral restriction sites within the gene, while
(07506-01 and 79-48 carry a Dral site approximately 350
bases downstream of the polymorphic BamHI site, in the
third intron (Fig. 1).

Discussion

The potato R locus encodes a basic actor required for the
production of red pelargonidin-based anthocyanin pig-
ments. To test the hypothesis that R encodes dihy-
droflavonol 4-reductase we monitored the segregation of

308
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dfr alleles in three diploid populations, as well as in a
diverse set of diploid and tetraploid germplasm. In every
case examined, potato clones known to produce red
anthocyanins were found to contain an allele of dfr that
lacks a BamHI restriction site just upstream of the gene’s
second intron. The corresponding 370-bp BamHI restric-
tion fragment was absent in many white-skinned and
white-flowered segregants. The notion that R might
encode DFR was motivated by the precedent of DFR
substrate specificity in Perunia (Forkmann and Ruhnau
1987) and Cymbidium (Johnson et al. 1999). In these two
genera it is known that DFR can efficiently reduce
dihydroquercitin (DHQ) en route to producing cyanidin-
based pigments, and dihydromyricetin (DHM) en route to
producing delphinidin-derived pigments, but not dihy-
drokaempferol (DHK), a step required to produce red
pelargonidin-based pigments. DHK, DHQ and DHM are
similar in structure, differing only in the presence of one
or two hydroxyl groups on a phenyl ring that is not the
site of enzymatic action. The dfr gene is known to be
expressed in red tuber skin (Hung et al. 1997). Although
the present study does not provide formal proof, given the
combination of the biochemical precedent and the abso-
lute co-segregation reported here, it appears very likely
that R does code for DFR. It should be noted that because
the polymorphic BamHI and Dral restriction sites
described in this study are not expected to change the
amino acid sequence of DFR, the functional polymor-
phism(s) responsible for red color almost certainly reside
elsewhere within dfr or, if R does not encode DFR, in
some other tightly linked gene.

Several alleles have previously been described at the R
locus including the dominant R, associated with the
ability to produce red pelargonidin pigments in tubers;
RPY recessive to R but dominant to », and associated with
the production of peonidin-based pigments in tubers; and
recessive r, associated with the absence of red tuber
anthocyanins (Dodds and Long 1955; De Jong 1991). In
the current study we found that the DNA sequences of dfr
associated with r in 07506-01 and with R”" in 79-48 were
indistinguishable. This result was not a complete surprise.
At the biochemical level the key difference between
pelargonidin and peonidin synthesis is that peonidin
requires flavonoid 3'-hydroxylase (F3'H) activity (Holton
and Comish 1993). F3'H catalyzes the hydroxylation of
DHK, creating DHQ. The differential requirement for
F3’H activity could be interpreted to indicate that the R
locus codes for F3'H, although it is difficult to postulate
natural variation in F3'H that would account for the
spectrum of phenotypes and dominance relationships
observed among R, R”” and r. A plausible explanation can
be devised, however, by postulating that the primary basis
for the observed variation in tuber color results from the
substrate specificity of DFR, and that superimposed on
this is natural variation for tuber expression of F3'H. In
this model the dfr allele present in all red-skinned
potatoes encodes an isozyme that is able to utilize DHK
as a substrate; this permits the synthesis of pelargonidins
(the R phenotype). In genetic backgrounds that lack the

red allele of dfr but do express F3'H, e.g. some clones of
S. phureja and §. stenotomum, DHQ will be synthesized.
Because DHQ can be utilized by all alleles of dfr, this
permits the synthesis of pink peonidin-based antho-
cyanins (the R”" phenotype). When neither DHK-compe-
tent DFR nor F3'H activities are present, no pink or red
anthocyanins are produced (the » phenotype). Testing of
this model will require extensive additional analyses at
the biochemical level.

Domain swapping experiments between Gerbera and
Petunia have shown that the ability of DFR to metabolize
DHK resides in the first 170 amino acids (Johnson et al.
2001). Moreover, altering a single amino acid at position
134 has been shown to affect substrate specificity. The
resulting Gerbera point mutant preferentially utilized
DHK over DHQ and was no longer able to utilize DHM
(Johnson et al. 2001). Gerbera amino acid position 134
corresponds to potato position 145. There are two
differences in W5281.2 relative to Kennebec and Jashim
near 145, at positions 143 and 154; both of these changes
are in the third exon. If the red-linked dfr can metabolize
DHK, these changes may be responsible.

Independent of whether or not R actually codes for
DFR, from the perspective of potato domestication and
current breeding, it is nevertheless intriguing that all red-
colored potato cultivars appear to share an identical allele
of this gene. Both the PCR/BamHI test and conventional
RFLP evaluation with Dral and Scal revealed indistin-
guishable bands in all red-colored clones tested. In the
course of developing a TagMan assay to measure dosage
of the red-linked dfr allele we have also found that an
oligonucleotide probe identical to bases 424 through 443
of allele 1 (numbering as in Fig. 1) specifically anneals to
DNA from genotypes that generate the 370-bp PCR/
BamHI fragment (De Jong et al. 2003). Dodds and Long
(1955) have previously noted that although pelargonidin-
based pigments are present in many cultivated diploid and
tetraploid potatoes they have never been reported in wild
potato species. From this observation they hypothesized
that the ability to produce red pigments in cultivated
potatoes only arose once. They further postulated that a
mutation conferring this ability was selected at the diploid
level during domestication. Thus the gene controlling red
color in modern cultivated tetraploids would be directly
descended from the gene conferring color in the first
domesticated red diploid. The data presented in the
current study is consistent with the Dodds and Long
scenario. One of the diploid clones evaluated, 79-48, has
only two cultivated diploids, S. phureja and S. stenoto-
mum, in its ancestry. As evident in Figs. 2 and 3, PCR/
BamHI and RFLP analyses revealed no differences
between the red-linked allele of 79-48 and the allele
shared by all modern red (tetraploid) cultivars.

The existence of a shared dfr allele also raises the
question of whether alleles of any genes tightly linked to
dfr, and present in the putative diploid ancestor, are also
present in most or all modern red-colored potato cultivars.
Because potato is clonally propagated it has undergone
many fewer meioses during domestication than seed-
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propagated crops like maize. Infrequent sexual reproduc-
tion could lead to multiple gene-containing linkage blocks
that have never been separated by recombination. Further
work to investigate whether there are indeed such linkage
blocks in modern cultivars and, if so, determining how
large such blocks are, would be of practical value to
breeders in defining the genomic architecture of modern
potato.

Potato breeding clones that are quadruplex for a
desirable allele are valuable because they transmit the
corresponding trait to all progeny. Two tetraploid potato
clones evaluated in this study, NY97 and T15-1, are
quadruplex for the red-linked allele of dfy, and thus may
be of value in developing new red-skinned cultivars. The
need for quadruplex RRRR and/or III] clones is particu-
larly acute when developing true potato seed (TPS)
“varieties” that do not segregate for skin color. Several
years ago while evaluating a breeding cross between
NY97 and a North Dakota clone, ND2225-IR, we
observed that all 184 progeny had red skin. When crossed
with other clones both NY97 and ND2225-1R yield some
white-skinned progeny. Taken together these observations
suggest that one of these parents (NY97) is RRRR and the
other (ND2225-1R) is I11f. The BamHI assay described in
this study provides a relatively simple means for identi-
fying quadruplex RRRR clones. Should the absence of red
color be desirable, the assay could also be used to identify
rrrr individuals.
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Towards marker assisted seleclion for Solanum chacoense derived
resistance sgainst reot-knot nematodes (Meloidogyne spp.)
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Chaptee 3

Chapter 3

Lifferental interaction of the root-knot nematods Meloldogyne hapla with
Solanum chacosnse derived resistance genes

JavrPRoasiatry Honsld OB,
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shroed hladans,
L Ferrman Jovar Bek
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manetic analysis of the Solgnum tarliense derivad resistance o the
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Chapter 8

Mapping and comparative analysis of the chiromosome 11 root-kngt
namatode (Melokdogyne chifwoodi) resistance gene Ruetso
from wild potate (Solarum hougasil.

Jan Draaistea, Ropsdd 8. Hhattes, Both van dor Helds, Ieasie Smests, Hatmared van Sck
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