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The little success of breeding approaches toward the improvement of salt tolerance in crop species is thought to be
attributable to the quantitative nature of most, if not all the processes implicated. Hence, the identification of some of the
quantitative trait loci (QTL) that contribute to natural variation in salt tolerance should be instrumental in eventually
manipulating the perception of salinity and the corresponding responses. A good choice to reach this goal is the plant model
system Arabidopsis, whose complete genome sequence is now available. Aiming to analyze natural variability in salt
tolerance, we have compared the ability of 102 wild-type races (named ecotypes or accessions) of Arabidopsis to germinate
on 250 mmM NaCl, finding a wide range of variation among them. Accessions displaying extremely different responses to
NaCl were intercrossed, and the phenotypes found in their F, progenies suggested that natural variation in NaCl tolerance
during germination was under polygenic controls. Genetic distances calculated on the basis of variations in repeat number
at 22 microsatellites, were analyzed in a group of either extremely salt-tolerant or extremely salt-sensitive accessions. We
found that most but not all accessions with similar responses to NaCl are phylogenetically related. NaCl tolerance was also
studied in 100 recombinant inbred lines derived from a cross between the Columbia-4 and Landsberg erecta accessions. We
detected 11 QTL harboring naturally occurring alleles that contribute to natural variation in NaCl tolerance in Arabidopsis,
six at the germination and five at the vegetative growth stages, respectively. At least five of these QTL are likely to represent
loci not yet described by their relationship with salt stress.

A major factor impairing worldwide agricultural
productivity is salinity, which is believed to affect
nearly one-fifth of the world’s irrigated land and
causes 107 irrigated hectares to be abandoned each
year (Boyer, 1982; Szaboles, 1987; Flowers and Yeo,
1995; Nelson et al., 1999). To solve the problems
caused by salinity in agricultural areas, some
engineering-based approaches have been applied,
such as increased irrigation with water of high qual-
ity or soil drainage. Because these expensive solu-
tions are not always practical, the study of plant salt
tolerance, with a view to identifying and eventually
manipulating the genes involved in salt perception
and responses, seems to be a more promising
approach.

Plant salt tolerance is a complex trait, which is
considered by many authors to be polygenic and
hence difficult to dissect and manipulate. The variety
of adaptive mechanisms that plants have evolved to
cope with salt stress (McCue and Hanson, 1990)
makes it difficult to choose of a single trait as a target
for manipulation aimed at significantly improving
plant salt tolerance. This might explain the lack of
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success of breeding programs developed with the
aim of obtaining crop varieties able to tolerate salt
stress while remaining productive in salinized lands
(Flowers and Yeo, 1995). Moreover, the series of
crosses necessary to complete a breeding program
aimed at the introgression of genes responsible for
desirable traits is time consuming, and it is not al-
ways possible to find wild relatives of a given crop
species displaying the traits of interest (Barkla et al.,
1999).

Genetic engineering of salt tolerance has been at-
tempted using mutational and transgenic ap-
proaches, one of which involves the transfer into
model systems, such as tobacco (Nicotiana tabacum) or
Arabidopsis, of transgenes designed to constitutively
express genes previously known to be involved in
salt tolerance in other plants or unicellular organ-
isms. Only marginal success in increasing salt toler-
ance has been obtained in this way, and the technol-
ogy is still not widespread in crop plants (Nelson et
al., 1999). The only exceptions are the recently ob-
tained transgenic tomato (Lycopersicon esculentum)
and canola (Brassica napus) lines, which overexpress
the AtNHX1 gene from Arabidopsis, coding for a
vacuolar Na*/H" antiporter (Zhang and Blumwald,
2001; Zhang et al., 2001). These transgenic lines were
able to grow and produce almost normal fruits in the
presence of 200 mm NaCl, a concentration that inhib-
its wild-type plant growth.

One strategy for studying and manipulating plant
salt tolerance that has received little attention is the
analysis of natural variability in a model system such
as Arabidopsis. This approach is now feasible be-
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cause of the availability of high-density genetic
maps, which include the positions of hundreds of
molecular markers, together with the development of
powerful software to map quantitative trait loci
(QTL). QTL analysis can be carried out in different
primary mapping populations, such as F,, recombi-
nant inbred lines (RILs), doubled haploid lines, and
backcross inbred lines (Yano, 2001). Among these,
RILs have many advantages when used to map QTL,
because they are permanent populations that can be
indefinitely amplified, and the new markers that are
mapped can immediately be integrated into their
genetic map (Alonso-Blanco and Koornneef, 2000).

In recent years, a large number of studies have
been performed with the aim of identifying QTL that
control agronomic traits such as biotic and abiotic
stress resistance, productivity, and earliness in rice
(Oryza sativa; McCouch and Doerge, 1995), salt toler-
ance during vegetative growth in barley (Hordeum
vulgare; Mano and Takeda, 1997) and rice (Koyama et
al., 2001), some morphological features and earliness
in cauliflower (Brassica oleracea; Lan and Paterson,
2000), and salt tolerance during germination and veg-
etative growth (Foolad, 1999), fruit size (Frary et al.,
2000), and soluble solids contents (Fridman et al.,
2000) in tomato. In the last two cases, the genes at the
QTL detected have been cloned, which demonstrates
that the QTL approach not only gives a relatively
wide genome interval but also facilitates the identi-
fication of the genes responsible for the trait under
study. In Arabidopsis, QTL have been identified that
control seed dormancy (Van der Schaar et al., 1997),
seed size (Alonso-Blanco et al., 1999), seed soluble
oligosaccharides and storability (Bentsink et al.,
2000), and flowering time (Kowalski et al., 1994;
Clarke et al., 1995; Alonso-Blanco et al., 1998; Juenger
et al., 2000). The cloning of the CRY2 gene of Arabi-
dopsis, encoding the blue-light receptor crypto-
chrome 2, using a QTL approach has recently been
reported (El-Assal et al., 2001).

In the present work, we analyze NaCl tolerance in
102 accessions and 100 RILs of Arabidopsis, with the
aim of identifying loci that control natural variations
in salt tolerance during the germination and vegeta-
tive growth stages. This experimental approach will
hopefully provide valuable insight into the identifi-
cation of genes whose eventual manipulation could
improve plant salt tolerance.

RESULTS

Natural Variability of NaCl Tolerance among
Arabidopsis Accessions

We first analyzed NaCl tolerance in a sample of 102
Arabidopsis wild-type strains or accessions (eco-
types), obtained from the Nottingham Arabidopsis
Stock Centre (NASC), all but 12 of which belonged to
the Arabidopsis Information Service collection (Rob-
belen, 1965; Kranz, 1978). Germination of approxi-
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mately 100% was obtained when seeds from these
accessions were sown on non-supplemented me-
dium. To normalize germination percentages, we re-
ferred the scores obtained on salt-supplemented me-
dia to those obtained on non-supplemented media.
On the basis of the emergence of the radicle through
the seed coat as a criterion for discriminating germi-
nated from ungerminated seeds, we found strong
variations in the ability of accession seeds to germi-
nate on 250 mM NaCl medium (Fig. 1). Germination
levels above 90% were obtained for 16 accessions:
Ak-1 (N938), Be-0 (N964), Bs-2 (N998), Bs-5 (N1000),
Columbia-4 (Col-4;, N1090), Cvi-0 (N1096), Di-2
(N1110), Ei-2 (N1124), Gu-0 (N1212), K&-0 (N1266),
Kn-0 (N1286), La-1 (N1302), Li-5 (N1320), Nc-1
(N1388), RLD1 (N913), and Su(5)-1 (N930). Abso-
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Figure 1. Germination rates of different Arabidopsis accessions sown
on growth media supplemented with 250 mm NaCl, determined 14 d
after sowing.

Plant Physiol. Vol. 130, 2002



lutely no germination was observed in nine acces-
sions: Bd-0 (N962), Bu-4 (N1012), Bu-15 (N1034),
Bu-17 (N1036), Bu-18 (N1038), Hodja-Obi-Garm
(N922), Li-5-3 (N1324), LI-1 (N1340), and Lz-0
(N1354). The remaining 77 accessions showed germi-
nation percentages ranging from 4.5 to 88.

The accessions showing more than 90% germina-
tion on 250 mM NaCl medium were later tested on
300 and 350 mMm NaCl. It was seen that N938 (Ak-1)
and N1302 (La-1) showed the highest germination
levels (94.8% and 93.2%, respectively, on 350 mm
NaCl) and these were selected as the most salt toler-
ant. Accessions unable to germinate on 250 mm NaCl
medium were sown on lower salt concentrations (50,
100, and 150 mm NaCl), N1038 (Bu-18), and N922
(Hodja-Obi-Garm) being chosen as the most salt sen-
sitive, because they displayed the lowest germination
values (68.9% and 76.7%, respectively, on 150 mm
NaCl). We could not find any correlation between the
salt tolerance of the selected accessions and the scarce
information available on the environmental condi-
tions of their habitats.

The most salt-tolerant accessions (N938 [Ak-1] and
N1302 [La-1]) were crossed with the most salt-
sensitive ones (N1038 [Bu-18] and N922 [Hodja-Obi-
Garm]) to ascertain whether or not their salt toler-
ance at germination is a monogenic trait. F, seeds
were obtained by selfing F; individuals grown on
non-supplemented medium. Germination of 100%
was obtained when F, seeds from each cross were
sown on non-supplemented medium. When addi-
tional F, progeny was sown on 250 mM NaCl, the
phenotypic segregation observed did not fit a mono-
genic transmission pattern, suggesting that the salt
tolerance displayed at germination by these acces-
sions was under polygenic control, in agreement
with the wide range of variations in salt tolerance
found among the accessions (data not shown).

To study whether or not salt tolerance during seed
germination and vegetative growth were related, we
determined the effect of NaCl on the growth of ac-
cessions displaying extremely different responses to
NaCl at germination. The N938 (Ak-1), N1302 (La-1),
N1038 (Bu-18), and N922 (Hodja-Obi-Garm) acces-
sions were sown on growth medium supplemented
with 50 mm NaCl, a concentration already shown to
permit the germination and growth of other acces-
sions (Quesada et al, 2000). The fresh and dry
weights of stressed and non-stressed plants were
determined as described in “Materials and Meth-
ods.” We found that the presence of NaCl decreased
both dry and fresh weights in the accessions selected
as the most salt tolerant at germination (14.5% and
31% fresh weight loss, and 7.5% and 27.2% dry
weight loss for N1302 [La-1] and N938 [Ak-1], respec-
tively). In contrast, a 14.7% and 7.3% increase in fresh
weight and 0% and 0.9% reduction in dry weight
were found for the most salt-sensitive ones (N1038
[Bu-18] and N922 [Hodja-Obi-Garm], respectively).
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These results suggest that the genetic controls of
NaCl tolerance during germination and vegetative
growth are independent in Arabidopsis.

Microsatellite Length Variation among Accessions

To investigate the phylogenetic relationships be-
tween the accessions selected as the most salt-
tolerant and -sensitive during germination, we ana-
lyzed variations in repeat number at 22 polymorphic
microsatellites in a sample of 11 wild-type strains: the
five most salt tolerant (Ak-1 [N938], Bs-2 [N998],
Estland [N911], Gii-0 [N1212], and La-1[N1302]) and
the five most salt sensitive (Bd-0 [N962], Bu-17
[N1036], Bu-18 [N1038], Hodja-Obi-Garm [N922],
and Li-5-3 [N1324]), together with Col-0 as the ref-
erence accession used to transform microsatellite
length in repeat number for each microsatellite allele
(see “Materials and Methods”). As Table I shows, the
average number of repeats ranged from 8.55
(ngal145 and ngal62) to 43.05 (AthGENEA), whereas
the number of alleles per locus ranged from 2
(ngall45) to 10 (nga6, AM4, and ngall39), with an
average of 6.45. The most frequent motif analyzed
was (GA),. In addition to the number of alleles per
locus, we also estimated gene diversity (expected
heterozygosity) to determine the level of microsatel-
lite polymorphism (see “Materials and Methods”).
The gene diversity ranged from 0.18 (nga1145) to 0.98
(AM4 and nga6), with an average of 0.79 for the 22
microsatellites. This value is the same as that ob-
tained by Innan et al. (1997), who analyzed a sample
of 20 microsatellites in a population of 42 accessions
of Arabidopsis while investigating the recent evolu-
tionary history of this species.

Several distance matrices were obtained with the
Microsat program, calculated on the basis of different
genetic distance measurements (see “Materials and
Methods”) and a consensus phylogenetic tree was
constructed from resampled data using the neighbor-
joining method. Most, but not all, the accessions with
a similar salt tolerance at germination could be
grouped in the same clade, indicating that the genetic
distance is shorter between strains with similar salt
stress responses than between those with different
responses (Fig. 2).

QTL Analysis

The above results suggested but did not demon-
strate that natural variation in NaCl tolerance at the
germination stage of Arabidopsis is a polygenic trait.
To ascertain the existence of the corresponding QTL
and to eventually determine their map positions, we
analyzed a sample of 100 RILs derived from a cross
between the Col-4 and Landsberg erecta (Ler-0) acces-
sions (Lister and Dean, 1993).
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Li-5-3 SS

La-1 ST

Gu-0 ST

Bs-2 ST

Ak-1 ST

Bu-17 SS

Col-0

Bd-0 SS

Estland ST

Hodja SS

Bu-18 SS

Figure 2. Phylogenetic tree of accessions displaying extremely dif-
ferent responses to NaCl. Extremely salt-sensitive and -tolerant ac-
cessions are indicated as SS and ST, respectively. The phylogram was
constructed using the NEIGHBOR program included in the PHYLIP
3.5c package, from a distance matrix calculated by the Microsat 1.5d
program on the basis of the number of repeats found in 22 polymor-
phic microsatellites, using the neighbor-joining algorithm and the
absolute distance (D,;) parameter.

Effects of NaCl on RIL Germination

To analyze the effects of salinity on RIL germina-
tion, two to four progenies per RIL were studied (see
“Materials and Methods”), sowing 100 seeds from
each progeny on growth medium supplemented with
250 mm NaCl. Considering as germinated those
seeds in which the radicle had emerged through the
seed coat, germination was scored at 24-h intervals
from the 3rd d after sowing until the score remained
unchanged for three consecutive days. Control sow-
ings were always performed in parallel in non-
supplemented media, to normalize germination per-
centages by referring scores obtained on salt-
supplemented media to those obtained on non-
supplemented media. Hence, the germination rate
for each RIL was the average of the different proge-
nies studied.

RIL germination on salt-supplemented media was
analyzed by using two parameters: the time in days
to reach a 50% germination (T5y; Foolad, 1999) and
the germination rate after 15 d of exposure to 250
mMm NaCl. We calculated the T, for all of the RILs,
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the only exception being the N1970 line, whose
germination rate was only 1.7% on 250 mm NaCl.
With regard to the germination rates determined
15 d after sowing, we obtained a wide spectrum of
values, ranging from 1.7% (N1970) to 98.5% (N1927
and N1999), most being above 70%. In contrast,
differences between the parental accessions Col-4
and Ler-0 were very small (Fig. 3A). Taken together,
these results indicate transgressive variation in both
directions as a consequence of the effects of alleles
that putatively increase and reduce salt tolerance in
both parental lines. The distribution fit to normality
was determined by x* analysis (x> = 42.8; P = 3.6 X
10~7; freedom degrees [FD] = 7; Fig. 3A), and the
angular (arcsin) transformation was considered the
best transformation that normalized the parameter.
In this way, normality was improved in the distri-
bution of transformed data (x* = 13.027; P = 0.071;
FD = 7; Fig. 3B). The frequency distribution of the
times to reach a 50% §ermination (Tso) was normal
as determined by a x” test (x> = 15.082; P = 0.035;
FD = 7), the differences between the parental acces-
sions being significant and displaying transgression
in both directions (Fig. 3C).

Effects of NaCl on RIL Vegetative Growth

To study RIL salt tolerance during developmental
stages other than germination, sowings were made in
medium supplemented with 50 mm NaCl. The fresh
and dry weights were determined for each RIL as
described in “Materials and Methods,” from the val-
ues obtained on NaCl-supplemented and non-
supplemented media.

We found great variability in the response of RILs
during vegetative growth to the moderated salt stress
caused by a medium supplemented with 50 mm
NaCl, the distribution of the variation in fresh and
dry weight being continuous and normal, as deter-
mined by x* analyses [(x* = 9.455; P = 0.222; FD = 7)
and (x* = 6.121; P = 0.047; FD = 7) for fresh and dry
weight, respectively] (Fig. 3, D and E). Differences
between the parental accessions were small for dry
weight and higher for fresh weight. Hence, both pa-
rental lines carry alleles that increase and reduce salt
tolerance, in agreement with the transgression
observed.

Correlation Analysis between the Traits Analyzed

Significant correlation was found between the
traits analyzed to study salt tolerance at germination,
as well as between the traits studied to analyze the
response to moderate salt stress during vegetative
growth. No significant correlation was found for any
other pair of traits (Table II).

QTL Mapping

The phenotypic values of the 100 RILs analyzed
and the data of the molecular markers of the Arabi-
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dopsis genetic map were used for QTL analysis using
the MapQTL 4.0 program (Van Ooijen and Malie-
paard, 1995), as described in “Materials and Meth-
ods.” Regarding the response to salinity at germina-
tion, six QTL were detected. Five of these QTL were
identified from the transformed values of the germi-
nation rates obtained 15 d after sowing, mapping on
chromosomes 1, 2, and 4. The QTL on chromosomes
2 (19.1 centiMorgans [cM]) and 4 (48.7 and 72.2 cM)
are major QTL (logarithm of odds [LOD] > 2.4),
whereas the remaining two are minor QTL (LOD <
2.4; Fig. 4A; Table III). With regard to the time course
of germination rates estimated from the T, values,
only a major QTL (LOD = 3.18) was detected, on
chromosome 3 (Table III; Fig. 4B).

Two LOD support intervals as 95% confidence in-
tervals and one LOD support intervals as 90% confi-
dence were established for the major and minor QTL,
respectively, the two LOD confidence intervals rang-
ing from 11 to 41 cM and the one LOD confidence
intervals from 9 to 20 cM.

Analysis of the variation in fresh weight on 50 mm
NaCl-supplemented media allowed us to identify
five QTL involved in salt tolerance during vegetative
growth: three major QTL located on chromosomes 4
(54.5 cM) and 5 (37.8 and 96.9 cM) and two minor
QTL on chromosomes 1 (125.4 cM) and 5 (77.3 cM;
Fig. 5). Their confidence intervals ranged from 19 to
28 cM and from 9 to 19 cM for the major and minor
QTL, respectively. No QTL was detected from the
dry weight data obtained.

Role of the QTL Detected in Salt Tolerance during
Germination and Vegetative Growth

We determined the additive effect of each identi-
fied QTL, considering the effect as positive when the
mean value of a trait in the plants carrying the Col-4
alleles was higher than that of the Ler-0 alleles (Table
III). On the contrary, a negative QTL effect was as-
sumed when the mean value of a trait in the plants of
the Ler-0 genotypic group was higher than that of the
Col-4 group. Therefore, the phenotypic value of
the trait under study is increased by Col-4 alleles
in the first case and by Ler-0 in the second one.
Compared with the Col-4 alleles, Ler-0 alleles in-
crease salt tolerance at four and three loci at germi-
nation (chromosomes 1, 3, and 4) and vegetative
growth (chromosomes 1, 4, and 5), respectively,
whereas Col-4 alleles positively contribute to salt
tolerance at the remaining four loci (two of them
controlling germination and the other two involved
in vegetative growth). The existence of alleles in-
creasing and reducing salt tolerance in Col-4 and
Ler-0 is in agreement with the transgression detected
in the RILs.

We also determined the phenotypic variation ex-
plained for each trait by the QTL detected. For the
transformed germination rate, the proportion of the

Plant Physiol. Vol. 130, 2002
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Table 1. Correlation coefficients between the traits analyzed

Germination Rate® Transformed T Variation in
ermination Rate Germination Rate? 0 Fresh Wt
Transformed germination rate® 0.9721°
Tso —0.6615" —0.6698
Variation in fresh wt —0.1079 —0.1418 0.0895
Variation in dry wt —0.1500 —0.1988 0.2512 0.6831°
*Determined 15 d after sowing. ba = 0.01.

total variation explained by the QTL is 31.7%. With
regard to the QTL identified from the Ts, values
obtained, the identified proportion of the total vari-
ation that it explains is 13.7% (Table III).

The proportion of the total phenotypic variation
explained by the QTL detected for vegetative growth
variation in fresh weight was 38.4%, ranging from
5.1% to 14.1% (Table III). As expected, QTL with a
large effect explained more phenotypic variation
than those with a small effect.

The map positions of the QTL detected for germi-
nation were not coincident with those obtained for
the QTL involved in salt response during vegetative
growth, suggesting that the mechanisms controlling
salt tolerance at both stages are different. This result
is in agreement with that obtained when we analyzed
salt tolerance during vegetative growth among the
Arabidopsis accessions.

>

Chromosome 1

Chromosome 2

LOD

Ol
© 4N W A O AN ® A O AN @R O AN ®AE O AN W N

Chromosome 3

QO Prorrr s et c i i i s s s e
T
W
Chromosome 4
a
]

Chromosome 5

o
S
8
8
8
g
B

140

Candidate Genes

With the aim of identifying candidate genes for the
QTL detected in this work, we compared their map
positions with those of the genes previously de-
scribed and considered likely to be relevant for salt
tolerance in Arabidopsis. We considered (a) genes
whose mutations cause a salt response different from
that of their wild-type ancestors during the vegeta-
tive growth (SOS1-SOS3 [Liu and Zhu, 1998; Zhu et
al., 1998; Liu et al., 2000; Shi et al., 2000] and PFS1
[Tsugane et al., 1999]) or during germination (SAN1-
SAN4 [Quesada et al.,, 2000] and rss [Werner and
Finkelstein, 1995]); (b) genes required for ABA per-
ception (ABI1-ABI5; Giraudat et al.,, 1992; Leung et
al., 1994, 1997; Meyer et al., 1994; Finkelstein et al.,
1998; Finkelstein and Lynch, 2000), modulation of the
ABA signal (ERAI [Cutler et al.,, 1996] and ABH1
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Figure 4. QTL contributing to NaCl tolerance at the germination stage of Arabidopsis, as determined with the MapQTL 4.0
program. One hundred RILs were analyzed by determining on growth media supplemented with 250 mm NacCl the angular
(arcsin) transformation of the germination rate, 15 d after sowing (A) and the variation with time of the germination rate (B;
Ts0). LOD threshold levels for major (2.4) and minor (1.5) QTL are indicated by dotted lines.
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Table Ill. QTL involved in NaCl tolerance during seed germination and vegetative growth in
Arabidopsis
. Ma Confidence Percentage of Additive
Trait Chromosome PositiEna LoD Interval Variance Exgplained Effect®
M cM
Transformed 1 209 1.72 13-33° 5.7¢ -0.07
germination rate 2 19.1 2.65 13-24¢ 8.64 0.13
4 11.9 2.04 7-20¢ 6.84 —0.08
4 48.7  2.75  36-57° 9.3¢ 0.10
4 72.2  2.56 61-102¢ 8.64 -0.09
31.7°
Tso 3 36.3  3.18 13-48°¢ 13.7° —0.50
Variation in fresh wt 1 125.4 221 116-125¢ 6.84 -3.22
4 545 3.8 46-65° 12.24 —4.21
5 37.8 433 34-56° 14.14 5.05
5 77.3 1.95 69-88°¢ 5.1 -3.39
5 96.9  3.06 88-116° 9.64 4.40
38.4

*Maximum likelihood map position.

Methods.” “Positions given correspond to 1-LOD confidence intervals.
explained by each QTL detected for a given trait.
intervals.

PAdditive effect determined as indicated in “Materials and

dPercentage of variance

“Positions given correspond to 2-LOD confidence
fPercentage of variance explained by all of the QTL detected for a given trait.

[Hugouvieux et al.,, 2001]), or ABA biosynthesis
(ABA1-ABA3; Koornneef et al., 1982, Léon-
Kloosterziel et al., 1996; Xiong et al., 2001) because
this plant hormone mediates abiotic stress responses;
and (c) genes involved in the response to other envi-
ronmental stresses such as freezing (SFRI-SRF7
[Thorlby et al., 1999], ESK1 [Xin and Browse, 1998],
and CHSI [Hugly et al., 1990]) or drought (ERD and
RD [Taji et al., 1999]).

The results of our search for candidate genes are
summarized in Table IV. It is of note that some of the
QTL detected map close to genes involved in ABA
responses (ABI1, ABI2, and ABI3), biosynthesis
(ABA3) or modulation (ABH1). It has previously been
reported that abi and aba mutants are more insensi-
tive to salt stress than their wild-type ancestors
(Werner and Finkelstein, 1995; Léon-Kloosteitz et al.,
1996; Quesada et al., 2000). Genes involved in other
environmental responses such as drought (RD26,
RD29A, RD29B, and DREBI) or freezing (SFR5 and
CBF1) could potentially correspond to some QTL
detected in this work (Table IV). Another significant
colocalization is the map position of the QTL on
chromosome 5 (69-88 cM), which is involved in the
variation in fresh weight, and that of the SOS2 gene,
whose product is a Ser/Thr protein kinase required
for salt tolerance during vegetative growth in Arabi-
dopsis (Liu et al., 2000). For the remaining QTL de-
tected, no obvious candidate gene could be assigned,
so that they probably represent new genes not yet
assessed for their role in salt tolerance.

DISCUSSION

As a result of environmental adaptation, Arabidop-
sis shows a wide spectrum of intraspecific variability
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in traits such as flowering time (Kowalski et al., 1994;
Alonso-Blanco et al., 1998), circadian rhythms (Swa-
rup et al., 1999), and seed size (Alonso-Blanco et al.,
1999), which suggests that this plant species may be
useful as a source of potential genetic resources.

In this work, we present results obtained from the
analysis of natural variations in NaCl tolerance in the
model plant Arabidopsis. We first compared the abil-
ity of 102 wild-type strains to germinate in saline
conditions. The broad spectrum of germination per-
centages obtained on 250 mm NaCl medium can be
interpreted as continuous variation among Arabi-
dopsis races, suggesting, but not demonstrating, that
such natural variability is controlled by QTL. We
isolated wild-type strains displaying extremely dif-
ferent germination responses to NaCl and the results
from their intercrosses indicated that the studied trait
was likely to be under polygenic control.

We studied salt tolerance during vegetative growth
in the wild-type races selected as extremely salt tol-
erant or extremely salt sensitive at germination by
sowing them on 50 mm NaCl medium. The results
obtained when the responses to salt stress during
germination and vegetative growth were compared
suggested that the genetic controls underlying NaCl
tolerance in Arabidopsis are different, because the
most tolerant accessions to NaCl at germination were
the most sensitive to this salt during vegetative
growth. Similar results have been previously re-
ported for other plant species such as soybean (Gly-
cine max; Abel and Mackenzie, 1963), wheat (Triticum
aestivum; Kumar et al., 1983), alfalfa (Medicago sativa;
Johnson et al., 1992), barley (Mano and Takeda, 1997),
and tomato (Foolad, 1999).

We analyzed the phylogenetic relationships be-
tween the wild-type strains with extremely different
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Figure 5. QTL contributing to NaCl tolerance during vegetative
growth in Arabidopsis. One hundred RILs derived from a cross
between the Col-4 and Ler-0 accessions were analyzed by determin-
ing for each of them the ratio between the fresh weight of the aerial
part of the plants grown on media supplemented with 50 mm NacCl
and the fresh weight obtained on non-supplemented media, 21 d
after sowing. The analysis of the data was performed as described in
Figure 4.

salt tolerance at germination, studying variation in
the repeat number at 22 polymorphic microsatellites
in these wild-type races. The average gene diversity
value obtained (0.79) was the same as that reported
by Innan et al. (1997), who studied variation in repeat
number at 20 microsatellite loci in 42 accessions. This
polymorphism level is also comparable with that

Genetic Analysis of NaCl Tolerance in Arabidopsis Accessions

described in previous analyses performed in Arabi-
dopsis (Todokoro et al., 1995). The genetic distances
obtained indicated that most accessions with similar
salt tolerance at germination are phylogenetically re-
lated, because they can be grouped in the same clade.

We determined that the RILs used in this work
(Lister and Dean, 1993) show moderate variability in
their germination rates in 250 mm NaCl. These re-
sults agree with those obtained by Van der Schaar et
al. (1997), who studied seed dormancy in these RILs,
also finding a moderate variability. We found very
small differences between the parental accessions
(Col-4 and Ler-0) in their germination rates deter-
mined 15 d after sowing on 250 mm NaCl, in contrast
with the significant differences observed between
both wild-type strains in morphological features
such as bearing, silique size, or flowering time. Dif-
ferences between Col-4 and Ler-0 were more pro-
nounced when it came to variations in the time
needed to reach T5, on 250 mm NaCl. No significant
differences were found in the Ty, values reached by
the RILs and their parental accessions when sown on
non-supplemented media (data not shown), indicat-
ing that the Ts, differences between Col-4 and Ler-0
are attributable to a different salt stress response.

A significant correlation was found between ger-
mination rates and Ts, values in the presence of
NaCl: RILs with the highest germination rates also
yielded the lowest Ts, values. With regard to their
salt tolerance during vegetative growth, differences
found between the parental accessions Col-4 and
Ler-0 were higher than those found when we studied
the germination rate on NaCl. No correlation was
found between the salinity responses of the RILs
during germination and vegetative growth, in agree-
ment with the results obtained with the accessions
showing extremely different salt tolerance. It is to be
noted that the frequency distribution of the traits
analyzed in the RILs is continuous and normal, sup-
porting the polygenic nature of salt tolerance in
plants (Lindsey and Jones, 1989).

Table IV. Co-ocurrence of QTL positions and candidate genes

Map Position

Candidate Genes

Trait Chromosome (Interval) (Map Position) References
M
Transformed 1 20.9 (13-33)  SFR5 (19.8) Thorlby et al. (1999)
germination rate ABA3 (25) Xiong et al. (2001)
2 19.1 (13-24) ABHT1 (24) Hugovieux et al. (2001)
4 72.2 (61-102) RD26 (72.8) Taji et al. (1999)
ABIT (72.9) Meyer et al. (1994)
CBF1 (74) Jaglo-Ottosen et al. (1998)
DREBTA&C (74) Liu et al. (1998)
Tso 3 36.3 (13-48)  ABI3 (38) Giraudat et al. (1992)
Variation in fresh wt 5 77.3(69-88) SOS2 (70) Liu et al. (2000)
5 96.9 (88-116) RD29A (104.7) Horvath et al. (1993)
RD29B (104.7) Nordin et al. (1993)
ABI2 (112) Leung et al. (1997)
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The use of interval analysis and the multiple-QTL
model mapping method (MQM; Jansen, 1994) al-
lowed us to identify 11 genomic regions containing
loci involved in the response to salt stress in Arabi-
dopsis. This number of loci is similar to that detected
by Mano and Takeda (1997) in barley and by Foolad
(1999) in tomato. The percentage of variance ex-
plained by each QTL found in our work is similar to
that reported by Foolad (1999) in tomato: more than
10% and from 5% to 10% for each major and minor
QTL, respectively.

When we analyzed salt tolerance at germination,
six QTL were detected, five of them contributing to
the germination rate and the remaining one to its
variation with time estimated from the Ts, values.
Despite the significant correlation found between Ts,
and germination rate values, the map positions of Ts,
and percentage germination QTL were different. The
map position of the T5, QTL detected in our work
(36.3 cM) is very close to the location of the ABI3 gene
(38 cM), which encodes a transcriptional regulator
that participates in the transduction of the ABA sig-
nal in seeds (Giraudat et al., 1992). Likewise, the QTL
on chromosomes 1 (20.9 cM), 2 (19.1 cM), and 4 (72.2
cM) map very close to the genes ABA3 (encoding a
molybdenum cofactor sulfurase involved in the last
step of ABA biosynthesis [Xiong et al., 2001]), ABH1
(encoding a mRNA cap binding protein required to
modulate ABA signaling [Hugovieux et al., 2001]),
and ABI1 (encoding a protein phosphatase that
participates in ABA signaling [Leung et al., 1994]),
respectively.

Because it is well documented that ABA plays a
major role in the response to osmotic stress during
germination (Begum et al., 1992; Groot and Karssen,
1992; Ni and Bradford, 1993), some of the QTL iden-
tified in this work are likely to be related to osmotic
stress. In fact, abi and aba mutants are able to germi-
nate better than their wild-type ancestors in saline
conditions (Werner and Finkelstein, 1995; Léon-
Kloosteitz et al., 1996; Quesada et al., 2000). Signifi-
cantly, Mano and Takeda (1997) found that the major
QTL controlling ABA response at germination in bar-
ley mapped very close to that of QTL involved in salt
tolerance at the same developmental stage, support-
ing a role for ABA-related genes in the control of salt
responses during germination. Taken together, these
results indicate that natural allelic variations in genes
involved in ABA signaling or biosynthesis are good
candidates to account for the differences in salt re-
sponses between Ler-0 and Col-4, the parental acces-
sions of the RILs studied here. Nevertheless, we can-
not rule out that other environmental stress response
genes that colocalize with the QTL mentioned above
(such as SFR5, RD26, CBF1, or DREBI) might be
responsible for the differences between Ler-0 and
Col-4 regarding salt tolerance during the germination
stage.
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No candidate genes could be assigned to the re-
maining QTL detected during germination on the
basis of the comparison of their location with that of
genes previously mapped and reported to be related
with salt stress. Nevertheless, the existence of wild-
type strains exhibiting differences in salt response
greater than that of Col-4 and Ler-0, as found in our
accession analysis, suggests that additional loci may
be involved in the control of salt tolerance at germi-
nation in Arabidopsis. Detection of these loci would
require the analysis of RIL mapping populations de-
rived from crosses including accessions displaying
large differences in their responses to salinity.

With regard to the vegetative growth analyses, five
QTL were detected from the data for variations in
fresh weight. The location of the QTL on chromo-
some 5 (77.3 cM) is close to that of the SOS2 gene,
whose product is a Ser/Thr protein kinase required
for K" nutrition and NaCl tolerance during vegeta-
tive growth in Arabidopsis (Liu et al., 2000). Another
QTL on chromosome 5 (96.9 cM) maps very close to
some genes whose expression is induced in response
to osmotic stress, such as RD29A (Horvath et al.,
1993) and RD29B (Nordin et al., 1993), both encoding
hydrophilic proteins, or whose product is involved in
the ABA signal transduction pathway, such as the
ABI2 gene (Leung et al., 1997).

The map positions of the QTL found to be involved
in salt responses during vegetative growth are differ-
ent from those of the QTL involved in the same
response at germination. This is in agreement with
the correlation analysis of our data and with the
results obtained in the study of accessions, reinforc-
ing the hypothesis of different genetic controls regu-
lating salt tolerance in different developmental
stages in Arabidopsis.

In the work presented here, we have analyzed nat-
ural variations in NaCl tolerance in a wide sample of
wild-type strains and RILs. Our results indicate that
NaCl tolerance in Arabidopsis is a quantitative trait
under polygenic control. This study allowed us to
identify genomic regions involved in the responses to
NaCl at germination and during vegetative growth.
Results obtained from the accessions and the RILs
indicate the existence of different genetic controls
acting on the responses to NaCl during germination
and vegetative growth. At least five of the 11
genomic regions identified are likely to represent
new loci not yet described by its relationship with
salt tolerance. Further analyses involving KCI and
mannitol will be required to determine whether these
QTL affecting NaCl tolerance are ion specific or are
associated to osmotic stress rather than sodium
toxicity.

The information reported in this work will contrib-
ute to the identification and eventual manipulation of
Arabidopsis genes involved in natural variation in
salinity responses. This might also be applied to ag-
ronomic species, in which their orthologs could be

Plant Physiol. Vol. 130, 2002



identified and eventually manipulated to increase
their yield under saline conditions.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The list of studied Arabidopsis accessions, whose seeds were provided by
the NASC, includes the following: NW20, N904, N906, N908, N911, N913,
N915, N917, N920, N921, N922, N924, N930, N932, N933, N938, N950, N956,
N960, N962, N964, N976, N984, N996, N998, N1000, N1008, N1012, N1018,
N1026, N1032, N1034, N1036, N1038, N1040, N1050, N1052, N1074, N1076,
N1082, N1090, N1092, N1094, N1096, N1104, N1108, N1110, N1114, N1116,
N1118, N1120, N1124, N1126, N1130, N1132, N1140, N1142, N1150, N1170,
N1172, N1174, N1176, N1178, N1182, N1184, N1194, N1196, N1198, N1204,
N1212, N1214, N1216, N1228, N1248, N1250, N1256, N1266, N1276, N1280,
N1286, N1296, N1300, N1302, N1304, N1306, N1316, N1320, N1324, N1340,
N1346, N1348, N1354, N1356, N1358, N1366, N1370, N1382, N1388, N1396,
N1601, N2223, and N3110.

Fg seeds of a set of 100 RILs developed by Lister and Dean (1993), derived
from a cross between the Arabidopsis accessions Ler-0 and Col-4, were
analyzed. These seeds were provided by the NASC with the following
accession numbers: N1900, N1901, N1903 to N1908, N1910 to N1971, N1973
to N1999, N4664, and N4686.

Sterile (in 150-mm petri dishes containing 100 mL of agar medium) and
non-sterile (in pots containing a 1:1:1 [v/v] mixture of perlite, vermiculite,
and sphagnum moss) cultures were performed at 20°C = 1°C, 60% to 70%
relative humidity, and continuous illumination of 7,000 lux, as described in
Ponce et al. (1998).

Detection of Microsatellite Variation

DNA isolation and PCR amplifications were performed as described in
Ponce et al. (1999). This high-throughput method is based on multiplex PCR
amplification of microsatellites, followed by fluorescent semi-automated
detection of the amplification products in an ABI PRISM 377 DNA se-
quencer (PerkinElmer Life Sciences, Boston). Genomic DNA samples of each
accession were used as templates in four parallel multiplex PCR mixtures,
each of which included five to six primer pairs. Each primer pair included
one oligonucleotide labeled with a fluorochrome (HEX, 6-FAM, and TET
phosphoramidites). The microsatellites co-amplified in each reaction mix-
ture and the fluorochrome used to identify the corresponding amplification
product (in parentheses) were as follows: nga361 (TET), AthACS (TET),
AthGAPAab (6-FAM), AthZFPG (6-FAM), ngallll (HEX), and AthCHIB
(HEX) in mixture 1; ngal62 (6-FAM), ngall07 (TET), ngall45 (HEX),
ngall39 (HEX), ngal68 (6-FAM), and AthGENEA (TET) in mixture 2; nga6
(HEX), AthCTR1 (TET), AthPHYC (6-FAM), T27k12-Sp6 (6-FAM), and
ngall26 (TET) in mixture 3; and MBK5 (HEX), ngal2 (HEX), AM4 (TET),
ngalll (6-FAM), and ngal39 (TET) in mixture 4. The sequences of the
oligonucleotides used were as described in Ponce et al. (1999).

Microsatellite lengths were determined using the GENESCAN 2.1 frag-
ment analysis software (Applied Biosystems, Foster City, CA). The number
of repeats for each allele was estimated by comparing the size of its ampli-
fication product with that of the Col-0 accession, which was determined by
Bell and Ecker (1994).

Gene diversity (or expected heterozygosity, H) was estimated following
Nei (1973) and Innan et al. (1997): n (1 — Sp?)/(n — 1), where n is the number
of samples and p is the frequency of an allele. The Microsat 1.5d program
(E. Minch, unpublished data; available at http://hpgl.stanford.edu/
projects/microsat/) was used to obtain genetic distance measurements. This
program allows calculation of the D, parameter (Goldstein et al., 1996),
among others, for microsatellite data. The distance matrices obtained were
used to construct a consensus phylogenetic tree (Innan et al., 1997) with the
NEIGHBOR program, included in the PHYLIP 3.5¢ package (Felsenstein,
1993). Trees were plotted with the Treeview program (Page, 1996).

QTL Analysis

We constructed a linkage map using 173 molecular markers (42, 24, 29,
38, and 40 markers, respectively, for chromosomes 1-5), all of which were
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already genotyped by previous authors in at least 90 of the RILs studied
here (information available at http://nasc.nott.ac.uk/RI_data/full_markers.
text). These markers covered 519.5 cM (more than 85% of the Arabidopsis
genome) and were spaced at intervals ranging from 0.5 to 8 cM, their
average distance being 3 cM. The progeny from two to four plants per RIL
was tested, and the average percentage for each phenotypic trait was
determined. The germination ratio data were transformed by arcsin trans-
formation to improve normality of the data. To perform QTL analyses, mean
values for each RIL were used.

The computer program MapQTL 4.0 (Van Ooijen and Maliepaard, 1995)
was used to identify the QTL linked to the molecular markers by using first
interval mapping (Lander and Botstein, 1989) and then MQM mapping
(Jansen, 1994). After interval mapping analysis, different combinations of
the markers linked to the identified QTL were tested as cofactors for MQM
mapping. We refined QTL intervals in this way, selecting as cofactors those
markers that maximized the variance explained by each QTL. Those QTL
detected with a LOD score above the threshold of 2.4 were considered as
major QTL, whereas those below 2.4 but above 1.5 LOD scores were con-
sidered as minor QTL. These threshold levels are assumed to be equivalent
to P = 0.001 and P = 0.01 values, respectively, in single-marker analyses
(Lander and Botstein, 1989). QTL likelihood plots were constructed from the
LOD scores obtained, using the SigmaPlot 2000 program (v6.0, Statistical
Products and Service Solutions, Chicago). One and two LOD support inter-
vals were established as 90% and 95% confidence intervals, respectively
(Van Ooijen, 1992). The MapQTL program was also used to obtain estimates
of the additive effect and the percentage of variance explained by each QTL,
as well as the total variance explained by all of the QTL affecting each of the
traits were analyzed.

Measurement of Germination

To study salt tolerance in accessions, 100 seeds from each wild-type line
were used. To search for loci involved in salt tolerance at germination, two
to four progenies (100 seeds per progeny) from each RIL or 100 F, seeds
from each cross between salt-tolerant and -sensitive accessions were used.
Water-suspended seeds were sown using a Pasteur pipette, at a density of
200 (RILs) and 100 (F, and accessions) regularly spaced seeds per plate, in
150-mm petri dishes filled with 100 mL of agar medium supplemented with
250 mm NaCl. We considered as germinated those seeds whose radicle had
emerged through the seed coat. Germination response was scored during
the 4 weeks after sowing. For each RIL progeny, we determined the germi-
nation percentage and the number of days required to reach the 50% of the
final germination (Ts,) on 250 mm NaCl.

Measurement of Growth

Salt tolerance at the vegetative growth stage was tested by sowing seeds
from the accessions N938, N1302, N1038, and N9222 and three progenies
from each RIL on both non-supplemented and 50 mm NaCl-supplemented
agar medium. Ten and 15 stressed or non-stressed plants from each RIL
progeny and the above-mentioned accessions, respectively, were collected 3
weeks after sowing. Fresh weight was determined immediately after harvest
and dry weight after desiccation for 24 h at 50°C in an oven.
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