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Abstract Identification of quantitative trait loci (QTL) re-
sponsible for stress tolerance could help to develop new
tolerant potato cultivars through markers-assisted selection.
The objective of the research was to identify and map loci
that may play major role in the control of osmotic stress
tolerance in potato under in vitro vegetative growth condi-
tions. Mannitol-induced osmotic stress response of cv.
White Lady and breeding line S440 as well as their 85F1
progeny for root number and root length under in vitro
conditions was investigated. Interval mapping based on
200 informative markers produced a molecular marker
map comprising 13 linkage groups for White Lady and 14
for S440. In total, 14 QTLs with LOD>2 were identified
from which 6 were confirmed as major QTLs. Of those six,
three were associated with root length and three with root
number. For root length, one major QTL was identified on
chromosome XII (LOD04.8), which explained 52.3 % of
the phenotypic variance. Two other major QTLs from an
unidentified chromosome explained 64.9 and 51 % of the
phenotypic variance with LODs of 5.34 and 4.8,

respectively. For root number, one QTL with 19.2 % of
the phenotypic variance (LOD of 2.9) was tentatively iden-
tified on chromosome IX, while another was putatively
identified on chromosome XII (LOD of 2.4), together
explaining 26.8 % of the phenotypic variance.

Resumen La identificación de loci de rasgos cuantita-
tivos (QTL) responsables de la tolerancia al agobio
podría ayudar a desarrollar nuevas variedades de papa
tolerantes mediante selección asistida por marcadores. El
objetivo de la investigación fue identificar y crear un
mapa de loci que pudiera jugar un papel importante en
el control de la tolerancia al agobio osmótico en papa
bajo condiciones de crecimiento vegetativo in vitro. Se
investigó la respuesta del agobio osmótico inducido por
manitol de la variedad White Lady y de la línea de
mejoramiento S440, así como de su progenie 85 de F1,
para número y longitud de raíces, bajo condiciones in
vitro. Mapeando a intervalos con base en 200 marca-
dores informativos se produjo un mapa de marcadores
moleculares compuesto por 13 grupos ligados para
White Lady y 14 para S440. En total, se identificaron
14 QTL con LOD>2, de los cuales 6 fueron confirma-
dos como QTL’s mayores. De esos seis, se asociaron
tres con longitud de raíz y tres con número de raíces.
Para longitud de raíz, se identificó un QTL mayor en el
cromosoma XII (LOD04.8), lo que explicó 52.3 % de la
varianza fenotípica. Otros dos QTL mayores de un cromo-
soma no identificado explicaron 64.9 y 51 % de la varianza
fenotípica con LODs de 5.34 y 4.8, respectivamente. Para el
número de raíces, un QTL con 19.2 % de la varianza fenotíp-
ica (LOD de 2.9) se identificó tentativamente en el cromo-
soma IX, mientras que otro se identificó presumiblemente en
el cromosoma XII (LOD de 2.4), juntos explicando 26.8 % de
la varianza fenotípica.
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Introduction

Compared with other species, potato is very sensitive to
water-stress because of its shallower root system (Iwama
and Yamaguchi 2006), and has been classified as moderate-
ly salt-tolerant to moderately salt-sensitive (Maas 1985).
Improvement in root traits (root number and root length) is
considered to be important for developing osmotic stress
tolerant genotypes (Rossouw and Waghmarae 1995; Iwama
and Yamaguchi 2006; Lahlou and Ledent 2005). Larger and
deeper roots have been shown to contribute to osmotic
tolerance in many crops, including potato (Schafleitner et
al. 2007; Lahlou and Ledent 2005). The accumulation of
polyols (mannitol, sorbitol, inositol and their derivatives) is
considered to be related to drought and salinity stress toler-
ance in many plant species (Peuke et al. 2002; Sakthivelu et
al. 2008; Ehsanpour and Razavizadeh 2005; Mohamed et al.
2000; Watanabe et al. 2000; Dobranszki et al. 2003).

The evaluation of osmotic stress tolerance in potato geno-
types (Solanum spp.) in conventional field trials is rather time
consuming and labour intensive. The results are often con-
founded by many field and environmental variations (Ingram
et al. 1994; Erusha et al. 2002; Iwama and Yamaguchi 2006;
Georgieva et al. 2004). Simulation of osmotic stress under in
vitro tissue culture conditions can minimize environmental
variation due to the use of defined nutrient media, controlled
conditions and homogeneity of stress application. In 1993,
Leport et al. stated that in vitro selection for stress tolerance
will have a significant place in the strategy for establishing
plant systems with optimal stress reaction and output in the
future. Applying osmotic stress during the regeneration
phase was found to be the most efficient for the selection
for drought tolerance (Hsissou and Bouharmont 1994).
Gopal and Iwama (2007) investigated in vitro screening
of potato against osmotic stress mediated through sorbitol
and mannitol. Their results demonstrated that osmotic
factors in culture media adversely affected plantlet growth,
and genotypes differed in their responses. They concluded
that in vitro screening of potato under specific and limited
osmotic stress conditions may provide a system capable of
effectively differentiating genotypes for their expected root
mass production under field conditions.

Abiotic stress tolerance in plants is known to be a quan-
titatively inherited trait. It is generally under the control of a
small number of quantitative trait loci (QTLs). The identified
advantageous marker alleles could help to introduce new
varieties having higher tolerance to osmotic stress by marker
assisted selection of genotypes with higher phenotypic value
(Bálint et al. 2008). Recently, progress has been made in

developing the theory of linkage analysis and quantitative trait
locus mapping in autotetraploid species for a full-sib family
derived from crossing of two parents (Luo et al. 2001; Hackett
et al. 2001). Bradshaw et al. (2008) applied interval mapping
of quantitative trait loci for 16 yield, agronomic and quality
traits in potato, in total identifying 39 QTLs.

Genetic linkage maps are essential to identify a QTL and
are valuable in basic genetic studies or in applied breeding
programs, especially for the identification and selection of
genotypes with specific combinations of favourable traits. To
develop a linkage map by classical genetic markers such as
morphological traits, several segregating populations are
needed, as only a limited number of loci segregates in each
population. With the initiation of molecular markers, unlimit-
ed amounts of segregating loci have become available from a
single cross. For outbreeding species like potato, heterozy-
gous parents are used to obtain segregating populations, and
mapping can be carried out in the F1 progeny of a single cross.

In the present study our aim was to identify and map
major QTLs affecting the osmotic stress tolerance in tetra-
ploid potato during vegetative growth under in vitro con-
ditions. Osmotic stress tolerance was characterized by root
length and root number, namely, the higher these values the
higher the osmotic stress tolerance of that genotype was
considered. According to our knowledge, this is the first
report to applying SCoT markers (Collard and Mackill
2009) and Intron targeting markers, for the construction of
a linkage map in tetraploid potato.

Materials and Methods

Plant Material

The mapping population used in this study was obtained from
a single cross between Hungarian potato cultivar White Lady
(WL) and the breeding line S440 (male parent). Based on their
reaction under field conditions, these parental genotypes differ
in their reaction to natural heat and drought stress. WL is more
tolerant than S440. Eighty five F1 genotypes were randomly
selected from the segregating population and used to investi-
gate osmotic stress, QTL analysis and mapping.

Osmotic Stress Assay

To discriminate stress sensitive and tolerant parents, the in
vitro osmotic stress conditions were optimized. At first 40,
three leaf stage shoot tips of WL and S440 grown on basic
MS media were cultured individually in glass tubes contain-
ing 10 ml basic MS salts medium supplemented with dif-
ferent concentration of mannitol (0 (without mannitol) as
control, 0.15 mol/dm3, 0.2 mol/dm3 and 0.3 mol/dm3, ten
plants/concentration) at 16/8 hours illumination and 20 °C.
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The study was carried out as a factorial experiment based on a
completely randomized design, 10 replications and two fac-
tors. After 10 days, data were recorded for root number and
root length. In the second experiment osmotic stress tolerance
of 85 F1 genotypes was tested under the same conditions but
only at the selected 0.3 M concentration of mannitol.

Genomic DNA Isolation

Genomic DNA was extracted from 80 mg of leaf and stem
tissue of in vitro plants using the procedure of Walbot and
Warren (1988).

Molecular Marker Assays

A total of 57 primer pairs including 13 SCoT, 10 Intron
targeting (IT), 11 ISSR, 2 SSR, 1 SCAR and 20 RAPD were
used to discover polymorphic fragments using an Eppendorf
Mastercycler ep 384 (Eppendorf, Germany) and a Robocy-
cler (Stratagene, USA).

IT Analysis

PCR was conducted with a final reaction volume of 12 μL.
PCR reaction mixture contained 40 ng DNA as template,
1.2 μl from each 10 PicoM 12-mer primer, 1.2 μl 2 mM
dNTP (Fermentas, Lithuania), 1.5 μl 10× PCR buffer
(1 mM Tris-HCl, pH 8.8 at 25 °C, 1.5 mM MgCl2, 50 mM
KCl and 0.1 % Triton X-100) and 0.29 U of DyNAzyme II
(Finnzymes, Finland) polymerase. The reaction was per-
formed based on the following profile: 3 min at 94 °C,
followed by 35 cycles at 94 °C for 1 min, 51 °C for 1 min
and 72 °C for 1 min. The final extension step was at 72 °C
for 10 min. Amplified PCR products were mixed with 5 μl
BPB dye (99.5 % de-ionsied formamide, 10 mM EDTA pH
8, 0.05 % bromphenol-blue, xylene-cyanol dye solution,
1 μl steril H2O) and separated on 1.5 % agarose gels
(Promega, USA) in 0.5× TBA ( Tris-HCl, Boric acid,
EDTA). After electrophoresis, amplified bands were visual-
ized by ethidium-bromide staining, and documented with a
GenGenius Bio Imaging System (Syngene, UK).

SCAR Analysis

PCR reaction mixture, analysis and documentation of
amplified products were conducted as described for IT
primers. Amplification conditions were 1 min initial de-
naturation step at 94 °C, followed by 35 cycles of 30 s
at 94 °C, 1 min at 54 °C, and 1 min at 72 °C. The
reactions were completed by a final extension step of
10 min at 72 °C.

SSR Analysis

The simple sequence repeat (SSR) markers (Milbourne et al.
1998) localized on potato chromosome XI and XII were
tested. The PCR reaction was performed using 25 μL reac-
tion mixtures in a Robocycler (Stratagene, USA) with 96-
well microtiter plates containing the following components:
50 ng DNA, 0.5 μL 10 mM dNTP (Fermentas, Lithuania),
2.5 μL 10× Taq buffer (Fermentas), 2 μL 25 mM MgCl2
(Fermentas), 1 μl from each 10 PicoM primer, 0.5 u Taq
DNA polymerase (Fermentas). PCR was carried out by
initially denaturing template DNA at 94 °C for 4 min, fol-
lowed by 35 cycles at 94 °C for 30 s, 51 °C for 30 s, and
72 °C for 1 min. The final extension step was at 72 °C for
5 min. PCR products were separated on a 1.5 % agarose gel
(Promega, USA) in 0.5× TBE buffer and were stained with
ethidium-bromide.

SCoT, ISSR and RAPD Analysis

Amplification conditions, PCR reaction mixture, analysis
and documentation of amplified products were conducted
according to Gorji et al. (2011).

Construction of Linkage Map

Preliminary cluster analysis was done on each parent for
the markers identified as simplex, using the simple
matching coefficient. These identified markers were lo-
cated on the same chromosome. All simplex, duplex
and multi-allelic markers were then analyzed by group
average cluster analysis to partition them into LGs (Luo
et al. 2001). Markers were analysed on the two parents
separately. For each LG, recombination frequencies and
LOD scores between every pair of markers were calcu-
lated for all possible phases using the expectation-
maximization (EM) algorithm, as described by Luo et
al. (2001). A simulated annealing algorithm (Hackett et
al. 2003) was used to identify the order with the min-
imum value of the weighted least squares criterion
(Stam 1993) and to calculate map distances between
the markers. A permutation test (Churchill and Doerge
1994) was used to establish a 99 % threshold for
declaring a simplex to double-simplex linkage. Tetra-
ploidMap software was used to analyse data (Hackett
and Luo 2003).

Statistical Analysis

Amplified products were scored as present (1) or absent (0)
to form a binary matrix. Ambiguous bands were discarded.
QTL analysis, detection of homologous chromosomes and a
permutation test were performed using TetraploidMap
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software (Hackett and Luo 2003). Statistical analysis was
carried out using the SPS V11.5 and SAS system V8.

Results

Investigation of Parents

Results of the factorial analysis showed that under the
examined conditions the mean root number was signif-
icantly different between WL (6.98/plant) and S440
(5.93/plant) (p> <alpha>0 0.05). WL had the same root
number irrespective of applied mannitol concentration,
while the root number of S440 gradually decreased with
increasing osmotic stress. However, this decrease was
significant for 0.3 mol/dm3 mannitol only. The root
number for S440 was greater than for WL under the
0.0 mol/dm3 mannitol concentration (control condition),
but was not significant. However, root number was
lower at each level of osmotic stress, indicating its
higher susceptibility. The results also revealed that the
difference between WL and S440 was only significant
under severe osmotic stress (Table 1).

For root length, the two parents did not differ from
each other significantly at any of the tested mannitol
concentrations. However, the increasing mannitol con-
centration significantly decreased the root length for
both parents. The highest decrease was recorded at
0.3 mol/dm3 mannitol. The result also showed that at
each level of osmotic stress the root length of S440 was
higher than that of WL but this difference was not
significant (Table 1).

F1 Genotypes

The variance analysis indicated that the effect of osmotic
stress on root number was highly significant at genotype
level (p<0.0001). WL, genotype 457, 103 and 460 pro-
duced significantly more roots than the others. Altogether,
15 genotypes showed greater values than the parent S440
but it was only significant for genotype 457, 103 and 460.

For root length, significant differences were detected
between genotypes (p<0.0001). Thirteen and nineteen gen-
otypes had longer roots than S440 and WL, respectively.
However, it was only significant for genotype 448 (Fig. 1).
In general, genotypes with a higher number of roots usually
also had longer roots (Fig. 1). Analysis of regression for
curve estimation between root number and root length
showed that observed data are fitted to a quadratic trend
(Fig. 2). A Pearson correlation coefficient revealed that there
is a positive and significant correlation between root number
and root length (r00.66).

Construction of Genetic Linkage Map

White Lady Eighty nine markers were used to construct a
partial linkage map of WL. Of these, 65 segregated in a 1:1
ratio (P<0.001) and 24 segregated in a 5:1 ratio with P<
0.01. A single linkage clustering and an average linkage
clustering were used to recognize the number of linkage
groups. The result of single linkage clustering identified
12 groups at a similarity of 0.93. The average linkage
clustering formed 12 LGs at a similarity of 0.31. Therefore,
a linkage map was built on the distribution of 104 (15 ITs, 2
SSRs, 8 SCoTs, 5 ISSRs, 1 SCAR and 58 RAPDs) markers
into 12 co-segregation groups with 2–20 markers. Any
marker that showed a poor fit in the ordering was moved
to another group, to a new group or was excluded altogether,
leading to the construction of 13 LGs. IT and SSR markers
were used to identify different LGs corresponding to the
chromosomes. Following this analysis, three LGs were
identified corresponding to three chromosomes:

Chromosome VII

This group has an IT marker (f79) which was amplified with
a primer pair that was designed based on the EST sequence
having full homology to chromosome VII of potato. F79
was found to be a simplex marker and linked in repulsion
with the duplex marker f52 and simplex marker f99. The
LOD and recombination frequency (RF) of f79 with f99

Table 1 Mean comparison of root number and root length of White
Lady and S440 (α00.05)

Treatment Root number (No) Root length (cm)

Parents (factor A)

WL 6.98 a 2.72 a

S440 5.93 b 2.95 a

Mannitol concentration (mol/dm3)(factor B)

0.0 (control) 7.5 a 4.20 a

0.15 6.4 ab 2.92 b

0.20 6.3 ab 2.37 c

0.30 5.6 b 1.84 d

Interaction between parents and mannitol concentration (factor AxB)

S440×0.0 (control) 7.7 a 4.43 a

WL×0.0 (control) 7.3 ab 3.97 a

WL×0.15 6.6 ab 2.83 bc

WL×0.20 7.0 ab 2.27 cd

WL×0.30 7.0 ab 1.80 d

S440×0.15 6.2 ab 3.01 b

S440×0.20 5.6 bc 2.46 bcd

S440×0.30 4.2 c 1.86 d

Means with the same letter are not significantly different
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were 0.59 and 0.21, and those were 1.21 and 0.26 with f52,
respectively. The map is shown in Fig. 3(i).

Chromosome XI

An anchor-IT marker, f78, and four other IT markers and a
RAPD marker were found in this group. The primers for
identification of f78 were designed based on the Ry1In gene
sequence, which shows high homology to chromosome XI
of potato. F78 was found to be a simplex marker and linked
in coupling with the duplex RAPD marker f42, and in
repulsion with 2 simplex markers (f84 and f89) and 2 duplex
markers (f83 and f87). F83, f84, f87 and f89 were also IT
markers but the chromosomal position of those markers
could not be determined by the homology test. The range
of LOD score and recombination frequency between f78
and other markers were from 0.57 to 0.93 and from 0.002
to 0.28, respectively. The map is shown in Fig. 3(e).

Chromosome XII

This LG includes 10 markers of which 5 are IT, 1 SSR,
1 SCAR, and 3 RAPD. The Rysto gene was previously
also located in this group. F23 (Cat260) is an anchor
marker for chromosome XII (Cernak et al. 2008) and
maps in the same location with f24 (IT) and f25
(SCAR) markers. F23 is a simplex marker and linked
in coupling with 7 simplex markers (f28, f37, f80, f26,
f24, f25 and f27) and a duplex marker f77 (RAPD).
F23 also linked in repulsion with the duplex marker f58
(RAPD). The LOD score of f23 with other markers in
this group was usually high. The maximum LOD was in
association with f24 and f25 (22.58) and the minimum
was associated with f58 (0.41). The range of recombi-
nation frequency between f23 and other markers was
from 0 (f24 and f25) to 0.31 (f58). F26 (STM0003) is
also an anchor marker for chromosome XII (Milbourne
et al. 1998) and maps at 6 cM apart from f23 and was
5 cM distant from Rysto on the other side. F26 is also a
simplex marker and linked in coupling with 7 simplex
markers (f28, f37, f80, f23, f24, f25 and f27) and a
duplex marker f77. F26 also linked in repulsion with
the duplex marker f58. The minimum and maximum
LOD between f26 and other markers in this group
ranged from 0.98 (f77) to 14.14 (f23, f24 and f25),
and the recombination frequency also ranged from
0.0029 (f77) to 0.29 (f28) (data not shown). The map
is shown in Fig. 3(g).

S440 A total of 111 markers were used to construct the
genetic linkage map of S440. Among them 95 were
found to be simplex, while 16 were duplex markers.
The result of the single linkage clustering revealed 12
co-segregation groups at a similarity of 0.96. The aver-
age linkage clustering formed 12 linkage groups at a

Fig. 2 Curve estimation between root number and root length using
White Lady, S440 and 85 F1 genotypes. The regression lines for the
linear and quadratic trends are described by the equations: RN ¼ 0:9
23þ 1:587� andRN ¼ �0:181þ 3:4��0:61�2 , where RN is
root number and x is root length (r200.60)

Fig. 1 Root number (a) and root length (b) of F1 genotypes
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similarity of 0.33. Therefore, we first created a linkage
map with 12 homology group comprising 3–23 markers.
Two groups were subsequently divided, following more
detailed assessment of recombination frequencies inside
the groups. From 14 LGs, we recognized three linkage
groups corresponding to two chromosomes (IX and XII)
based on the IT markers. The map is shown in Fig. 3.

Chromosomes Identified by ITs

Chromosome IX A simplex (m100) and a duplex (m101) IT
marker with high homology to chromosome IX mapped in
different LGs. We assume that these two LGs represent
chromosome IX, and were marked with A and B until
supplementary marker data are obtained (Fig. 3a and b).
The m101 is a duplex marker and is linked in coupling with
two duplex (m48 and m129) and two simplex markers (m54
and m58). The m57 simplex marker was also linked in
repulsion with m101. The recombination frequency of
m101 with other markers in this LG was low and ranged

from 0.0006 to 0.132. The LOD was scored from 1.32 to
6.92. All markers linked with m101 were RAPDs except
m129, which was an ISSR marker. The m100 is a simplex
marker and linked in repulsion with seven other simplex
markers (m24, m82, m49, m61, m27, m16 and m45), of
which m16 and m24 are ISSR and the remaining are RAPD
markers. The recombination frequency of m100 with other
markers ranged from 0.03 to 0.24. The LOD between m100
with other markers was generally low and scored from 0.45
to 1.53.

Chromosomes XII The simplex IT marker m97 identifies
and aligns the S440 map of chromosome XII (Fig. 3c).
One duplex and 6 simplex markers are linked in repul-
sion with m97. Four simplex markers are also linked in
coupling with m97. The recombination frequency of
m97 with other markers in this group ranged from
0.21 to 0.44. Only the LOD score of two markers
(m33 and m71) were more than 3 in connection to
m97. We estimate that the designation of these as

Fig. 3 Overall Linkage Groups
and QTLs (highlighted). The
two parents are shown
separately but the four
homologous chromosomes are
merged into a single map.
Anchore markers are
underlined, WL white lady, a
LGIIa (Chromosome IX), b
LGIIb (Chromosome IX, c
LGVII (Chromosome XII), d
LGX, e LGII (Chromosome
XI), f LGV, g LGIX
(Chromosome XII), h LGX, i
LGXII (chromosome VII)
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chromosome XII is tentative (because of its RF) until
further mapping data are obtained.

QTL mapping

Root Length Nine QTLs with LOD>2 were identified for
root length. From those, six were for WL and three were for
S440. The results of a permutation test confirmed 3 of those as
major QTLs (Fig. 4). All these QTLs have two copies of
dominant alleles for increasing resistance to osmotic stress.
From these QTLs, 2 are in homology groups Vand IX of WL
and one is in homology group X of S440. The homology
group IX was identified as chromosome XII using anchor
markers, as outlined above. The QTLs on linkage group V
of WL and X of S440 were closely linked in coupling to
simplex ISSR marker f13 (2 cM) and SCoT marker m12
(4 cM), and individually explain 64.9 and 54.8 % of pheno-
typic variance withmaximumLOD 5.34 and 5.1, respectively.
The QTL on chromosome XII of WL was closely linked in
coupling to RAPD marker f58 (2 cM) and individually
explains 52.3 % of the phenotypic variance with maximum

LOD 4.8. It is also closely linked to a QTL (RN1) of root
number (<0.3 cM) that was not recognized as a major QTL
based on a permutation test but individually explains 29.74 %
of phenotypic variance with LOD 2.23. The locations of the
QTLs are shown in Fig. 3. The positions, LOD scores and
percentage phenotypic variance explained for the full model
of six QTL genotypes is shown in Table 2.

Root Number Five QTLs with LOD>2 were detected for
root number. From these QTLs, 3 were identified as being in
White Lady and 2 in S440. Three of the QTLs were recog-
nized as major QTLs based on the permutation test results
(Fig. 4). Two of these major QTLs were in S440 and one in
WL. The QTL in WL is in homology group X and closely
linked in coupling to duplex RAPD markers f54 (3 cM) and
f20 (4 cM) and confer resistance to osmotic stress. It has two
copies of dominant alleles on a chromosome in homology
group X and maps in 46 cM of a QTL of root length (RL4),
which explains 54.5 % of the phenotypic variance with a
maximum LOD of 3.92. The maximum LOD and variance
explained for the QTL related to root number in that linkage

Fig. 4 Results of a permutation test for major QTLs. a, b and d show
the LOD profile for root length. c, e and f show the LOD profile for
root number. 90 % and 95 % thresholds are shown as horizontal lines in

the upper panel. FM profile of full model, SM profile of simple model.
LG linkage group, WLWhite Lady
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group were 2.87 and 19.19 %, respectively (Table 2.). There
are two copies of dominant alleles on chromosomes in
homology groups VII and X of S440. The first one narrowly
linked in coupling to simplex RAPD markers m33 (2 cM)
and m51 (2 cM). It individually explains 26.8 % of the
phenotypic variance with maximum LOD 2.4. It is also
mapped closely (2 cM) to a QTL (RL8) for root length,
which explains 38.4 % of the phenotypic variance with
LOD 2.65. The QTL in homology group X individually
explains 43.1 % of phenotypic variance (LOD 3.14) and
closely (3 cM) linked in coupling to the simplex ISSR
marker m123. It is linked to a major QTL of root length
(RL9) that explains 54.76 % of variance with maximum
LOD 5.1. Linkage between QTLs of root number and root
length infer that they could in fact be the same allele as the
two traits are associated. However, there are inadequate
bridging markers to decide whether the QTLs in homology
group X are the same locus in the two parents.

Assessment of Markers Closely Mapped to QTLs

Comparison of molecular data for markers which closely
map to major QTLs and the result of in vitro assessment
using 15 tolerant and 15 susceptible genotypes revealed that
marker m12 was able to verify 55 % of in vitro results. The
rate for f13, f20, f58, m51 and f54 were 55, 50, 45, 42 and
40 %, respectively.

Discussion

Osmotic stresses are among the major abiotic stress factors
affecting significantly the success of plant production. Eval-
uation of osmotic stress tolerance/susceptibility is an

essential step in the process of plant improvement. In the
present study, we evaluated the osmotic stress response of
two potato genotypes and their 85 F1 progenies (cv.WL,
female parent and S440, male parent) under in vitro condi-
tion. The results showed that there is a difference between
the parents in term of root number and root length when
different concentrations of mannitol were used. Related to
root number, S440 proved to be more susceptible to osmotic
stress than WL. This phenomenon is in agreement with field
behaviour of parents where WL has less tuber defects and
lower yield decrease to drought and heat stresses. The
concentration of 0.3 mol/dm3 mannitol was found to be
appropriate for the discrimination of sensitive and tolerant
genotypes to osmotic stress based on factorial analysis. For
root number, the difference between sensitive and tolerant
potato cultivars under in vitro and osmotic stress conditions
was previously reported by Dobranszki et al. (2003). Our
result revealed that root length is more susceptible to os-
motic stress than root number. In our study there was no
significant difference between WL and S440 for root length
at different levels of mannitol. As the root number of S440
was comparable to WL under normal conditions, and was
significantly less at the maximum concentration of manni-
tol, we assume that a higher concentration of mannitol
(above 0.3 mol/dm3) may also discriminate WL and S440
based on root length. Root mass should be increased in
tolerant potatoes under osmotic stress. Larger and deeper
roots have been shown to contribute to drought tolerance in
potato and many other crops (Schafleitner et al. 2007;
Lahlou and Ledent 2005). Maruyama et al. (2008) declared
that the root-bending ratio of lettuce (Lactuca sativa L.),
which is an indicator of growth sustainability under stress
(Howden and Cobbett 1992; Wu et al. 1996), was not
affected at mannitol concentrations up to 5.0 %

Table 2 Estimated parameters
from QTL analysis

LG linkage group and R20%
phenotypic variance explained,
+H1 means the presence of ho-
mologous chromosome 1 (Q), –
H1 means the absence of homo-
logue 1 (q), H2/3 means the
presence of H2 and/or H3 (Q–)
and H14 means the presence of
H1 and H4 (qq),WLWhite Lady,
major QTLs are shown in bold

Trait Parent LG Position cM Lod R2 Simplex marker highest mean (SE)

RL1 WL IV 62 2 29.5 H14 9.82 (1.32)

RL2 WL V 12 5.34 64.86 H14 10.53 (0.551)

RL3 WL IX 30 4.82 52.3 H14 11.00 (0.713)

RL4 WL X 76 3.92 54.45 H14 10.47 (0.647)

RL5 WL XI 62 2.55 18.24 -H1 5.93 (444)

RL6 WL XII 10 2.75 41.14 H1410.82 (0.946)

RL7 S440 V 56 3.1 28.45 H14 11.91 (1.432)

RL8 S440 VII 22 2.65 38.41 H14 11.33 (1.405)

RL9 S440 X 52 5.1 54.76 H14 10.45 (0.650)

RN1 WL IX 30.26 2.23 29.74 H14 5.85 (0.550)

RN2 WL X 122 2.87 19.19 H12 3.50 (0.228)

RN3 WL XII 6 2 30.20 H14 5.77(0.520)

RN5 S440 VII 24 2.4 26.79 H34 4.1 (0.238)

RN6 S440 X 52 3.14 43.1 H14 5.1 (0.364)
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(~280 mM) but declined with increasing mannitol concen-
trations ranging from 5.0 % to 12.0 %.

The result of the F1 genotypes showed that a significant
difference (<0.0001) exists between genotypes for root
number and root length at 0.3 M mannitol concentration.
Transgressive segregation for root length was found in the
present population and only one genotype (448) produced
significantly longer roots than the parents. Lilley et al.
(1996) previously reported a transgressive segregation in
rice under osmotic stress condition.

Genetic Linkage Map and QTLs

A genetic linkage map represents the relative order of genetic
markers along chromosomes. The first genetic linkage map
in a non-inbred species was developed for potato, using the
segregation data from only one of the parents (Bonierbale et
al. 1988). Later, Gebhardt et al. (1989) used the approach
with allelic bridges to align the parental maps. Other genetic
linkage maps in potato were constructed by Jacobs et al.
1995; Van Eck et al. 1995; Milbourne et al. 1998; Brugmans
et al. 2006; Bradshaw et al. 2008, and have enabled the
localization of resistance genes, quality traits and QTLs. A
complete linkage map of potato would comprise 12 sets of
four homologous chromosomes (homology or LGs), and the
12 LGs would be numbered from I to XII (Dong et al. 2000;
Celebi-Toprak et al. 2005; Bradshaw et al. 2008). In the
present study, 13 LG groups were established for WL and
14 LG groups for S440 after omitting double-simplex
markers. Double-simplex markers are very uninformative
about recombination and should be omitted from the linkage
maps of the parents (Bradshaw et al. 2008). The 13 WL
groups (total map length 951 cM) were aligned with those
from S440 (total map length 1,096 cM). There were insuffi-
cient bridgingmarkers betweenWL and S440 to be accurately
aligning the parental maps. For that reason QTL models were
also fitted to the two parents separately. The same result was
previously reported by Bradshaw et al. (2008) for tetraploid
potato. Furthermore the map we developed was not an im-
provement on the previously published one and, consequently,
we could not compare our map with it.

The linkage map for chromosomes XII was the most
appropriate because it was identified by two well character-
ized chromosome specific IT and SSR marker. Bradshaw et
al. (2008) identified chromosomes IV and V as the most
acceptable with two well characterized chromosome specif-
ic SSR markers. However, there were characterized chro-
mosome specific markers for chromosomes VII and XI of
WL and IX and XII of S440. As a rule of thumb that at least
three putatively homologous markers per LG should be used
for chromosome identification (Rouppe van der Voort et al.
1997), chromosomal identification of those LGs is tentative,
with varying degrees of ambiguity until they can be

associated with well characterized SSR, IT or other chromo-
some specific markers.

For mapping and QTL analysis in potato and for suffi-
ciently following the products of meiosis in the offspring, it
is important to have adequate simplex markers on each of
the 48 chromosomes of both parents. Duplex markers are
necessary for identifying homologous chromosomes. As
recombination frequencies from simplex/duplex markers in
coupling and repulsion are estimated with equal accuracy, in
theory, a single duplex marker per LG would be sufficient
(Bradshaw et al. 2008). In the present study, we used 65
simplex and 24 duplex markers for mapping of WL and 95
simplex and 16 duplex markers for mapping of S440.
Hackett et al. (1998) used 14 simplex and 4 duplex markers
per set of four homologous chromosomes in their simulation
study and concluded that a population size of at least 150,
and preferably 250, should be used to identify homologous
chromosomes. Hence we just constructed an overall map for
each LG. Our results also showed that there was no even
distribution of duplex markers for parents. This result is in
agreement with the results of Bradshaw et al. (2008) in
potato. They suggested that increasing the number of primer
combinations should provide more than enough duplex
markers present in one parent and absent in the other. It
remains to be seen if in future SNPs will provide the re-
quired density of markers more cheaply and easily but the
same problems have to be faced over linkage phase.

The use of genetic linkage maps can help to identify the
loci contributing to adaptive changes in populations. Maps
with a density of markers around 20–30 cM are sufficient
for detecting the presence of QTLs, and increasing marker
density allows more precise positioning of the QTLs
(Darvasi and Soller 1994). Moreover, the introduction of
DNA-based molecular markers allows the identification of
genetic factors (QTLs) underpinning the variation of quan-
titative traits (Tanksley 1993; Quarrie 1996; Ribaut et al.
1997; Tuberosa et al. 1998; Sari-Gorla et al. 1999). Al-
though QTLs for root characteristics have been extensively
analyzed in other plants, such as rice (Yadav et al. 1997;
Price et al. 2000), limited information is available for potato.
This study indicates the possibility of using in vitro tests to
identify QTLs for traits of the root system in tetraploid
potato. A total of 14 QTLs with LOD>2 were identified.
As probably only a small portion of the genome was actu-
ally sampled we suppose that more QTLs relevant to os-
motic stress should probably exist. Bradshaw et al. (2008)
confirmed that some QTLs with a large effect may have
been missing through inadequate marker coverage on some
chromosomes but it is more likely that many QTLs of minor
effect remain undetected.

Out of 14 QTLs, only 6 of them were confirmed as a
major QTL based on the permutation test. Of those, 3 QTLs
were for root length and 3 for root number. Three QTLs for
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root length explained 51, 52.3 and 64.9 % of phenotypic
variance, individually. This range of phenotypic variance
was previously reported by Bradshaw et al. (2008) for
maturity (one QTL), after cooking blackening (six QTLs)
and tuber shape (four QTLs) of potato. Three major QTLs
for root number explained 19.2, 26.8 and 43.1 % of varia-
tion, independently. This range of phenotypic variance pre-
viously accounted for four QTLs of sprouting and fry colour
of potato (Bradshaw et al. 2008). For each major QTL, we
identified close markers that mapped at 2 to 4 cM from
them. These markers were able to verify 40 % to 55 % of
in vitro results. The development of near-isogenic lines at
this QTL region would provide a valuable opportunity to
validate and further characterize its effects on other quantity
traits such as yield under osmotic stress conditions. Based
on the phenotypic variance of 8 remaining QTLs, these were
found not be major QTLs based on the permutation test
being relatively high and ranged from 18.2 % to 54.5 %.
QTLs with minor to intermediate effects, rather than ones of
large effect, have been reported by other researchers for
some of the traits. Bonierbale et al. (1993) identified 26 loci
from seven of the potato LGs where restriction fragment
length polymorphisms (RFLPs) were associated with mea-
sured yield characteristics in diverse tetraploid germplasm.
Freyre et al. (1994) identified six QTLs (one on each of six
LGs) for dormancy in a population derived from diploid (S.
tuberosum x S. chacoense) x S. phureja. In the same popu-
lation a total of ten putative QTLs for specific gravity (DM)
were located on six LGs (Freyre and Douches 1994). Van
den Berg et al. (1996a, b) detected QTLs affecting tuber-
ization and dormancy in reciprocal backcrosses between S.
tuberosum and S. berthaultii. Eleven distinct loci on seven
LGs were associated with variation in tuberisation. Most of
the loci had small effects but a QTL explaining 27 % of the
variance, which was found on LG V (tuberisation in long
days could be interpreted as early maturity). QTLs were
detected on nine LGs that affected tuber dormancy at 13 °
C in the dark, either alone or through epistatic interactions.
Schaefer-Pregl et al. (1998) identified eight putative QTLs
for tuber yield on eight LGs using RFLP markers on two
different crosses among dihaploid breeding lines. Menendez
et al. (2002) mapped QTLs for cold sweetening in diploid
potato. QTLs for sugar content were located on all potato
chromosomes with some explaining >10 % of the variability
for reducing sugars located on six LGs.

In conclusion, our study demonstrates that root number
and root length are appropriate traits to study of osmotic
stress under in vitro conditions and are suitable to identify
QTLs responsible for osmotic stress tolerance. Identified
markers that were closely mapped with major QTLs could
be used for the selection of osmotic stress tolerant geno-
types. Nevertheless, further experiments are needed to con-
firm their usability to discriminate resistant/susceptible

genotypes with known root mass production under field
conditions.
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