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Salt stress is one of the most serious environmental factors limiting the productivity of crop plants. To understand the
molecular basis for salt responses, we used mutagenesis to identify plant genes required for salt tolerance in tomato.
As a result, three tomato salt-hypersensitive (tss) mutants were isolated. These mutants defined two loci and were
caused by single recessive nuclear mutations. The tss1 mutant is specifically hypersensitive to growth inhibition by
Na* or Li* and is not hypersensitive to general osmotic stress. The tss2 mutant is hypersensitive to growth inhibition by
Na* or Li* but, in contrast to tss1, is also hypersensitive to general osmotic stress. The TSS1 locus is necessary for K+
nutrition because tss1 mutants are unable to grow on a culture medium containing low concentrations of K*. Increased
Ca2?* in the culture medium suppresses the growth defect of tss7 on low K+. Measurements of membrane potential in
apical root cells were made with an intracellular microelectrode to assess the permeability of the membrane to K+ and
Na*. K*-dependent membrane potential measurements indicate impaired K+ uptake in tss7 but not tss2, whereas no
differences in Na* uptake were found. The TSS2 locus may be a negative regulator of abscisic acid signaling, because
tss2 is hypersensitive to growth inhibition by abscisic acid. Our results demonstrate that the TSS1 locus is essential for
K* nutrition and NaCl tolerance in tomato. Significantly, the isolation of the tss2 mutant demonstrates that abscisic

acid signaling is also important for salt and osmotic tolerance in glycophytic plants.

INTRODUCTION

Environmental stresses are among the most limiting factors
to plant productivity. Among these, salinity is one of the
most detrimental (Boyer, 1982). The progressive salinization
of irrigated land limits the future of agriculture in the most
productive areas of the world (Ashraf, 1994). The deleterious
consequences of high salt concentrations in the external so-
lution of plant cells are hyperosmotic shock and ionic imbal-
ance (Niu et al., 1995; Zhu et al., 1997). When salinity results
from an excess of NaCl, homeostasis of not only Na* and
Cl~ but also K* and Ca?* is disturbed (Serrano et al., 1999;
Hasegawa et al., 2000; Rodriguez-Navarro, 2000). Plant sur-
vival and growth are dependent on adaptations that rees-
tablish ionic homeostasis, thereby minimizing the duration
of cellular exposure to disequilibria of ions.

Much effort has been devoted toward understanding the
adaptive mechanisms of plant salt tolerance (Bohnert et al.,
1995; Zhu et al., 1997). A common approach used to deter-
mine such mechanisms has been to identify cellular pro-
cesses and genes whose activity or expression is regulated
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by salt stress (Bray, 1993; Botella et al., 1994; Zhu et al.,
1997; Hasegawa et al., 2000). Identification of these salt-
regulated genes has allowed a better understanding of the
complexity of salt tolerance in higher plants (Cushman et al.,
1990; Bray, 1993; Serrano and Gaxiola, 1994; Zhu et al.,
1997; Hasegawa et al., 2000). However, even though many
of these salt-regulated genes may be involved in salt toler-
ance, it is now clear that most of them have very small
effects on tolerance, as deduced from overexpression stud-
ies. Therefore, other strategies to identify the regulatory
genes that control them are needed (Zhu et al., 1997).
Recently, an alternative genetic approach was introduced
for the identification of crucial genes and cellular processes
involved in plant salt tolerance. Essential genes for salt tol-
erance could be identified by selecting and characterizing
salt-hypersensitive mutants. Using this approach, three sos (for
salt overly sensitive) mutants have been identified in Arabi-
dopsis (Wu et al., 1996; Liu and Zhu, 1997; Zhu et al., 1998).
Mutations in these genes render the sos plants hypersensi-
tive to NaCl. All three SOS genes identified turned out to be
involved in K* nutrition as well, because the sos mutants are
hypersensitive to growth at low concentrations of K*. Thus,
the characterization of sos mutants demonstrated that K+
nutrition is a critical process for salt tolerance. In addition,
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the isolation of the sos3 mutant provided insight into the role
of Ca?* in salt tolerance, because the NaCl hypersensitivity
of sos3 could be abolished by millimolar levels of Ca2+ (Liu
and Zhu, 1997).

The molecular nature of all three SOS genes was deter-
mined recently. The SOS7 gene encodes a protein that has
significant sequence similarity to plasma membrane Na*/H*
antiporters from bacteria and fungi (Shi et al., 2000). The
SOS2 gene encodes a serine/threonine protein kinase with
an N-terminal catalytic domain similar to that of the yeast
SNF1 kinase (Liu et al., 2000). The SOS3 gene encodes a
Ca?* binding protein and has its greatest sequence homol-
ogy with the yeast calcineurin B subunit and a neuronal cal-
cium sensor, both of which are activated by Ca?* (Liu and
Zhu, 1998). Double mutant analysis showed that the three
SOS genes function in a linear pathway (Liu and Zhu, 1997;
Zhu et al., 1998). This is further supported by two recent
findings. First, the SOS2 protein kinase interacts physically
with and is activated, in the presence of calcium, by the cal-
cium sensor SOS3 (Halfter et al., 2000). Thus, the SOS2/
SOS3 kinase complex represents a regulatory pathway that,
along with Ca2*, controls Na* and K* homeostasis and
plant salt tolerance. Second, the upregulation of SOS7 in re-
sponse to NaCl is reduced in sos2 and sos3 mutant plants,
supporting the notion that SOS7 expression is controlled by
the SOS2/SOS3 regulatory pathway (Shi et al., 2000).

Abscisic acid (ABA) plays a major role in plant adaptation
to high salinity and osmotic stress (Leung and Giraudat,
1998). During vegetative growth, endogenous ABA levels in-
crease under conditions of water stress, and the increased
ABA is an essential mediator in triggering plant responses.
Genetic screens have led to the isolation of several Arabi-
dopsis mutants with altered ABA responsiveness. Mutations
in the ABA-insensitive (ABI) loci ABI1 to ABI5 reduce the
sensitivity of seed germination to exogenous ABA (Koornneef
et al., 1984; Finkelstein, 1994). An enhanced response to
ABA (eral) mutant displays hypersensitivity to ABA during
germination. The abi3, abi4, and abi5 mutants do not seem
to be altered in vegetative responses to ABA (Koornneef et
al., 1984; Finkelstein and Somerville, 1990; Finkelstein,
1994). The proteins encoded by ABI3, ABI4, and ABI5 pos-
sess characteristics of transcriptional regulators (Giraudat et
al., 1992; Finkelstein et al., 1998; Finkelstein and Lynch, 2000).
However, the abi1, abi2, and eral mutations are pleiotropic,
because they affect ABA sensitivity in both seed and vege-
tative tissues. ERA71 encodes a farnesyl transferase that
may play a role in embryonic ABA signaling (Cutler et al.,
1996). ABI1 and its homolog, ABI2, encode type 2C serine/
threonine phosphatase. Recently, the identification of loss-
of-function mutants in the ABI7 gene demonstrated that a
loss of ABI1 phosphate activity leads to enhanced respon-
siveness to ABA (Gosti et al., 1999). Therefore, the wild-
type ABI phosphatase is a negative regulator of ABA re-
sponses and has several phenotypes in common with the
eral mutant. ABA-deficient mutants are affected in the
regulation of numerous genes by drought, salt, or cold

(Leung and Giraudat, 1998). Nevertheless, the adaptation
to these stresses also involves ABA-independent path-
ways (Shinozaki and Yamaguchi-Shinozaki, 1996; Ishitani
et al., 1997).

Tomato is a widely distributed annual vegetable crop
adapted to a large variety of climates. However, in spite of
its broad adaptation, production is concentrated in a few
warm and rather dry areas (Cuartero and Fernandez-Mufioz,
1999). In these areas with an optimal climate for tomato, sa-
linity is a serious constraint for maintaining high productivity
(Szabolcs, 1994). For this reason, a large number of physio-
logical studies of salt stress have been performed using to-
mato as a model plant (Cuartero and Fernandez-Mufoz,
1999). Unlike in Arabidopsis, direct studies on salinity, ad-
aptation, and molecular changes in tomato can be assessed
for crop vyield. To take advantage of this wealth of informa-
tion, we used a molecular genetic approach to determine
which genes and cellular processes are crucial for salt toler-
ance in tomato. As a result, we have isolated three tomato
mutants whose growth is hypersensitive to NaCl. These mu-
tants define two genetic loci important for salt tolerance.
Identification of the TSS7 locus demonstrates that K* nutri-
tion is essential for NaCl tolerance in tomato, as has been
shown in Arabidopsis. Identification of the TSS2 locus con-
firms the link between NaCl tolerance and ABA signaling.
Thus, physiological analyses of the tomato salt-hypersensi-
tive mutants led us to identify mechanisms required for salt
tolerance not described previously. These mutants will be a
valuable tool in expanding our understanding of the critical
physiological processes involved in plant salt tolerance.

RESULTS

Isolation and Genetic Analysis of Salt-Hypersensitive
Tomato Mutants

Our approach to understanding the mechanisms essential
for salt tolerance was to isolate tomato mutants that were
hypersensitive to growth on NaCl. The growth inhibition by
NaCl of tomato seedlings can be readily observed as a re-
duction in root elongation. We characterized the inhibition of
seedling root elongation by using a modified version of the
assay described by Wu et al. (1996). Tomato seedlings (cv
Moneymaker) growing in the absence of salt stress were
transferred to vertical agar plates containing 125 mM NaCl
as a stress agent. The position of the root tip of every seed-
ling was marked immediately after its placement, and
growth was monitored for 2 days. M2 seed families from in-
dividual M1 plants were kept separate to facilitate screening
and to ensure that mutants isolated from different M2 seed
lots were independent. Between 30 and 40 M2 seedlings
from each of the 600 M1 plants were screened for root
growth under NaCl stress. M2 individuals from the families
with reduced tolerance to NaCl were distinguishable 2 days



Figure 1. Identification of Tomato Salt-Hypersensitive Mutants.

Three-day-old tomato seedlings of the M2 tss7-7 family with 1.5-
cm-long roots grown on vertical agar plates on Murashige and
Skoog (MS) medium were transferred to MS plates supplemented
with 125 mM NaCl and allowed to grow for another 2 days. Arrows
indicate those seedlings whose growth was inhibited.

after NaCl treatment and were named tomato salt-hypersen-
sitive (tss) mutants. A NaCl-containing plate showing seg-
regation for root growth hypersensitivity of the tss7-7 family
is shown in Figure 1. Using this approach, three M2 families
(0.5%) with seedlings that segregated for hypersensitivity to
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NaCl were identified. The details of these three families are
listed in Table 1. Individual salt-hypersensitive seedlings of
these families were recovered and self-pollinated. M3 seed-
lings obtained from the identified M2 plants were analyzed
for their hypersensitivity to NaCl, and all remained hyper-
sensitive to NaCl stress.

Analysis of the mutant segregation within each M2 family
showed an ~3:1 segregation ratio of wild type to mutant
(Table 1). Thus, all of the tss mutants were caused by single
recessive nuclear mutations. The F1 seedlings from the
cross between the salt-hypersensitive mutants tss7-7 and
tss1-2 exhibited hypersensitivity to growth in NaCl com-
pared with wild-type seedlings (Table 1). This finding indi-
cated that both mutations were at the same locus. The F1
seedlings from the salt-hypersensitive mutant crosses tss7-7 X
tss2 and tss1-2 X tss2 exhibited wild-type growth (Table 1).
These results indicated that the tss7-7 and tss7-2 mutations
were in a different locus from tss2. Therefore, allelism tests
showed that the mutants fell into two complementation
groups and thus defined two different loci required for salt
tolerance in tomato.

tss1 and tss2 Plants Exhibit Different Degrees of
NaCl Hypersensitivity

The two mutant alleles of TSS1 appeared very similar in
terms of salt hypersensitivity (Table 1). Therefore, all subse-
quent physiological and phenotypic studies were performed
using tss7-1 (hereafter referred to as tss7). Salt sensitivity of
the tss7 and tss2 mutants was evaluated by measuring the
root elongation of seedlings placed on agar plates contain-
ing 0 to 250 mM NaCl, as shown in Figure 2. The growth of
tss1 and tss2 was identical to that of the wild type on control
medium without NaCl supplementation. The concentrations
of NaCl that decreased the root elongation rate by 50% rel-
ative to medium without salt (/5¢) for tss7, tss2, and the wild
type were 68, 118, and 160 mM, respectively (Figure 2).

Table 1. Quantification of Root Growth of the Wild Type, Three Salt-Hypersensitive Mutants, and Intermutant Crosses: Frequency of the

Mutation in Each M2 Family

Root Growth? (mm);

Root Growth Percentage Frequency of

Wild Type, Mutants, and Intermutant Crosses Absolute £SD Compared with Wild Type Mutant? x2¢
Wild type 33+4 100

tss1-1 123 36.4 36/7 1.75
tss1-2 132 39.4 32/10 0.032
tss2 224 66.7 38/8 1.42
tss1-1 X tss1-2 113 33.3 12/12

tss1-1 X tss2 32*+6 97.0 12/0

tss1-2 X tss2 344 103.0 12/0

aRoot growth was determined 2 days after transfer of seedlings to 125 mM NaCl.
b Frequency of segregation in M2 families: numerator, total number screened in a family or a cross; denominator, number of segregating mutants.
¢x2 values represent the fit of the data to an expected 3:1 (wild type/mutant) phenotypic segregation (P > 0.05).
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Figure 2. tss1 and tss2 Seedlings Are Hypersensitive to NaCl.

Root elongation of wild-type (WT), tss7, and tss2 seedlings was
measured to quantify their sensitivities to NaCl inhibition. Seed of
the wild type, tss7, and tss2 were germinated and grown for 3 days
on MS medium. Resulting seedlings were incubated vertically on MS
medium supplemented with the indicated concentrations of NaCl,
and their growth was measured 2 days later. Error bars represent
the standard deviation (n = 10). The experiment was repeated at
least three times with similar results. The measurements from one
representative experiment are presented.

We used a very specialized set of circumstances for the
determination of salt hypersensitivity, including the growth
of seedlings on agar plates in sterile conditions. The gas
phase alone could be very different from that in nature, with
perhaps an accumulation of ethylene that would not be en-
countered normally by plants. Therefore, we determined
whether tss7 and tss2 plants were hypersensitive to NaCl in
conditions more like field conditions. Wild-type, tss7, and
tss2 plants were transferred 3 days after germination in pots
containing perlite. The plants were then irrigated with half-
strength Hoagland nutrient solution (Jones, 1982) or nutrient
solution supplemented with 250 mM NaCl. In the absence of
NaCl, the growth of wild-type, tss7, and tss2 plants was
very similar after 1, 7, and 14 days of NaCl treatment (Fig-
ures 3A, 3C, and 3E). However, tss71 plants started to be-
come chlorotic after 1 day of NaCl treatment (Figure 3B). In
contrast, no clear differences from the wild type were ob-
served in tss2 plants until approximately day 11, by which
time they were smaller and chlorosis began to appear (data
not shown). After 14 days of treatment, the salt hypersensi-
tivity of both tss7 and tss2 was clearly distinguishable from
that of the wild type (Figure 3F). It can be concluded that the
observed shoot phenotype in the plants after NaCl treat-
ment correlates with the degree of root sensitivity to NaCl
observed previously for the tss mutants.

tss1 and tss2 Are Both Hypersensitive to Na* and Li*

To determine if tss1 and tss2 are hypersensitive to Na* or
Cl~ or both, growth curves of the wild type and the tss mu-
tants were determined using KCI and LiCl. These showed
that tss7 and tss2 were not hypersensitive to high levels of
KCI (Figure 4A). In contrast, tss1 and tss2 were hypersensi-
tive to Na,SO, but not to MgSO, (data not shown). There-
fore, tss1 and tss2 were hypersensitive to Na*t but not to
Cl~. In addition to Na*, tss7 and tss2 were both hypersensi-
tive to Li* (Figure 4B). Li* is considered a more toxic analog
of Na* and has been used to mimic Na* toxicity without the
osmotic stress commonly associated with NaCl (Mendoza
et al., 1994).

tss2 but Not tss1 Is Hypersensitive to Osmotic Stress

NaCl imposes both an ionic and an osmotic stress (Hasegawa
et al., 2000). We determined whether tss mutants also were
hypersensitive to a general osmotic stress without any ionic
imbalance effect. Growth curves showed that tss7 was not
hypersensitive to the osmotic stress caused by mannitol
(Figure 4C). In contrast, tss2 exhibited hypersensitivity to
mannitol. Experiments using sorbitol instead of mannitol
produced similar results (data not shown). We also tested
whether tss2 was hypersensitive to other osmotic stress
agents different from a polyalcohol. For this purpose, we
used choline chloride as the osmotic stress agent (Davies et
al., 1990). As shown in Figure 4D, choline chloride resulted
in tss2 but not tss1 showing hypersensitivity to osmotic
stress.

Effect of Low Potassium on tss7 and tss2 Growth

Previous studies in Arabidopsis demonstrated the impor-
tance of K* nutrition in salt tolerance, because salt-hyper-
sensitive sos mutants also were hypersensitive to growth at
low concentrations of K+ (Wu et al., 1996; Liu and Zhu,
1997; Zhu et al., 1998). Therefore, we determined whether
tss1 and tss2 also were affected in K* nutrition. At high con-
centrations of K*, no differences were observed between
the wild type and tss mutants (Figure 4A). However, at low
K* concentrations, clear differences were observed, as
shown in Figure 5. Wild-type, tss7, and tss2 seed were
grown in a medium containing very low K* (5 wM) to allow
germination but to minimize the effect of the K* pool
present in the resulting seedlings. Seedlings were then
transferred to media containing different concentrations of
K*. Root growth in the first 2 days was not measured so
that the effect of residual K* carried over from the germina-
tion medium was minimized. After this time, root elongation
was measured 3 days later (Figure 5).

Measurements of root elongation indicated that tss7?
growth was impaired on medium containing <1 mM K+,



Figure 3. NaCl Shoot Hypersensitivity of tss7 and tss2.

Three-day-old tomato seedlings with 1.5-cm-long roots grown on
vertical agar plates on MS medium were transferred to perlite. Af-
ter 3 days, seedlings were flooded every day with either half-
strength Hoagland nutrient solution or half-strength Hoagland nu-
trient solution supplemented with 250 mM NaCl. In each photo-
graph, the wild type (WT) is at top, tss7 is at bottom right, and tss2
is at bottom left.

(A) Phenotype of plants grown in medium without NaCl stress for 1 day.
(B) Phenotype of plants exposed to NaCl stress for 1 day.

(C) Phenotype of plants grown in medium without NaCl stress for
7 days.

(D) Phenotype after 7 days of NaCl stress.

(E) Phenotype of plants grown in medium without NaCl stress for
14 days.

(F) Phenotype after 14 days of NaCl stress.

whereas no differences were observed between the wild
type and tss2. Forty seedlings from both tss7-7 and tss7-2
M2 segregating populations were analyzed based on their
salt sensitivity. All salt-hypersensitive seedlings were hyper-
sensitive on 50 uM K* as well, demonstrating that the muta-
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tions in TSS1 were responsible for both phenotypes (i.e.,
hypersensitivity to NaCl and inability to grow on low K*).
This study also showed that the wild type and tss2 have dif-
ferent K* requirements for maximal growth compared with
tss1. A concentration of 10 uM K* in the medium was
enough to produce maximal growth for wild-type and tss2
seedlings. However, tss1 seedlings required ~1 mM to
reach nearly maximal growth (Figure 5). Note that some
growth was maintained by the wild type and tss2 even with-
out any added K*, probably because of tracer amounts of
K* present in the seedlings, in the agar, or in the basic me-
dium.

Calcium Requirement of tss1

It has been shown that high external Ca2+ alleviates general
ion toxicity and in particular the NaCl effect (L&uchli, 1990;
Kinraide, 1998, 1999). Moreover, an Arabidopsis mutant that
requires increased Ca?* for K* nutrition and NaCl tolerance
has been identified, and the gene responsible for this mu-
tant has been cloned (Liu and Zhu, 1997, 1998). Hence, we
tested whether Ca2* could affect the root elongation of tss7
and tss2 on low K* and high NaCl. Wild-type, tss7, and tss2
plants were germinated and grown in a medium containing
50 wM K* and later transferred to a medium containing 500
pM K* and either 0.15 or 3 mM Ca?*. As shown in Figure
6A, no differences were observed between the wild type
and tss2 mutants. In contrast, tss7 root growth in 0.15 mM
Ca?* was ~20% of that in 3 mM Ca2* (Figure 6A). There-
fore, we conclude that the growth inhibition of tss7 in low-K+*
medium could be corrected by increasing the Ca2* concen-
tration. In a second experiment, wild-type, tss7, and tss2
plants were germinated and grown in a medium containing
20 mM K* and later transferred to a medium containing 500
.M K* and either 0.15 or 3 mM Ca?2*. The results were simi-
lar, with the only difference being that tss7 grew slightly
more than in the first experiment (Figure 6B). No differences
between the wild type and tss mutants were observed when
the growth medium contained 0.15 mM Ca2* and 20 mM K+
(data not shown), indicating that high Ca2* is required only
for growth at low K+. We determined whether Ca2* could af-
fect the growth of tss7 and tss2 seedlings at high NaCl. As
shown in Figure 6C, tss71 seedlings increased their hyper-
sensitivity to NaCl when the Ca?* concentration was re-
duced from 3 to 0.15 mM in the growth media. It is
noteworthy that in addition to growth inhibition, necrosis at
the root tip of tss7 was observed between 3 and 5 days of
growth at low Ca2* and low K* (Figure 6D).

tss1 Exhibits Reduced K+ Uptake

Because tss1 is hypersensitive to growth on media with low
K*, we determined whether tss7 was defective in K+ uptake
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Figure 4. Sensitivity of tss7 and tss2 to lonic and Osmotic Stress.

Root elongation of wild-type (WT), tss7, and tss2 seedlings was measured to quantify their sensitivities to KCI, LiCl, mannitol, and choline chlo-
ride. Seed of the wild type, tss7, and tss2 were germinated and grown for 3 days on MS medium. Resulting seedlings were incubated vertically
on MS medium supplemented with the indicated concentrations of KCI, LiCl, mannitol, or choline chloride, and their growth was measured 2
days later. Error bars represent the standard deviation (n = 10). The experiment was repeated at least three times with similar results. The mea-
surements from one representative experiment are presented.

(A) Growth response to KCI.

(B) Growth response to LiCl.

(C) Growth response to mannitol.

(D) Growth response to choline chloride.



by examining the K+ conductance of the plasma membrane
in root cells in the absence of NH,*. Microelectrodes in-
serted into root hairs ~5 to 10 mm from the apex revealed
strong negative resting membrane potentials (V) of —212 =
10, —190 = 5, and —207 = 8 mV in the wild type, tss7, and
tss2, respectively. Figure 7A shows a typical recording of V,
in an impaled root cell of a wild-type tomato. In this exam-
ple, after the voltage was stabilized at —211 mV for at least
30 min, the continuously flowing bathing solution without K+
was switched to solutions containing different concentra-
tions of K*. The changes in V, that occur in response to
these shifts (AV,,) are related to the K+ permeability of the
plasma membrane (see Methods). Roots of tss7 seedlings
did not show any K* uptake when the bathing solution con-
tained 10 pM K* (Figure 7B). In general, K* permeability for
tss1 roots was reduced significantly at all K+ concentrations
tested compared with that of the wild type and tss2 mu-
tants. No significant differences in K* permeability were de-
tected between tss2 and the wild type, consistent with the
similar growth of both tss2 and the wild type at different K+
concentrations.

Effects of NH,* on K* Permeability

Previous studies using the Arabidopsis akt? mutant indi-
cated that at low K* concentrations, K* uptake is depen-
dent on two classes of transport mechanisms operating in
parallel (Hirsch et al., 1998; Spalding et al., 1999). The first
mechanism is uninhibited by NH,* and corresponds to the
inward-rectifying K* channel AKT1 (Sentenac et al., 1992;
Spalding et al., 1999). The second mechanism is NH,* sen-
sitive and corresponds to non-AKT1 transporters (Spalding
et al.,, 1999). Experiments were performed to compare the
effect of NH,* on K™ permeability in the wild type and tss?
when extracellular K* concentration ([K*].,.) was 50 wM. For
this purpose, plants were impaled, and the voltage was sta-
bilized with a bathing solution with or without 1 mM NH,".
The use of 1 mM NH,* allowed us to obtain values of steady
state potentials very similar to those obtained without NH,*
(data not shown).

Approximately 50% of the wild-type AV, and ~68% of
tss1 AV,, resulting from a change in K* concentration from 0
to 50 uM was inhibited by 1 mM NH,*, as shown in Figure
8. The contribution of TSS17 to total K+ permeability may be
inferred by subtracting the AV,, measured in tss7 from that
measured in the wild type. Thus, the K+ permeability of tss?
was ~37% of that in the wild type in the presence of 1 mM
NH,* and ~61% of that in the wild type in the absence of
NH4* (Figure 8). This finding suggests that in tss7, NH,*-
insensitive K* transport was more affected than was NH,"-
sensitive K* transport. Nevertheless, some depolarization
occurred even in the presence of NH,* (Figure 8).

We also determined whether tss7 was affected in Na*
permeability. A protocol similar to that used previously to
determine K* permeability was used for Na*. First, the volt-
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age was stabilized by continuously flowing bathing solution
containing 100 wM Na* (see Methods) Then, the solution
was switched to solutions containing 0.5, 1, and 10 mM
Na*. Thus, the AV,, that occurred in response to these shifts
was related to the Na* permeability of the plasma mem-
brane. As shown in Table 2, the Na* permeability was less
than the K* permeability. On the basis of the AV, resulting
from the change in extracellular Na*, no differences in Na*
transport were found between the wild type, tss7, and tss2.

tss2 but Not tss1 Is Hypersensitive to ABA

In response to osmotic stress elicited by water deficit or
conditions of high salt, there is an increase of the phytohor-
mone ABA, which in turn induces various osmotic stress—
responsive genes. We determined whether tss7 or tss2 was
affected in growth at various ABA concentrations. As shown
in Figure 9, growth inhibition by ABA was greater in tss2
than in the wild type and tss7, whereas no differences were
observed between the wild type and tss1. All 47 NaCl-hyper-
sensitive tss2 seedlings selected from the segregating M2
population also were hypersensitive to ABA. In contrast, all
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Figure 5. tss7 Mutants but Not tss2 Mutants Are Hypersensitive to
Growth on Low Potassium.

Seed of the wild type (WT), tss7, and tss2 were germinated and
grown for 3 days on modified MS medium containing 5 pM K*.
Resulting seedlings were incubated vertically on modified half-
strength MS medium containing the indicated concentrations of
KCI. Root growth in the first 2 days was not measured so that the
effect of residual K* carried over from the germination medium was
minimized. After this time, root elongation was measured 3 days
later. Error bars represent the standard deviation (n = 10). The ex-
periment was repeated at least three times with similar results. The
measurements from one representative experiment are presented.
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Figure 6. High Ca?* Suppresses the Growth Defect of tss7 on Low-K*
Medium but Not on High-NaCl Medium.

(A) Plants were grown on a modified MS medium containing 50 uM
K* for 2 days and then transferred to a modified MS medium con-
taining 500 wuM K+ and either 0.15 or 3 mM Ca2* as total Ca2*. Their
growth was measured 3 days later. Open bars, wild type; closed
bars, tss1; striped bars, tss2. Error bars represent the standard devi-
ation (n = 10).

(B) Plants were grown on MS medium for 2 days and then trans-
ferred to modified MS medium containing 500 uM K* and either
0.15 or 3 mM Ca2* as total Ca2*. Their growth was measured 3 days
later. Open bars, wild type; closed bars, tss7; striped bars, tss2. Er-
ror bars represent the standard deviation (n = 10).

135 seedlings selected from the M2 population that did not
exhibit hypersensitivity to NaCl also were not hypersensitive
to ABA. This indicated that NaCl hypersensitivity cosegre-
gates with ABA hypersensitivity.

The eral mutant and the loss-of-function abi7 mutants of
Arabidopsis show enhanced responsiveness to ABA. As a
result, they exhibit increased tolerance to drought stress
compared with the wild type (Cutler et al., 1996; Gosti et al.,
1999). In preliminary experiments, we did not detect any dif-
ferences in the drought-adaptive responses of tss7 or tss2
compared with the wild type (data not shown).

tss1 but Not tss2 Is Defective in Proline Accumulation

Proline accumulation is thought to function as an osmoreg-
ulatory solute in salt and osmotic stress adaptation in plants
(Delaney and Verma, 1993). These observations suggested
the possibility that decreased salt tolerance in tss7 and tss2
mutant plants might be due to decreased levels of proline.
As shown in Figure 10, low levels of proline were detected in
all plants cultured on control medium. Subsequent exposure
to 125 mM NaCl for 3 days caused proline accumulation in
the wild type, tss7, and tss2 in both roots and shoots (Fig-
ures 10A and 10B). However, diminished accumulation of
proline in tss71 roots was observed after NaCl stress com-
pared with the wild type and tss2. These results suggest
that the NaCl hypersensitivity of tss2 is due to a mechanism
other than a reduced accumulation of proline.

DISCUSSION

Tomato as a Model Crop Plant for Salt
Tolerance Studies

In tomato, sources of salt tolerance have been identified
among related wild species and primitive cultivars (Jones,
1986; Cuartero et al., 1992). These genetic resources have
been used to improve the salt tolerance of modern tomato

(C) Plants were grown on MS medium for 2 days and then trans-
ferred to MS medium containing 125 mM NaCl and either 0.15 or 3
mM Ca?* as total Ca?*. Their growth was measured 3 days later.
Open bars, wild type; closed bars, tss7; striped bars, tss2. Error bars
represent the standard deviation (n = 10).

(D) Low Ca2* and K* in the growth medium induces necrosis in the
root tip of tss7. Root tips of wild-type (WT), tss7, and tss2 seedlings
were photographed after growing for 5 days in 0.15 mM Ca?* and
100 pM K*.
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Figure 7. Roots of tss7 Mutants Show Reduced K* Uptake Com-
pared with Those of the Wild Type and tss2.

Changes in V,, of the wild type, tss7, and tss2 resulting from
changes in the K* concentration of the bathing solution are shown.
(A) Recording of V,, in a root hair 5 to 10 mm from the root tip of a
wild-type tomato. From an initial V,, of =211 mV in this example, the
membrane depolarized in response to increasing [K*],; in the bath-
ing solution. Arrows pointing up correspond to the change of a bath-
ing solution containing the indicated K* concentration, and arrows
pointing down correspond to the change of a bathing solution with-
out K*. This solution was kept for 10 min before the addition of a
new bathing solution with K*.

(B) Magnitude of the change in steady state V,, in response to
changing [K*]ey in the bathing solution without NH,*. Error bars rep-
resent the standard deviation of three assays in three independent
plants (n = 9). WT, wild type.

cultivars. However, to date, no salt-tolerant cultivars of to-
mato have been developed by traditional breeding pro-
grams. Probably the most limiting factor is the complexity of
the trait. Classic genetic studies have demonstrated that the
ability of plants to tolerate salt stress is a quantitative trait
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involving the action of many genes with small additive ef-
fects (Shannon et al., 1987; Cuartero and Fernandez-
Mufoz, 1999). This complexity makes difficult the identifica-
tion of genes and physiological processes that are critical
for salt tolerance (Zhu et al., 1997; Hasegawa et al., 2000).
Here, we report the isolation of three tomato salt-hypersen-
sitive mutants that define two loci required for salt tolerance
in tomato. Physiological studies of the tss mutants revealed
that at least two different mechanisms are required for salt
tolerance.

The tss mutants identified are slightly more sensitive to
NaCl than is the wild type. The screening method we used in
tomato has the advantage that it is very effective for select-
ing mutants showing a low reduction in salt tolerance. In
fact, we put two constraints in our mutant screening. The
first was that the ratio of wild-type to mutant seedlings seg-
regating in a given family should be within the expected
range for a single gene that would be responsible for the
salt-hypersensitive phenotype (Table 1). This was useful in
the determination of false mutants, which are abundant in
this type of screening. The second constraint was that the
mutant had to display normal growth in the absence of salt
stress. In this way, we could identify genes required specifi-
cally for salt tolerance.

Interactions between NaCl Tolerance and ABA Signaling
Defined by TSS2

The TSS2 locus is required for salt tolerance but is not re-
quired for growth on low-K* medium. Therefore, unlike
TSS1, TSS2 does not seem to be involved in K* nutrition.
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Figure 8. NH,"-Sensitive and NH,*-Insensitive K* Transport in tss7.

Changes in V,, resulting from changing [K*]e from 0 to 50 uM in wild-
type and tss7 roots in the presence and absence of 1 mM NH,*.
Open bars, wild type; closed bars, tss1. Error bars represent the stan-
dard deviation of three assays in three independent plants (n = 9).
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Table 2. Changes in Membrane Potential Resulting from Changes
in Na* Concentrations in the Wild Type, tss7, and tss22

Extracellular Na*

Concentration (mM) Wild Type (V)  tssT (V) tss2 (Vi)
0.5 8+2 7+2 93
1 9=*3 8+3 7*2
10 22 +4 212 243

aV,, measured in apical root hairs sequentially bathed in flowing me-
dium containing 0.5, 1, and 10 MM Na*. Values are averages *=sD of
three assays in three independent plants (n = 9).

tss2 mutants are hypersensitive to ionic stress, in particular
to Nat and Li*, and they are hypersensitive to general os-
motic stress created by mannitol, sorbitol, and choline chlo-
ride. Surprisingly, tss2 is as resistant as the wild type and
tss71 to KCI concentrations that we would expect to repre-
sent a significant osmotic stress. It is possible that at high
concentrations of external K*, a high K* loading will in-
crease intracellular K+, and this could be used for osmotic
adjustment. In addition, a high K* loading could mask the
osmotic hypersensitive phenotype due to K* toxicity, con-
sistent with the observation that tomato root growth is more
sensitive to high levels of KCI than to high levels of NaCl.
Whereas the /5, for Na* was 160 mM, an equal concentra-
tion of KCI impaired tomato root growth completely (Figure
4A). High sensitivity of plants to moderate levels of K* has
been reported previously (Benlloch et al., 1994). This finding
could be explained by the inefficient regulation of K* ho-
meostasis at high external concentrations, because these
conditions are rarely encountered by land plants.

The TSS2 locus is required for both ionic and osmotic tol-
erance. tss2 is hypersensitive to ABA, a sesquiterpene pro-
duced in plants that is thought to be involved in osmotic and
salt tolerance. On the basis of our analyses of the tss2 mu-
tant, it is likely that TSS2 could encode a protein that nega-
tively regulates ABA signaling. As deduced from Figure 8,
tomato roots are extremely sensitive to low concentrations
of applied ABA. Because tss2 is hypersensitive to ABA, an
increase of endogenous ABA as a consequence of salt or
osmotic stress could explain the hypersensitivity of tss2 un-
der NaCl and osmotic stress. Several mutants, mostly from
Arabidopsis, have been selected as being hypersensitive to
ABA (Leung and Giraudat, 1998). The era’ mutant displays
an enhanced response to exogenous ABA (Cutler et al.,
1996). eral plants exhibited ABA hypersensitivity of guard
cell anion channel activation and stomatal closing, which in
turn produced both a reduction in transpirational water loss
during drought treatment and increased drought tolerance
(Pei et al., 1998).

Like the eral mutant, the loss-of-function abi7 mutants
were more sensitive to ABA (Gosti et al., 1999). These mu-
tants, in contrast to the dominant gain-of-function mutant

abi1-1 isolated previously, displayed hypersensitivity of root
growth to ABA. In addition, they also exhibited increases in
both seed dormancy and drought-adaptive responses
(Gosti et al., 1999). The era? and abi1 mutations interact ge-
netically, as deduced from double mutant studies (Pei et al.,
1998). The tss2 mutant has a phenotype in common with
eral and abi71-1 because they all have enhanced sensitivity
of root growth inhibition to applied ABA. However, in pre-
liminary experiments, we did not find differences in the
drought-adaptive responses between tss2 and the wild type
(data not shown). This finding suggests that in contrast to
ERAT1 and ABI1, TSS2 function could be restricted to roots
and may not be involved in the stomatal aperture. Hence,
TSS2 could encode a negative regulator of ABA signaling
specific to roots after endogenous ABA levels are increased
as a consequence of salt and osmotic stress.

Interactions among Ca2+, Na+*, and K+ in NaCl Tolerance
Defined by TSS1

The TSS1 locus, which is defined by two independent tss
mutants, is essential for salt tolerance as well as for growth
on low-K* medium. tss7 mutants are hypersensitive to ionic
stress and, in particular, to Na* and Li* but not to general
osmotic stress. The TSS17 locus is essential for normal K+*

Root growth (mm)
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Figure 9. tss2 Mutants but Not tss7 Mutants Are Hypersensitive
to ABA.

Root elongation of wild-type (WT), tss7, and tss2 seedlings was
measured to quantify their sensitivities to ABA. Seed of the wild
type, tss1, and tss2 were germinated and grown for 3 days on ABA-
free medium. Resulting seedlings were incubated vertically on me-
dium supplemented with the indicated concentrations of ABA, and
their growth was measured 2 days later. Error bars represent the
standard deviation (n = 10). The experiment was repeated at least
three times with similar results. The measurements from one repre-
sentative experiment are presented.



uptake because tss7 mutants have reduced K* uptake and
so exhibit slow growth on low-K* medium compared with
that of the wild type.

At low concentrations of K*, wild-type seedlings exhibited
improvement in K* transport when NH,™ was absent from
the medium. This suggests that, as in Arabidopsis, two
transport mechanisms are functional in tomato at low K+,
one NH,* sensitive and one NH,* insensitive. Analysis of K*
transport altered in tss7 suggests that the NH,"-insensitive
mechanism is the one controlled by TSS7.

Increased proline content confers osmotic tolerance in
transgenic tobacco and freezing and salt tolerance in Arabi-
dopsis (Kishor et al., 1995; Nanjo et al., 1999b). Moreover,
transgenic lines that accumulated proline at lower levels
than did wild-type plants were hypersensitive to osmotic stress
(Nanjo et al., 1999a). tss7 roots showed reduced accumula-
tion of proline after NaCl stress. It is possible that under
NaCl stress the metabolism of tss7 is affected, which in turn
leads to diminished proline synthesis. Therefore, the salt hy-
persensitivity of tss7 might be due to defects in both K+ nu-
trition and proline accumulation.

Increased external Ca?* completely suppressed the
growth defect on low-K*™ medium and partially suppressed
the salt hypersensitivity phenotype of the tss7 mutant. Ca2*
is proposed to alleviate Na* toxicity through different mech-
anisms. These include the electrostatic displacement of Na*
and the replacement of essential Ca?* at the plasma mem-
brane if Na* has displaced enough Ca?* to limit growth
(Kinraide, 1998, 1999). However, the factor of greatest im-
portance is the alleviation of Na* toxicity by reducing the ef-
fectiveness of the toxin, whether at the membrane surface
or in the tissue (Kinraide, 1999), and most importantly by in-
creasing K*/Na* selectivity (Liu and Zhu, 1998). It is in this
process that TSS1 is probably involved, that is, by increas-
ing the efficiency of K* nutrition at low Ca2* concentrations.

We can speculate about the molecular nature of TSS7.
tss1 mutants resemble the sos3 mutant isolated previously
in Arabidopsis (Liu and Zhu, 1997, 1998). Both sos3 and
tss1 plants are normal except when challenged with low po-
tassium or salt stress. As in sos3, increased external Ca2*
suppresses the growth defect on low-K* medium and par-
tially suppresses the salt-hypersensitivity phenotype of tss17.
Therefore, it is possible that tss7 could be the sos3 ortholog
in tomato, encoding some type of Ca2* sensor (Liu and Zhu,
1998). One difference, however, is that in sos3, no substan-
tial differences were found in K* uptake by using the radio-
labeled K* analog #Rb in tracer uptake experiments (Liu
and Zhu, 1997). In contrast, tss7 mutants showed differ-
ences in K* uptake compared with the wild type by using
electrophysiology. These differences may be attributable to
the higher sensitivity of this method and/or the analysis of
different cell populations. Reduced K* accumulation has
been described in the Arabidopsis sos mutants after NaCl
stress. Furthermore, reduced Na* content has been re-
ported in the sos7 mutant after NaCl treatment. Surprisingly,
no significant differences were found in Na* or K* content in
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Figure 10. Accumulation of Proline in the Wild Type, tss7, and tss2
in Roots and Shoots after NaCl Stress.

Seed of the wild type (WT), tss7, and tss2 were germinated and
grown for 3 days on NaCl-free medium. Contents of proline were
determined after incubating the seedlings for 3 days on control me-
dium or medium supplemented with 125 mM NaCl. The data pre-
sented are averages of the results obtained from three independent
experiments. Error bars represent the standard deviation (n = 20).
The experiment was repeated twice with similar results. FW, fresh
weight.

(A) Contents of proline in the root.

(B) Contents of proline in the shoot.

either roots or shoots after salt stress between the wild type
and the tss mutants (results not shown). This finding sug-
gests that reduced K* uptake may be limited to a particular
cell type. In addition, the wild type has an active growth,
thereby diluting the K* pool present.

As reported previously in Arabidopsis (Spalding et al.,
1999), in tomato there appear to be two distinct mechanisms
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involved in high-affinity K* uptake. The first is a mechanism
insensitive to inhibition by NH,* that by analogy to Arabi-
dopsis may correspond to inward-rectifying K* channels
such as the AKT1 channel. The second is a mechanism in-
hibited by NH,* that may correspond to an active symporter
with K* transport coupled to the H* electrochemical poten-
tial gradient (Spalding et al., 1999). The latter mechanism
does not seem to be affected in tss7, because removing
NH,* from the medium improved K* permeability. More-
over, the NH,"-sensitive component of the tss7 response
was similar in magnitude to the NH,-sensitive component
of the wild-type response. Hence, we can speculate that the
mechanism that is insensitive to NH,* is the one primarily
affected in tss7. Nevertheless, the observation of some root
growth and K* permeability in tss7 suggests that not all ac-
tivity exerted by this mechanism is abolished.

Interestingly, necrosis appeared in the tss7 root tip after
the plants were maintained for 5 days on low-Ca2* and low-
K* medium. We have shown that tss7 mutant plants have a
defect in K* nutrition and impaired K+ uptake capability. The
first effect of K* deficiency is that a certain proportion of
the normal K* uptake is replaced by H* uptake (Rodriguez-
Navarro, 2000). This replacement decreases the internal pH,
which in turn could produce the observed necrosis. In mam-
malian cells, changes in cytosolic K* activity have been im-
plicated in signaling programmed cell death (Hughes et al.,
1997). If this mechanism is conserved between mammals
and plants, then another possibility is that under these
Ca?*- and K*-starved conditions, the seminal root cells of
tss1 might be showing programmed cell death.

Identification of Processes Involved in Salt Tolerance
Other Than K+ Nutrition

The Arabidopsis sos mutants identified to date are hyper-
sensitive to Na* but not to general osmotic stress. Physio-
logical studies determined that they are specifically affected
in both salt tolerance and K* nutrition (Wu et al., 1996; Liu
and Zhu, 1997; Zhu et al., 1998). The Arabidopsis mutants
sos1, sos2, and sos3 are 25, 10, and 2.5 times more sensi-
tive to NaCl, respectively, than are wild-type seedlings
based on their /55 (Zhu et al., 1998). Because mostly mutants
with great reductions in NaCl tolerance are isolated with the
screening method developed in Arabidopsis (Zhu et al.,
1998), it is tempting to speculate that mutants involved in K*
nutrition will be preferentially isolated. Because K* is an es-
sential element for plant processes (Rodriguez-Navarro,
2000), it is expected that disruption of K* nutrition results in
a drastic inhibition of root growth. Analysis of the mutant
segregation within each M2 family allowed us to identify
mutants that are moderately more sensitive to NaCl than is
the wild type. On the basis of their /5y, tss71 and tss2 are only
2.3 and 1.4 times more sensitive to NaCl, respectively, than
is the wild type. It is possible that disruption of other genes,
such as TSS2 involved in ABA signaling, that are important

for salt tolerance but are not involved in K* nutrition might
result in a moderate reduction of salt tolerance.

In this study, we report the isolation and characterization
of salt-hypersensitive mutants of tomato. We selected mu-
tants that have lost certain salt tolerance mechanisms and
are thus more sensitive to salt stress than is the wild type.
Physiological studies of these mutants have allowed the de-
termination of distinct mechanisms that are critical for plant
salt tolerance and will provide a foundation for additional
salt tolerance analyses. Furthermore, isolation of the genes
identified by mutagenesis would provide an additional pos-
sibility of increasing salt tolerance by genetic engineering,
circumventing the undesirable characteristics of the wild rel-
atives used previously as genetic sources of salt tolerance.

METHODS

Plant Materials and Growth Conditions

M2 seed of the near-isogenic line of the tomato (Lycopersicon esculen-
tum) cultivar Moneymaker homozygous for the Cf-9 resistance gene af-
ter ethyl methanesulfonate mutagenesis were kindly provided by J.D.G.
Jones (Sainsbury Laboratory, John Innes Centre, Norwich, UK).

Seed were surface sterilized with 40% (v/v) commercial bleach for
30 min and washed several times with sterile water. The seed were
first germinated until radicle emergence in sterile water because we
found that this improved germination uniformity. The basal agar
medium contained Murashige and Skoog (MS) salts (Murashige and
Skoog, 1962) with 3% (w/v) sucrose and 0.7% (w/v) agar. The MS
medium consisted of the following: 1690 mg/L NH,;NO3, 1900 mg/L
KNO;, 370 mg/L MgSQO47H,O, 170 mg/L KHPO,, 378 mg/L
CaCl,-2H,0, 27.8 mg/L FeSO,-7H,0, 37.2 mg/L disodium EDTA,
0.7495 mg/L Nal, 6.3 mg/L H3BO,, 16.9 mg/L MnSO,4-H,0, 8.6 mg/L
ZnS0O,-7H,0, 0.25 mg/L NayMo,-2H,0, 0.025 mg/L CuS0O,-5H,0,
and 0.025 mg/L CoSO,-6H,0. The modified MS medium (free of po-
tassium and calcium) consisted of the same ingredients with the ex-
ception that the CaCl,, KNO3, and K,HPO, were omitted and 165
mg/L (NH4),HPO, was added. The potassium and calcium were sup-
plemented in the concentrations required with KCI and CaCl,-2H,0,
respectively. The various agar plates used in this work were made by
adding the appropriate amount of NaCl, KCI, LiCl, choline chloride,
and mannitol to the molten basal medium. When appropriate, seed-
lings were transferred to perlite and grown until the end of the exper-
iment. Light provided by cool-white fluorescent bulbs was at 50 nE
m~2 sec~"! with 16 hr of light at 22°C, 8 hr of dark at 18°C, and 70%
relative humidity.

Isolation of Mutants and Genetic Analysis

Between 30 and 40 seed from each M2 family were screened for
NaCl hypersensitivity mutants by using a modified version of the assay
described by Wu et al. (1996). Three-day-old seedlings with 2-cm-long
roots were transferred from vertical agar plates onto a second agar
medium that was supplemented with 125 mM NaCl. To obtain spe-
cifically salt-hypersensitive mutants, only those families in which all
seed grew normally in MS medium were transferred to medium with



salt. Seedlings from every individual family were arranged in rows.
The root tips were marked, and the plates were oriented vertically.
Because we were analyzing families obtained from a single M1 seed,
we expected segregation for the mutant character. The segregation
ratio expected was 3:1 (wild type/mutant) for a recessive mutation
and 1:3 (wild type/mutant) for a dominant mutation.

Growth Measurements

For growth measurements, the same protocol described above for
mutant isolation was used. Ten seed were used per treatment, and
three replicates were run for each treatment. Increases in root length
were measured with a ruler after 2 days of treatment. The only mod-
ification was in the experiments with low K*, in which case the root
tip was marked 2 days after transfer and growth was measured after
3 days.

Electrical and Flux Measurements

For membrane potential determination, tomato seedlings were ger-
minated and grown for 4 days in a medium containing 5 mM Hepes—
3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid, pH 7.3, 0.1
mM CaCl,, and 0.1 mM NaCl. In this way, we obtained K*-starved
plants necessary for the functioning of the high-affinity K* uptake
(Epstein, 1966). Small amounts of Ca2* and Na* are necessary for
stabilization of the membrane to obtain the appropriate membrane
potential.

Measurements of membrane potential (V,,) in root hairs to assess
the permeability of the membrane to K* were made with an intracel-
lular microelectrode, as described previously (Felle, 1981). Shifts in
the extracellular KCI concentration ([KCll.,) were imposed on the
root while V,, was recorded. Assuming that an imposed shift in
[KCl]ex; affects only the K+ and Cl~ components and assuming a neg-
ligible CI~ conductance (based on the positive shifts in V,, shown in
Figure 8), the change in V,, resulting from shifts in [KCl]., is inter-
preted here as a measure of the relative K* permeability (Spalding et
al., 1999). The same reasoning can be applied to the permeability of
the membrane to Na* when changes in extracellular NaCl concentra-
tions were imposed on the root while V,,, was recorded.

Excised roots were mounted in a plexiglass chamber (volume, 1.1
mL). Continuous perfusion of the assay medium was maintained at a
flux of ~10 mL/min. Epidermal root hairs were impaled with single
barrel electrodes. Microelectrodes were fixed to electrode holders
containing an Ag/AgCl pellet and connected to a high-impedance
differential amplifier (model FD-223; WPI, Sarasota, FL).

Determination of Proline Content

Proline was extracted and quantitated as described previously
(Borsani et al., 1999).
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