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Abstract Major gene inheritance of resistance to
Potato leafroll virus (PLRV) was demonstrated in a
parthenogenic population derived from the highly
resistant tetraploid andigena landrace, LOP-868. This
major gene or chromosome region seems to control a
single mechanism for resistance to infection and virus
accumulation in this source. About 149 dihaploid lines
segregated in a ratio of 107 resistant to 32 susceptible,
Wtting the expected ratio for inheritance of a duplex
gene under random chromatid segregation. A tetra-
ploid AFLP map was constructed using as reference
the ultra high density (UHD) map. All AFLP markers
associated with PLRV resistance mapped to the same
linkage group. Map position was conWrmed by analysis
of previously-mapped SSR markers. Rladg is located on
the upper arm of chromosome V, at 1 cM from its most
closely linked AFLP marker, E35M48.192. This
marker will be used to develop allele-speciWc primers
or a pair of Xanking PCR-based markers for their use
in marker assisted selection.

Introduction

Potato leafroll virus (PLRV) is one of the most damag-
ing and widespread diseases of potato (Solomon-
Blackburn and Barker 2001). PLRV infection causes
yield reduction of up to 95%, besides diminishing

marketable yield in some cultivars due to net necrosis
(Barker and Waterhouse 1999; Solomon-Blackburn
and Barker 2001). However, in spite of all eVorts, no
sources of extreme resistance to PLRV have been con-
Wrmed (Taliansky et al. 2003). DiVerent types of PLRV
resistance have been described, including: resistance to
infection by aphids, resistance to virus accumulation in
infected plants, resistance to aphid vectors, resistance
to movement of the virus from infected foliage to
tubers and hypersensitivity or intolerance (Barker and
Waterhouse 1999).

Major gene inheritance has been reported for some
types of resistance to this virus. Brown and Thomas
(1994) found that resistance to PLRV in Solanum chac-
oense Bitter followed monogenic dominant inheri-
tance. Solomon-Blackburn et al. (2003/4) concluded
that resistance to virus accumulation was controlled by
one or few major genes that are not complementary.
Butkiewicz (1978) reported that hypersensitivity to
PLRV was controlled by one dominant gene modiWed
by several minor genes. However, under some circum-
stances, the restriction of the pathogen by hypersensi-
tivity is so ineVective that some cultivars become 100%
infected within 1 year (Swiezynski 1994).

It is generally believed that resistance to PLRV
infection is of a polygenic nature, with several minor
genes involved (Davidson 1973). However, genes with
major eVects may also be involved (Brown et al. 1997).

Solanum tuberosum ssp. andigena (Juz. et Bukasov)
Hawkes is a native cultivated potato species grown in
the Andean region that easily crosses with Solanum
tuberosum ssp. tuberosum L. A previous genetic study
carried out at the International Potato Center (CIP)
identiWed an andigena accession, LOP-868, with high
levels of heritable resistance to PLRV infection by
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viruliferous aphids combined with low virus accumula-
tion when its plants were graft-inoculated. This land-
race, whose cultivar name is ‘Alca Tarma’, was
collected under CIP-Number 702853 in the province of
Huancane (Puno, Peru) at 3,850 masl.

LOP-868-derived progenies yielded a high fre-
quency of genotypes with levels of resistance to infec-
tion as high as those observed in LOP-868. This
suggested the presence of a gene with large eVects con-
trolling the resistance in this landrace. It was also dem-
onstrated that the resistance of this accession could be
readily transferred to the genetic background of com-
mercial varieties without any negative interaction
(Mihovilovich et al. 2007).

The present study characterizes and maps PLRV
resistance from this new source in a dihaploid popula-
tion. Resistance to infection and to virus accumulation
was assessed by aphid inoculation and grafting, respec-
tively.

Materials and methods

Plant material

A parthenogenetic population of 149 dihaploids
(2n = 2x = 24) was developed from LOP-868
(2n = 4x = 48) by pollinating this landrace with the
Solanum phureja Juz. et Bukasov lines IVP-101 and
596001.4, which induce haploidization and are homozy-
gous for a dominant “embryo spot” marker that facili-
tates the detection of hybrids (Hermsen and Verdenius
1973; Upadhya and Cabello 1999).

Seeds without the embryo-spot were selected and
grown under greenhouse conditions (mean 17°C, 90%
R.H.) for 45 days. Chloroplast and chromosome counts
were carried out as described in Huamán (1995) and
Watanabe and Orrillo (1993) to establish the ploidy of
each genotype.

The diploid genotypes, LOP-868, the haploid induc-
ers and three infection controls, the highly resistant
clone DW.84-1457 (Dziewonska and Was 1994), the
moderately resistant variety “Achirana-INTA”
(Huarte et al. 1990) and the susceptible variety “Perri-
choli” (Centro Internacional de la Papa 2004), were
multiplied by stem cuttings for subsequent analyses.

PLRV infection assay

PLRV infection assays were carried out under green-
house conditions using a RCB (randomized complete
block) design of three blocks with experimental units
of ten plants per genotype. The Wrst two blocks were

evaluated in spring season (August–December 2003) at
La Molina, Lima (247 m above sea level, mean 17°C,
90% R.H.), while the third was assessed in rainy season
(January–May 2004) at La Victoria, Huancayo
(3,315 m above sea level, mean 17°C, 53% R.H.). The
virus isolate used was 01 from Peru, belonging to sero-
group 3 (Jayasinghe 1990). Inoculum was maintained
and subsequently propagated in plants of the suscepti-
ble cv. ‘Flor Blanca’. Virus was indexed with a double
antibody sandwich ELISA (DAS-ELISA) 30 days
after sowing.

The dihaploid population, LOP-868 and the controls
were inoculated with PLRV using the Chuquillanqui
and Jones method (1980), which entails shaking
PLRV-infected plants heavily-infested with Myzus per-
sicae Sulzer aphids over the test plants. The next day,
aphids were counted to record infection pressure.
Seven days after the inoculation, a systemic insecticide
was applied to kill the aphids. Forty days later, DAS-
ELISA (as described by Salazar and Jayasinghe 1997)
was carried out on individual plants to assess primary
infection. Samples comprised three leaXets from fully
expanded leaves of approximately the same size col-
lected from halfway up the stem which were prepared
in 2.5 ml of extraction buVer. Absorbance (A405 nm) val-
ues were determined one and a half hours after sub-
strate addition using a microplate reader (BIO-RAD,
Model 550). Samples showing an absorbance of
0.05 units higher than that of healthy samples were
considered positive (Tamada and Harrison 1980).

Plants negative to DAS-ELISA were allowed to
form tubers. One daughter tuber from each plant was
sown in the following spring (August–December 2004)
at La Molina. Forty days later, a DAS-ELISA was per-
formed on foliage to assess secondary infection.

Infection percentages were calculated as the number
of plants that tested positive to DAS-ELISA in pri-
mary or secondary infection cycles over the total num-
ber of plants tested per genotype and replication.
Average overall replicates were calculated for each
progeny genotype and their frequency distribution was
plotted. Pearson’s correlation coeYcient was estimated
among replicates for the arcsine of the percentage of
infection, in order to examine the correlation between
blocks.

AmpliWed fragment length polymorphism

DNA extraction was carried out on young leaves of
healthy plants using the CTAB method (Ghislain et al.
1999). AmpliWed fragment length polymorphism
(AFLP) analyses followed Vos et al. (1995) with minor
modiWcations, except that the streptavidin bead
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selection step was omitted. Primers were labeled with
33P so that Wngerprint patterns could be visualized after
electrophoresis on 6% denaturing polyacrylamide gels.
Twenty of the most informative AFLP primer combi-
nations from the European Ultra High Density (UHD)
map database (European Union project FAIR5-PL97-
3565 2001) were used. Eight of these combinations had
EcoRI and MseI as their restriction enzymes while the
other 12 had PstI and MseI as theirs. The parents used
to develop this UHD map, SH82-93-488 and RH89-
039-16, were included in all AFLP analyses.

Their DNA was kindly provided by Herman van
Eck from the Wageningen Agricultural University.

Each AFLP marker was named after its Keygene®

primer combination followed by its electrophoretic
mobility or gel order.

Linkage map construction

AFLP markers segregating from LOP-868 were scored
for presence and absence and tested for monogenic
ratios expected under autosomic tetraploid inheritance
(chromosomic and chromatidic) and classiWed accord-
ing to their inferred allelic dosage. Under random
chromosome segregation (i.e., when the marker is
close to the centromere), expected segregation ratios
are 1:1 if the marker is in simplex dose and 5:1 if it is in
duplex. Random chromatid segregation or double
reduction (Bradshaw 1994) changes the expected seg-
regation ratios to 0.86:1 for a simplex marker, 3.67:1 for
a duplex and 27:1 for a triplex. When a marker Wtted
more than one segregation ratio, it was assigned to the
class for which its test value was lower.

A genetic map was constructed using the statistical
program TetraploidMap (Hackett and Luo 2003).
Chromosome identiWcation relied on having at least
three markers from a linkage group that comigrated
with UHD alleles from a single chromosome (Rouppe
van der Voort et al. 1997). Map position of the factor
that controlled PLRV resistance was conWrmed with
previously-mapped SSR markers (Milbourne et al.
1998). The SSR protocol used is described elsewhere
(Ghislain et al. 1999).

Characterization of PLRV resistance mechanism 
in LOP-868

Back-test

Back-tests were carried out under greenhouse condi-
tions at La Molina (18.8°C, 89% R.H.) during Novem-
ber and December 2004. Virus-free plants of cv.
“Perricholi” were graft-inoculated with scions from 13

plants of LOP-868 and from 4 genotypes of its progeny
whose DAS-ELISA tests for secondary infection were
negative (7–18 plants were tested per genotype). Sci-
ons from Wve plants of infected “Perricholi” were used
as controls. Thirty days after grafting, DAS-ELISA
was performed on the rootstocks to detect the virus.

Resistance to virus accumulation

In order to assess the resistance of PLRV accumulation
of LOP-868, 11 plants of this accession and 6 of “Perri-
choli” were graft-inoculated with PLRV-infected sci-
ons of the susceptible cv. “Flor Blanca” under
greenhouse conditions at La Molina (October–December
2003, 18°C, 89% R.H). Three plants of “Perricholi”
and three of LOP-868 were grafted with healthy
“Perricholi” plants as negative controls. Fifteen days
later, the scions were removed. Thirty days after graft-
ing, quantitative DAS-ELISA (Barker and Harrison
1985) was carried out to estimate viral concentrations.
Samples were collected from halfway up the stem,
weighed and diluted with extraction buVer in a 1:4 ratio
(w/v). Titres were extrapolated from a standard curve
that correlated absorbance values and known PLRV
concentrations.

Results

PLRV infection

The average number of aphids per plant was 87 for the
Wrst replicate, 95 for the second one and 40 for the
third replicate of progeny individuals. In spite of these
diVerences in infection pressure, infection percentage
within genotypes showed consistency through repli-
cates as determined by a Pearson’s correlation test
(rI,II = 0.95, rI,III = 0.87, rII,III = 0.88).

The distribution of resistance to PLRV was bimodal
(Fig. 1). This allowed assigning nearly all of the parthe-
genotes to either of the two phenotypic classes. Prog-
eny genotypes with percentages of infected plants
under 13.5% (<4/30) were considered resistant and
those over 70% (>21/30) susceptible. Of the 149 geno-
types evaluated, 107 were regarded as resistant, 32 as
susceptible and 10 remained unclassiWed (having inter-
mediate percentages of infected plants). Sixty-three of
the 107 resistant genotypes did not have a single plant
infected out of the 30 tested.

All the genotypes classiWed as susceptible had high
absorbance values (primary infection average =
1.711 § 0.093). Quite the opposite, almost all of the
few plants of the resistant genotypes that became
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infected reached only low to moderate absorbance val-
ues (primary infection average = 0.530 § 0.465) sug-
gesting that they were not only resistant to infection by
aphid inoculation but to virus accumulation as well.

The phenotypic segregation was tested against
diVerent models for tetraploid inheritance. A �2 test at
a signiWcance level of P < 0.05 could not distinguish
between 3:1 and 3.7:1 ratio for the inheritance of the
resistance (Table 1). The former is expected for two
unlinked genes in simplex dosage (�2 = 0.20, P < 0.65)
while the latter is expected for one gene in duplex dos-
age assuming random chromatid segregation (� = 1/7,
�2 = 0.13, P < 0.72). Genetic mapping was pursued to
help ascertain if PLRV resistance is controlled by one
or two factors.

Linkage map

A total of 610 AFLP markers segregating from LOP-
868 were scored. About 272 markers (44.6%) were
classiWed as simplex and 118 as duplex (19.3%), assum-
ing random chromosome segregation; while 71 were

classiWed as simplex (11.6%), 46 as duplex (7.5%) and
23 as triplex (3.8%) assuming random chromatid segre-
gation (� = 1/7). Only 442 of these markers (72.7%)
were used in the genetic map construction because
markers that did not Wt any of the expected monogenic
segregation ratios, that only Wtted random chromatid
segregation, or that could not be scored with enough
certainty were excluded from further analyses. No
markers were identiWed in the progeny that were pres-
ent in either of the haploid inducers (IVP-101 and
596004.1) and absent in LOP-868, suggesting that all
dihaploids were formed by parthenogenesis.

The tetraploid genetic map has a total length of
1,074.8 cM comprising 13 linkage groups. Each linkage
group was identiWed when at least three markers comi-
grated with UHD alleles from a single chromosome
(Rouppe van der Voort et al. 1997). Chromosome
assignment and polarity were established this way,
except for chromosome VIII. The identity of this chro-
mosome was inferred from the fact that this chromo-
some was the only one left unassigned. As expected,
due to the fact that potato has 12 chromosomes, two
linkage groups belonged to the same chromosome, I, as
identiWed by their comigrating UHD alleles. A weak
association was observed between the homologs of
these two linkage groups but it was not possible to
merge them. A linkage group might split into two if a
region shows a high frequency of recombination (Rou-
ppe van der Voort et al. 1997) or if no polymorphic
markers are found.

Ninety-Wve AFLP markers comigrated with UHD
alleles, but only 68 of them could be mapped. Nine
(13.2%) of these 68 markers were homoplasic because
even though they were ampliWed with the same primer
combination and had the same electrophoretic mobil-
ity, they corresponded to UHD alleles previously
mapped to diVerent chromosomes.

Marker-trait association

Twenty-two AFLP markers were associated with
PLRV resistance as established by a test of indepen-
dence (� = 0.05). Eleven were linked in coupling while
the remaining 11 were linked in repulsion. All of these
linked markers mapped to chromosome V. AFLP
marker E35M48.192 (�2 = 123.68, P < 1.25E-26) is
tightly linked in coupling to the resistance factor
(Fig. 2). This marker showed only two recombinant
plants, out of 135, i.e., it was absent in one resistant
genotype whereas it was present in one susceptible
genotype.

ConWrmation of the position of the factor that con-
trolled PLRV resistance came from the ampliWcation

Fig. 1 Distribution of the percentage of infection with PLRV of
the LOP-868 derived progeny
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Table 1 Goodness-of-Wt of alternative expected segregation ra-
tios to establish PLRV resistance gene dosage in LOP-868

3R: 1S (two unlinked 
genes each one in 
simplex dosage)

Resistant Susceptible �2 (Probability)

Observed 107 32 0.655
Expected 104.25 34.75

3.7R: 1S (one gene in 
duplex dosage assuming 
a random chromatid 
segregation)

Resistant Susceptible �2 (Probability)

Observed 107 32 0.718
Expected 109.21 29.79
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of two chromosome-V-speciWc microsatellites in the
progeny. One of these microsatellites, STM0013, had
two alleles in simplex dosage associated with PLRV
resistance. One of the alleles was linked in coupling
while the other was linked in repulsion.

A factor that controls PLRV infection resistance,
Rladg, maps to the upper arm of chromosome V, at
13 cM from our uppermost marker (Fig. 3). It is pres-
ent in two homologs conWrming its double dose or
duplex stage in LOP-868 and located in coupling with
AFLP marker E35M48.192 at only 1 cM.

PLRV resistance mechanism in Solanum tuberosum 
ssp. andigena accession LOP-868

Back-test

PLRV was not detected in any of the 55 healthy plants
of “Perricholi” that were graft-inoculated with scions
of LOP-868 or of the 4 resistant dihaploid genotypes.
On the other hand, when infected “Perricholi” plants
were used as scions, PLRV was readily detected.

Resistance to virus accumulation

Following graft-inoculation of 11 plants of LOP-868
with infected “Flor Blanca” scions, mean PLRV titer
was 302.1 § 252.5 ng of virus per gram of tissue, while
the six plants of “Perricholi” treated the same way
averaged 2,558.2 § 505.6 ng. Mean virus concentra-
tion in LOP-868 was thus less than 12% of the con-
centration in the susceptible control. However, while
ten plants of LOP-868 had PLRV titers of less than
95 ng, one plant accumulated PLRV to the same
degree as was found in “Perricholi”. This LOP-868
plant had a PLRV concentration of 2,825.3 ng
(Fig. 4).

Discussion

The PLRV resistance of LOP-868 is not a consequence
of indirect resistance to aphids nor is it a form of
extreme resistance. No type of resistance to aphids was
detected since aphids easily colonized LOP-868 plants.

Fig. 2 Segregation of AFLP 
marker E35M48.192 linked in 
coupling to PLRV resistance. 
A resistant genotype recombi-
nant for the marker and the 
trait is indicated by an asterisk 
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Extreme resistance was ruled out because PLRV was
detected when plants were graft-inoculated.

LOP-868 appears highly resistant to PLRV infection
by aphids. Mihovilovich et al. (2006) were not able to
infect LOP-868 with pressures of up to 100 aphids per
plant. However, in the present work, virus was
detected in some of LOP-868 plants by secondary
infection. It has been reported that the absolute inci-
dence of infection with PLRV rises as inoculum pres-
sure increases (Barker and Harrison 1985; Brown et al.
1997) which might explain the results obtained. How-
ever, several characteristics support the classiWcation of
LOP-868 as highly resistant. An extremely high pro-
portion of the dihaploid progeny of this accession
(71.8%) was resistant to infection. Virus was not even
detected when a back-test was performed with LOP-
868 or a sample of the dihaploid genotypes negative to
DAS-ELISA, ruling out the hypothesis that PLRV
concentration in these plants was too low to be
detected. Furthermore, 73% of the plants of the resis-
tant control, DW.84-1457, became infected, a percent-
age signiWcantly higher than that observed in LOP-868.
It seems that the resistance mechanism in LOP-868 can
be overcome when PLRV inoculum pressure is very
high. This can be achieved either with grafting (since
the scion is able to continue multiplying the virus) or
with extremely high numbers of viruliferous aphid.

LOP-868 has a moderate level of resistance to
PLRV accumulation. Clones that are commonly
regarded as resistant to accumulation achieve PLRV
titers between 1 and 10% of the concentration found in
susceptible genotypes (Barker and Harrison 1985). In
this study, PLRV concentration in LOP-868 was about
12% of the concentration in “Perricholi”. Barker and
Harrison (1986) found that the restriction to PLRV
accumulation in resistant genotypes was a result of
fewer infected cells in the external phloem bundles and
not of a decreased virus replication in each infected

cell. Later, Derrick and Barker (1997) suggested that
impairment of short distance movement of virus from
sieve elements to companion cells seems to underlie
this resistance. These authors proposed that a gene
product in resistant genotypes may act directly against
a PLRV-encoded protein—putatively a phloem-spe-
ciWc movement protein. The fact that one plant of
LOP-868 achieved a concentration as high as that of
the susceptible control after graft inoculation shows
that this resistance mechanism can be overcome. It
seems that if the pathogen recognition or defense
response is compromised or delayed, plants of this
landrace might not successfully suppress PLRV move-
ment, allowing the virus to progress without restraint
as it does in a susceptible genotype.

PLRV resistance of LOP-868 (either to infection or
accumulation) seems to be controlled by a single mech-
anism. Genotypes that were susceptible to infection
also had high mean absorbance values whereas the
opposite was true for those resistant to infection. This
relationship would not have been expected if there
were two separate resistance mechanisms in LOP-868,
unless they were controlled by two tightly linked genes
on the same chromosome.

A major factor that controls the resistance to PLRV
infection is present in double dose in LOP-868. The use
of parthenogenetic dihaploids (2x) facilitated the eluci-
dation of the resistance genotype of this tetraploid land-
race (4x), without the inXuence of an additional genetic
background on the resistance phenotype of the progeny
(e.g., modiWcation or even suppression), as might be
present when an alternative, susceptible parent is used
to make a cross (Gebhardt and Valkonen 2001). Dihap-
loids have been used similarly in the past to determine
the breeding value or number of genes for desirable
traits of tetraploid varieties (Cipar and Lawrence 1972).
Parthenogenotes and anther-culture derived dihaploid
potato progenies were also used, respectively, to map
the H1 gene for resistance to G. rostochiensis (Pineda
et al. 1993) and to elucidate the major dominant gene
inheritance of Potato virus Y (PVY) from the tetraploid
cv. ‘Assia’ (Song et al. 2005).

The major factor reported here may represent either
a single gene or a chromosome region with several
tightly linked resistance genes. One example of two
closely linked genes is the R3 locus of potato. This
locus comprises two closely linked resistance genes,
R3a and R3b, which confer resistance to diVerent iso-
lates of Phytophthora infestans (Mont.) de Bary
(Huang et al. 2004).

This is the Wrst report of the location of a factor for
strong resistance to PLRV on chromosome V. Two
major QTLs for resistance to PLRV accumulation have

Fig. 4 Viral concentrations found in LOP-868 and in “Perri-
choli” after graft-inoculation with PLRV infected scions
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been reported on chromosome XI (PLRV.1 and
PLRV.4) (Marczewski et al. 2001, 2004). There is also a
QTL with small eVects (PLRV.3) located in chromosome
V although its position in this linkage group is unknown
because the marker associated with the resistance had a
skewed segregation (Marczewski et al. 2004).

The upper arm of potato chromosome V carries a
cluster of resistance genes (Gebhardt and Valkonen
2001) (between RFLP markers GP21 and GP179) com-
prising major genes for resistance to PVX (Rx2, Ritter
et al. 1991; Nb, De Jong et al. 1997) and Phytophthora
infestans (R1, Leonards-Schippers et al. 1992) and
major QTLs for resistance to P. infestans (Leonards-
Schippers et al. 1994), Globodera pallida (Stone) Beh-
rens and Globodera rostochiensis (Wollenweber)
(Grp1, Rouppe van der Voort et al. 1998a; Gpa, Caro-
mel et al. 2003, Kreike et al. 1994; Gpa5, Rouppe van
der Voort et al. 2000; GpaVS

spl, Caromel et al. 2005).
The factor that controls PLRV resistance is located
adjacent to these genes. It seems to be outside this dis-
ease resistance region because previous reference
maps (Milbourne et al. 1998) located the GP21–GP179
interval before STM0013, while the genetic map con-
structed in this study places Rladg 8 cM after STM0013.

The information from the ultra high density (UHD)
map developed by the European Community helped in
the identiWcation of the linkage groups. Without this
database (European Union project FAIR5-PL97-3565
2001), chromosome identiWcation would have required
the ampliWcation of additional reference markers, e.g.,
microsatellites from all 12 chromosomes. Nevertheless,
it should be taken into account that AFLP shows mod-
erate homoplasy (13.2% in this study), therefore, care
should be taken when assigning the same loci to comi-
grating AFLP markers, especially when the popula-
tions are phylogenetically distant (Rouppe van der
Voort et al. 1998b).

Immediate application of this mapping information
in marker-assisted selection is hampered by the comi-
gration of markers in the controls—which are not resis-
tant—with each of the markers associated in coupling
with resistance (with exception of one of the alleles of
STM0013). For instance, even though AFLP marker
E35M48.192 maps at only 1 cM from the resistance fac-
tor, a band that comigrated with this marker was found
in both haploid inducers, which are susceptible to
PLRV infection. This highlights the importance of
developing allele-speciWc markers for their use in
future marker-assisted selection programs.
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