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ABSTRACT Calcineurin (CaN) is a Ca2*- and calmodu-
lin-dependent protein phosphatase (PP2B) that, in yeast, is an
integral intermediate of a salt-stress signal transduction
pathway that effects NaCl tolerance through the regulation of
Na®* influx and efflux. A truncated form of the catalytic
subunit and the regulatory subunit of yeast CaN were coex-
pressed in transgenic tobacco plants to reconstitute a consti-
tutively activated phosphatase in vivo. Several different trans-
genic lines that expressed activated CaN also exhibited sub-
stantial NaCl tolerance, and this trait was linked to the genetic
inheritance of the CaN transgenes. Enhanced capacity of
plants expressing CaN to survive NaCl shock was similar
when evaluation was conducted on seedlings in tissue culture
raft vessels or plants in hydroponic culture that were tran-
spiring actively. Root growth was less perturbed than shoot
growth by NaCl in plants expressing CaN. Also, NaCl stress
survival of control shoots was enhanced substantially when
grafted onto roots of plants expressing CaN, further impli-
cating a significant function of the phosphatase in the pres-
ervation of root integrity during salt shock. Together, these
results indicate that in plants, like in yeast, a Ca?*- and
calmodulin-dependent CaN signal pathway regulates deter-
minants of salt tolerance required for stress adaptation.
Furthermore, modulation of this pathway by expression of an
activated regulatory intermediate substantially enhanced salt
tolerance.

Salinity is a major environmental stress that is a substantial
constraint to crop production both for dry-land and irrigated
agriculture (1). The detrimental impact of this stress is per-
petuated and exacerbated by management practices used to
facilitate high-output crop production. The maladies caused by
salt stress arise from the disruption of cellular aqueous and
ionic equilibria, so tolerance determinants include effectors
that function to restore cellular homeostasis. Recently, results
from metabolic engineering experiments have confirmed func-
tional roles for compatible osmolytes, such as mannitol, pro-
line, and betaine, in salt adaptation of higher plants (2-5).
These compounds are presumed to function both in osmopro-
tection and osmotic adjustment (5, 6) but, individually, seem
to contribute minutely to salt tolerance of plants. This is not
unexpected because salt tolerance is mediated by multiple
determinants, such as those that are intrinsically cellular and
function to restrict Na* uptake across the plasma membrane,
facilitate Na™ and Cl~ sequestration into the vacuole, and
mediate compatible osmolyte and osmoprotectant production
and accumulation (7). Consequently, it is predicted that en-
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hanced capacity of one effector is insufficient to elicit a
substantial degree of tolerance. The capacity to effect coor-
dinate control of several effectors through the modulation of
signal-regulatory cascades or transcriptional activation of mul-
tiple genes may have the greatest impact on salt tolerance
resulting from metabolic engineering (8).

Experimental evidence has implicated the likely involve-
ment of cytosolic Ca?* (9) and phosphoinositide (PI) turnover
(10) in a salt-stress signaling cascade. By analogy with animal
and fungal systems, this evidence suggests that Ca>* and PI are
components of a protein phosphorylation/dephosphorylation
cascade(s) that couple stress perception and signal transduc-
tion to physiological mechanisms of adaptation in plants (8).
However, little is known about the determinants that are
involved. Only recently, Sheen (11) has shown that two related
Ca?*-dependent protein kinases (CDPKs) induced a stress-
and ABA-responsive HVAI promoter. Activation of these
CDPKs substituted for stress signals and was antagonized by a
constitutively active protein phosphatase 2C (PP2C) that is
capable of abolishing ABA responses. Molecular character-
ization of salt-stress responses also implicates mitogen-
activated protein kinase (MAPK) cascades and transcription
factors as being involved in coordinate control of tolerance
determinants (8). However, to date, no evidence has linked
CDPKs, MAPKs, or other regulatory elements directly to a
phenotype of salt tolerance in plants.

The PP2B phosphatase calcineurin (CaN) is a focal com-
ponent of a Ca>*-dependent signal transduction pathway that
mediates Na™*, Li*, and Mn?" tolerances of Saccharomyces
cerevisiae (12-14). CaN functions to limit intracellular Na*
accumulation by regulating processes that restrict influx and
enhance efflux of this cation across the plasma membrane (12,
13). CaN modulates the K* and Na* uptake system to have
higher affinity for K*, restricting uptake of Na*. This CaN
function depends on TRKI1, a putative high-affinity K* trans-
porter. In addition, CaN induces transcription of ENAI (12,
13), a gene that encodes a P-type ATPase that is located in the
plasma membrane and is primarily responsible for Na* efflux
from S. cerevisiae cells. CaN also participates in cytosolic Ca>*
homeostasis through the positive regulation of Golgi apparatus
and vacuolar membrane-localized P-type ion pumps (PMR1
and PMCI1, respectively) and negative control of a vacuolar
H*/Ca?" exchanger (VCX1). PMR1 also is required for Mn?*
tolerance (14, 15).

Functional CaN is a heterodimer composed of catalytic
(CNA) and regulatory (CNB) subunits. The topology of CNA
consists of an amino-terminal catalytic core followed sequen-
tially by domains that function in CNB and immunophilin—-
immunosuppressant interactions, calmodulin binding, and au-
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toinhibition (16). The catalytic core contains an iron—zinc
active center whereas the other domains are involved in CNB
binding and Ca?*- and calmodulin-dependent activation of
CaN (16, 17). Deletion of the calmodulin binding and the
autoinhibitory domains from CNA eliminated calmodulin but
not Ca?" dependency for phosphatase activity (16, 18). How-
ever, functional sufficiency for Na* tolerance in yeast required
coexpression of the truncated CNA subunit and CNB, indi-
cating that the regulatory subunit is essential for CaN activa-
tion in vivo (13). Activated CaN mediated Na* tolerance
through the coordinate induction of high-affinity K* transport
(requiring TRK) and ENAI expression. ENAI expression was
both constitutively induced as well as potentiated for induction
by salt stress (13).

Pharmacological and biochemical evidence for the existence
of a plant CaN that functions to regulate ion transport (19, 20)
as well as isolation of plant cDNAs that complement a
salt-sensitive phenotype by suppressing CaN null mutations
(ref. 21 and T.M.,, J.M.P., R.A.B., and P.M.H., unpublished
data) led us to postulate that the yeast protein could activate
a Ca?"- and calmodulin-dependent salt-stress cascade in
plants, possibly resulting in greater salt tolerance. We show
here that activated yeast CaN functions in apparent conjunc-
tion with a salt-stress signaling pathway present in plants to
mediate salt tolerance.

MATERIALS AND METHODS

Plasmid Construction and Plant Transformation. Yeast
strains used have been described elsewhere (13). Their rele-
vant genotypes are DBY746 (CNAI CNA2 CNBI), MCY100
(Acnal Acna2), and YP9 (Acnbl). Plasmid pCAtrB allows the
expression of activated CaN in yeast and has been described
previously (13). A truncated yeast CNA2 gene, denoted CNAtr
henceforth, was amplified by PCR with primers that annealed
to the start codon and introduced a stop codon after Thr-459
as described by Mendoza et al. (13). Because the yeast CNBI
gene includes a 76-bp intron, a CNBI cDNA was produced by
reverse transcriptase—-PCR (RT-PCR) amplification using as
template mRNA from yeast cells overexpressing CNBI (13),
sense primer 5'-TCTAGACATGGGTGCTGCTCCTTCC-3’
(annealed to the start codon), and antisense primer 5'-
GTCGACTTACACATCGTATTGCAA-3' (annealed to the
stop codon). CNAtr and CNBI ¢cDNA PCR products were
confirmed by sequence analysis and functionally tested for
complementation of the Na®/Li* sensitivity of Acnal,2
(MCY100) and Acnbl (YP9) mutants (13). For plant trans-
formation, CNAfr was inserted into the pBI121 derivative
pBTEX, between the cauliflower mosaic virus 35S promoter
and octopine synthase (Ocs) terminator (Fig. 1). CNBI cDNA
was inserted into a similar expression cassette in pTEX, a
pUCI19 derivative, and transferred to pBTEX containing
CNAtr. The resulting plasmid, pBTCaN, was mobilized to
Agrobacterium tumefaciens strain EHA105 for transformation
of tobacco (Nicotiana tabacum L. var. Wisconsin 38) leaf disks
by using 200 mg/liter kanamycin for selection (22).

Immunodetection of CNB. The RT-PCR CNBI product was
inserted into the Xbal site in pGEX-KG (23) to produce a
glutathione S-transferase (GST) fusion peptide. Recombinant
GST-CNB was expressed in Escherichia coli DHSa after
isopropyl B-D-thiogalactoside induction and purified by gluta-
thione agarose affinity chromatography (23). The CNB pep-
tide was separated from GST by digestion with thrombin,
purified by SDS/PAGE, transferred to poly(vinylidene diflu-
oride) membrane, and N-terminally sequenced to confirm the
identity of CNB. Chicken IgY antibodies were prepared
against purified recombinant protein and used for immuno-
detection of CNB. Rabbit anti-chicken IgG conjugated to
alkaline phosphatase was used as secondary antibody.
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Plant Materials, Growth, and Evaluation of Salt Tolerance.
Salt tolerance of plants was measured as the capacity to
withstand and recover from salt shock based on experiments
with seedlings grown in tissue culture raft vessels and plants
grown in hydroponic culture. Progeny of first self-pollinated
generation (T;) or second self-pollinated generation (T,) were
evaluated for salt tolerance. For experiments in tissue culture
raft vessels, tobacco seeds of the T; generation were germi-
nated aseptically on filter paper moistened with 1/4X Mu-
rashige and Skoog (MS) nutrient solution (Sigma, M-5524).
Seven-day-old seedlings were transferred onto the rafts in
culture vessels (Lifeline System, Osmotek, Rehovot, Israel)
containing the same nutrient solution. After 7 days in the raft
vessels (14 days total since imbibition), seedlings were admin-
istered a salt shock by transferring the raft to a new vessel
containing 1/4X MS solution with 250 mM NaCl for 4 days.
Seedlings then were transferred to 1/4X MS solution without
NaCl, and after 10-12 days, survival was determined. For
experiments in hydroponic culture, seeds were germinated in
a greenhouse potting mixture and grown for a period of 45
days. Soil was rinsed gently from the roots with water and
plants were transferred to hydroponic culture (1/4X MS
solution) in a growth chamber (25°C, 300 uEm~2 - s~! PAR,
16-hr light/8-hr dark photoperiod). Plants were allowed to
acclimate to hydroponic culture for 10 days before salt treat-
ment. The salt-shock treatment was 200 mM NaCl for 7 days.
Plants were transferred to nutrient solution without salt for 10
days, and then the number of surviving plants and growth
parameters were determined. For evaluation of resistance to
kanamycin, seedlings were transferred to agar-solidified me-
dium containing 1/4X MS and 200 pg/ml kanamycin. The
presence of the npt-II gene was further assessed in plants
surviving antibiotic media by direct measurement of NPT-II
activity in leaf disks (24).

Reciprocal Shoot and Root Grafting. T, seeds of a line
homozygous for Kan" (but not expressing CaN) and a line
homozygous for CaN expression were germinated and plants
were grown in the greenhouse as indicated above for hydro-
ponic culture. These 45-day-old plants were the sources of
scions and root stocks for wedge grafts. The grafted plants
were maintained under high humidity for 7-8 days and then
under normal greenhouse conditions for 7-8 additional days,
during which time the rubber strip covering the graft union was
removed. Actively growing plants then were transferred to
hydroponic culture and evaluated for salt tolerance as de-
scribed above.

RESULTS

The gene encoding a truncated yeast CNA2 subunit deleted of
the calmodulin-binding and autoinhibitory domains (CNAtr)
and a cDNA-encoding CNB were constructed into separate
expression cassettes in an Agrobacterium binary vector for
coexpression of the subunits and reconstitution of activated
CaN in planta (Fig. 1). The binary vector contained the
neomycin phosphotransferase (nptlI) gene as a selectable
marker. Leaf disks were cocultivated with Agrobacterium and
plants were regenerated in the presence of kanamycin selec-
tion. Plants (To) from different transformation events were
obtained that expressed both CNAtr and CNB transcripts (Fig.
2).

Two-week-old seedlings of an untransformed tobacco line
(W38) and transgenic progeny populations from self-
pollinations (T;) of a line expressing the nptIl gene only (PKY,
transformed with the binary vector without CNA# and CNB)
or of five independent lines expressing CaN (A2, A9, C8, F3,
and T7) were transferred directly to nutrient solution contain-
ing 250 mM NaCl in tissue culture raft vessels (Table 1).
Seedlings derived from the five CaN expressing lines exhibited
increased NaCl survival compared with the those from PKY
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Fi1G. 1. Agrobacterium tumefaciens binary vector used for coex-
pression of catalytic (CNA) and regulatory (CNB) subunits for
reconstitution of activated yeast calcineurin (CaN) in transgenic
tobacco. The gene encoding a truncated form of the yeast CNA2
subunit deleted after Thr-459 (CNAtr) was inserted into the Sall site
of pBTEX. The marker gene in this vector encodes for neomycin
phosphotransferase (npt-1I) for kanamycin selection driven by the
nopaline synthase gene promoter and terminator (not shown). The
CNBI1 cDNA was inserted between the cauliflower mosaic virus 35S
promoter and Ocs terminator in plasmid pTEX by using the Xbal and
Sall sites. Subsequently, the entire cassette was cloned into the HindIII
site of pBTEX containing CNAtr to obtain the binary plasmid pBT-
CaN. Cloning sites are indicated as follows: HindIII (H), Sa/l (S), and
Xbal (X).

and W38 control lines (Table 1). T; seedling populations of
PKY and T7 both segregated 3:1 for NPT-II activity based on
kanamycin resistance/susceptibility (Kn":Kn®) and enzyme-
activity determinations. The T7 seedling population that sur-
vived NaCl stress was enriched with Kn' segregants [i.e.,
depleted of transgene null (azygous) seedlings] as indicated by
the increase in the ratio of Kn":Kn® genotypes from 3:1 for
seedlings grown without salt to 9.4:1 for seedlings after NaCl
treatment. Conversely, the Kn":Kn® genotype ratio of 2.5:1 for
PKY seedling progeny that survived NaCl treatment indicates
that salt shock did not enrich this control population for Kn*

W A2 A9C8 T7 F3 W Y

CNAtr R - .

CNB

F1G. 2. Expression of yeast CNAtr and CNBI transcripts in trans-
genic tobacco plants. Total RNA was isolated from leaves of seed-
derived untransformed W38 plants (W) and Ty plants regenerated
after transformation with plasmid pBTCaN and kanamycin selection
(A2, A9, C8, T7, and F3) and from cells of yeast cnal cna2 double-
disputant MCY 100 transformed with plasmid pCAtrB, also containing
CNAtr and CNBI1 (Y) (2). Ten micrograms of RNA was loaded into
each lane, transferred to nitrocellulose filters, and hybridized with
CNAtr (Upper) or CNBI (Lower) insert. Approximate transcript sizes
of CNAtr and CNBI are 1.4 and 0.5 kb, respectively.
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Table 1. NaCl tolerance of transformed tobacco plants genetically
cosegregates with the yeast CaN transgenes

Plants Kn":Kn® segregation ratio
Before After

Line Initial, n Survival, % NaCl shock NaCl shock

Experiment 1
PKY 107 36.4 (27-45)* 3:1 2.5:1
W38 54 37.0 (24-50) — —
A2 49 74.0 (61-85) 15:1 ND
A9 36 69.4 (54-84) 15:1 ND
C8 51 82.4 (71-93) 3:1 ND
F3 56 75.0 (64-86) 3:1 ND
T7 81 64.2 (54-74) 3:1 9.4:1F

Experiment 2
PKY 120 24.1 (16-32) 3:1 ND
A9 36 77.7 (64-92) 15:1 ND
T7 115 53.4 (44-62) 3:1 11.2:1%

Seedlings of an untransformed tobacco line (W38), and first-
generation progeny from self-pollinations (T1) of a line expressing only
the neomycin phosphotransferase-selectable marker gene npt-I1
(PKY), effecting kanamycin resistance (Kn’), and lines expressing
CNAtr and CNB in addition to NPT-II (42, 49, C8, F3, and T7) were
evaluated. Experiment 1: Seedlings grow in plant tissue culture raft
vessels. Ty tobacco seedlings were transferred to mineral nutrient
solution containing 250 mM NaCl. After 4 days of salt shock, seedlings
were transferred to nutrient solution without NaCl and left to recover
for 10 days. Seedlings remaining viable after this period were evaluated
for sensitivity (Kn®) or resistance (Kn') to kanamycin and NPT-II
activity. Presented are the percentages, of each population, surviving
NaCl treatment (Survival) and the Kn":Kn® ratio of the population
before and after NaCl shock treatment. Experiment 2: Plants grown in
hydroponic culture in a plant growth chamber. Hydroponically grown
T progeny of lines PKY, A9, and T7 were transferred to fresh mineral
nutrient (1/4X MS) solution containing 200 mM NaCl. After 7 days,
the plants were transferred to solution without NaCl. Ten days
subsequently, the number of surviving plants was determined. Kn":Kn®
of the T7-derived plants, after NaCl shock, was assessed by using the
NPT-II assay. ND, not determined.

*Confidence intervals (95%) for a binomial distribution/proportion.
T¥Different from the expected 3:1 values at 95% and 99% levels,
respectively.

seedlings. The lack of enrichment for Kn* seedlings in the PKY
population negates the possibility that salt survival depends on
nptll expression. Cosegregation of Kn* with NaCl survival in
the T7 population indicates that the stress-tolerance pheno-
type is linked to the CaN transgenes and is not the conse-
quence of somaclonal variation or other epigenetic phenom-
ena in this line. Furthermore, because T; progeny of four other
independent CaN-expressing lines exhibited salt-stress sur-
vival comparable to those of the T7 line, then the salt tolerance
phenotype did not result from insertional mutagenesis.

In a subsequent experiment, T; progeny were grown in
hydroponic culture inside of a standard plant growth chamber,
rather than in tissue culture raft vessels (Table 1). Again,
progeny of CaN-expressing lines survived salt stress substan-
tially better than those of PKY. Capacity to survive 200 mM
NaCl also resulted in enrichment of the T7-derived population
for Kn" segregants, indicating that salt tolerance was linked
genetically to the CaN transgenes. Plants grown in hydroponic
culture in a plant growth chamber have higher stomatal
conductances and transpirational fluxes, which should result in
greater photoassimilate production and shoot ion accumula-
tion, than those grown under the low-light intensity of the
culture growth room and high humidity within the raft culture
vessel. It thus is apparent that CaN mediates salt tolerance
through mechanisms that are operative in photosynthetically
active plants.

Second-generation progeny from self-pollination (T,) of
lines PKY, T7, and A9 homozygous for Kn" and the corre-
sponding T7 and A9 azygous lines were obtained. Homozygous
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T, of lines T7 and A9 expressed yeast CaN, as determined by
immunodetection of recombinant CNB in plant protein ex-
tracts (Fig. 3) and expression of CNA#r and CNBI transcripts
(data not shown). Southern analyses indicated that homozy-
gosity for Kn" in the progeny of line A9 was attributable to a
single transgene allele (not shown). T, plants of lines PKY and
A9 homozygous for Kn', growing in hydroponic culture, were
shocked with 200 mM NaCl in 1/4X MS salt solution for 7 days
and then transferred to fresh solution without NaCl for an
additional 12 days. Plants expressing CaN exhibited substan-
tially greater salt tolerance, manifested not only in higher
survival frequency but also in greater fresh and dry weight
accumulation of surviving seedlings when compared with PKY
progeny (Fig. 4). These results indicate that CaN enhances
survival of plants to salt shock but do not establish whether or
not expression of the phosphatase enhances growth of plants
continuously exposed to salt. In fact, during the period of salt
exposure, no appreciable growth was detected. Homozygous
CaN expressing T» progeny from the C8 line (kanamycin
segregation ratio of T; progeny was Kn":Kn® = 3:1) also
exhibited greater NaCl tolerance than progeny of control lines
in hydroponic experiments (not shown).

Plants expressing CaN sustained less root injury during
stress that was manifested as greater root development after
stress recovery (Fig. 4). Maintenance of root integrity during
salt stress by CaN-expressing plants was most likely the main
contributory factor to the relative vigor of the plants (com-
pared with control plants) after transfer into nutrient solution
without salt. Furthermore, NaCl shock survival of PKY (con-
trol) shoots was increased substantially when these shoots were
grafted onto root stocks from A9 CaN homozygous plants
(Table 2). Conversely, A9 shoots grafted onto PKY roots
exhibited a small increase in NaCl tolerance. Presumably,
activated CaN functions mainly in roots to regulate the move-
ment of ions from the apoplast to symplast, which controls the
ion content of the xylem sap, which, in turn, is transported to
the shoots by the strength of the transpirational sink (7).

DISCUSSION

Functional reconstitution of activated yeast CaN in tobacco
cells results in substantial salt tolerance of transgenic plants.
Consequently, the essential components of a Ca®>*- and cal-
modulin-dependent CaN salt-stress signal pathway appear to
be present in plants and can function in conjunction with the
yeast protein to facilitate salt adaptation. Recently, techniques
of map-based cloning have been used to determine that the
salt-sensitive phenotype of the Arabidopsis sos3 mutant (25) is
a result of a defect in a gene that encodes a protein with
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Fi1G.3. Calcineurin expression based on immunodetection of CNB.
Illustrated is the immunoblot of 15 ug protein extracted from the
Acnbl yeast disruptant YP9 (Acnbl), wild-type yeast DBY746 (w.t.),
or DBY746 transformed with plasmid pCAtrB for overproduction of
CNB (pCAtrB), 0.5 pg purified recombinant CNB protein (CNBp), and
45 g protein isolated from leaves of T plants homozygous for npt-11
(A9n0oms T7hom), the complementary azygous (A49azy, T7azy), or ho-
mozygous T» plants transformed with an empty plasmid (vector).
Proteins were separated on a 15% SDS-polyacrylamide gel and reacted
with chicken anti-CNB antibodies.
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F1G. 4. Activated yeast CaN mediates NaCl tolerance of tobacco
plants. Homozygous T plants from lines PKY (expressing only npt-1T)
and A9 (expressing CNAtr and CNBI as well as npt-II) were treated
with 200 mM NaCl. After 7 days of salt shock, plants were transferred
to fresh nutrient solution without NaCl and left to recover for 12 days.
(Upper) Percentage of surviving seedlings of 36 progeny from each line
(significantly different at the 95% level) and growth parameters of all
plants surviving the NaCl treatment = SE (6 and 28 plants from lines
PKY and A9, respectively). Average fresh weights of PKY and A9
plants before the NaCl treatment were 1.63 = 0.11 gand 1.76 = 0.10 g,
respectively. (Lower) Three representative plants from lines A9 (fop
row) and PKY (bottom row) that survived NaCl shock and after the
recovery period.

sequence homology to the regulatory subunit of calcineurin
(26).

Salt adaptation in plants has been shown to involve numer-
ous transport processes, including those required for ion
homeostasis, that can be modulated by exposure to varying
concentrations of salt (1, 7). Furthermore, the expression of
genes encoding several transport proteins (e.g., H*- or Ca?*-
ATPases) are known to be responsive to NaCl stress, and the
responsiveness of these genes often is more pronounced in
halophytes than glycophytes (7). In yeast, activated CaN
mediated salt tolerance through the regulation of the major K*
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Table 2. NaCl tolerance of plants expressing CaN is based on
root function

Plants
Scion/root stock Initial, n Survival, %
PKY/PKY 35 8.8 (0-17.6)*
A9/PKY 24 33.3 (14.5-52.1)
PKY/A9 24 66.7 (47.9-85.5)
A9/A9 33 69.7 (54-85.4)

T> progeny of lines homozygous for Kn* (vector control, PKY) and
CaN expression (A9) were the resource for scions and root stocks for
wedge-grafted plants evaluated for NaCl tolerance. PKY scion onto
PKY root stock (PKY/PKY). PKY scion onto A9 root stock (PKY/
A9), A9 scion onto PKY root stock (A9/PKY), and A9 scion onto A9
root stock (A9/A9).

*Confidence intervals (95%) for a binomial distribution/proportion.

uptake system to restrict Na* influx and potentiation of ENA/
expression to enhance Na* efflux. Therefore, the salt-
adaptation regulatory cascade in plants that is activated by
fungal CaN may, as it does in yeast, exert control over
biochemical and physiological processes that function coordi-
nately to regulate, most probably, intracellular K*/Na™* trans-
port and homeostasis. Recently, an Arabidopsis cDNA (At-
NHX) has been isolated (F. J. Quintero and J.M.P., unpub-
lished data) that encodes a homologue of the yeast vacuolar
membrane Na*/H* exchanger, NHX1 (27). Genetic comple-
mentation of the salt-sensitive phenotype of the yeast mutant
nhxl by AtNHX was CaN-dependent, indicating that the
phosphatase facilitates the activity of the plant transporter in
yeast (unpublished data).

The expression of both the vacuolar- and Golgi-localized
Ca?*-ATPase genes (PMCI and PMRI1) and the activity of the
vacuolar H/Ca?" antiporter (VCX1) in S. cerevisiae are
regulated through CaN-dependent mechanisms (14). These
transporters facilitate tolerances to Ca?*, apparently by reg-
ulating Ca®>" homeostasis and signaling. Suppression of the
Ca?*-sensitive phenotype of the yeast double-mutant pmcl
vexl by either plant HT /Ca?* antiporter gene (CAX1 or CAX2)
(28) required CaN (K. Hirschi, personal communication),
indicating that the yeast phosphatase can regulate the plant
antiporters as it does the yeast transporter VCX1 (14). A
current model links increases in cytoplasmic Ca?* activity with
salinity stress signaling (8, 9, 11). Thus, facilitation of plant salt
tolerance by yeast CaN also may involve the activity of
transporters functioning in Ca?>* homeostasis, which, in turn,
may affect Na® tolerance determinants. Recently, Ca?*-
mediated signal transduction in plants has been implicated in
the regulation of osmotic stress-induced promoter activity
(11). Two transiently expressed, activated, Ca?>*-dependent
protein kinases from Arabidopsis thaliana were able to activate
the stress-induced HVAI promoter fused to green fluorescent
protein reporter gene. The results we present not only confirm
the existence of a Ca?*-dependent stress signal cascade but
establish that this pathway is functionally involved in salt
adaptation.

Our results provide experimental evidence that modulation
of a signal pathway in plants can impart a stress tolerance
phenotype and, at least in this instance, with no apparent
negative impact on plant growth and development. Salt toler-
ance of the CaN-expressing plants may be the result of the
activated phosphatase either preadapting plants or potentiat-
ing the response of plants to the stress (13). Both possibilities
could be envisaged as useful strategies to enhance survival of
plants to high salinity, although preadaptation might impose
yield costs. Preliminary results indicate that yeast CaN does
not promote constitutive expression of the salt-induced PR-5
protein osmotin, suggesting that the fungal phosphatase may
specifically regulate salt-tolerance determinants (as yet un-
identified) rather than to elicit a generalized plant-stress
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response. If this is the case, then identifying the genes differ-
entially regulated by CaN might be a very effective strategy for
determining effectors of salt tolerance.

As indicated, analogy with yeast predicts involvement of
cellular mechanisms as the basis for plant salt adaptation
resulting from activated CaN. This implies that salt tolerance
of a multicellular organism is highly dependent on processes
that are intrinsically cellular, particularly if the capacity to
withstand salt shock is the measure of salt tolerance. Data from
pharmacological experiments indicate that guard cell behavior
is controlled by CaN, which functions in the modulation of ion
channels (19, 20). The results from the grafting experiments
presented here make it apparent that CaN also has a pivotal
effect on salt tolerance of roots, where adaptive mechanisms
independent of guard cells must function. Presumably, some of
these are responsible for maintenance of ion homeostasis in
the xylem and regulation of salt flux to shoot that, based on
thermodynamic requirements, would involve energy-
dependent ion transporters or pumps (7). Taken together,
these observations implicate CaN as a pivotal intermediate in
a salt-adaptation signal cascade that is common to cells both
in the shoot and root but must regulate different physiological
events in these organs. The ability of a single signal interme-
diate to control responses to salt stress that are so differentially
manifested in the physiology of separate organs may reflect the
very specific and unique response of individual cell types (e.g.,
root and guard cells) to the same signal.
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