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ABSTRACT

ing, and component A changes across a broad range of RWC
(31, 33).
The importance of roots in studies of plant growth and
metabolism is obvious, yet the water relations of roots are
routinely neglected. As a consequence, very little is known
about osmotic and turgor regulation in roots. Use of the

Osmotic and turgor adjustment in roots, shoots, and whole
sporophytes of a NaCI-tolerant mutant and a NaCI-sensitive wildtype strain of the fern Ceratopteris richardii Brongn. were characterized following exposure to 60 millimolar NaCI, using a psychrometric approach to pressure-volume analysis. Water potential components of whole plants and shoots at full or ambient

pressure chamber for PV analysis of roots has been attempted

hydration were similar between strains. Roots of the mutant,
(16, 27, 32) but there have been some problems adapting this
however, had osmotic potentials at full turgor and water potentials
technique to roots. Root pressure apparently obscures the
at zero turgor which were lower (0.32 and 0.46 megapascal,
reading of balance points at high RWC (32), and A' estimates
respectively) than those in roots of the wild type after salinization.
at lower RWC are often erroneous because of tissue damage
Although compromised in the absence of NaCI, sporophytes of
related to high pressurization.
the mutant strain were larger and much less necrotic in 60
Theoretically, a psychrometric determination of root V
millimolar NaCI after 17 days, compared to the wild type. Root
offers
important advantages. No pressurization is required,
growth in the mutant strain was unaffected by salinization and
far exceeded root growth in the wild type. Correlation coefficients which allows reliable ,6 estimates at much lower RWC than
possible with the pressure chamber. Additionally, the probof the linear regression and the general consistency and precision
of the pressure-volume data demonstrated the feasibility of using
lems related to root pressure with ; estimates at high RWC
PV curves for estimating water potential components of roots.
are avoided. Moreover, a psychrometric determination of
The technique should also provide a means of studying osmoretotal A may be more accurate. The pressure chamber gives
gulation in a variety of other rapidly equilibrating plant tissues.

only a measure of the A, of the apoplastic fluid; this is usually

equated with total tissue s, based on the assumption that
apoplastic solute content is negligible (6, 32). Recent evidence,
however, indicates that apoplastic , of various tissues may
be as low as -0.3 MPa under certain conditions (7, 19). The
psychrometer, on the other hand, does furnish an estimate of
Generating ;2 isotherms by PV analysis is regarded as the
total b and is particularly useful for assaying A in rapidly
most accurate method of estimating the symplastic 4,' of live
equilibrating tissues.
plant tissue (33). A psychrometric or hygrometric determiOne objective of this study, therefore, was to determine the
nation of the V7. of plant extracts or frozen/thawed material
is used frequently because of its speed and simplicity, but this feasibility of using thermocouple psychrometry to generate
assay presents several problems (5, 8, 13, 33, 35). PV curves PV curves of root tissue. Roots provide ideal candidates for
also provide much more information about the dynamics of psychrometry for three reasons: a lack of cuticle, a very high
tissue water status than the one-time measurement of extracts surface area-to-volume ratio and, typically, a very low ratio
or killed tissue, giving estimates of elasticity, water partition- of cut surface-to-total surface area. The first two characteristics contribute to rapid sample equilibration within the psyPartially supported by NSF Grant DMB 88-03620 (L. G. H.).
chrometer chamber, and the last obviates much of the 'cut2 Abbreviations: ;. water potential: , osmotic potential; RWC,
edge' effect which sometimes confounds psychrometric estirelative water content: PV, pressure-volume; A,X, turgor or pressure
mates of leaf ; (21, 39). Part of the objective was to study
potential; 1 Oa23, NaCI-tolerant mutant strain; Hn-n, wild-type strain;
osmotic and turgor regulation in roots subjected to saliniza, ambient water potential; A,"t ambient osmotic potential: A,
tion. The ability of cells to adjust internal , and thus regulate
ambient pressure potential: , osmotic potential at full turgor: ,.
water gain or loss in response to the osmotic and/or ionic
water potential at the turgor loss point: ROWC, relative osmotic
stress of salt exposure has long been observed in aerial plant
water content: R/S. root:shoot ratio; T/D, turgid weight:dry weight
organs ( 11), yet reports of this protective phenomenon occurratio: ROWC", relative osmotic water content at the turgor loss point:
ring in salinized roots are lacking.
RWC", relative water content at the turgor loss point: ROWC"
ambient relative osmotic water content; RWC", ambient relatiVe
The homosporous fern Ceraltoperis richardii forms a

water content: FW. fresh weight: DW. dry weight.

unique model system for an in vitro whole plant approach to
322
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basic and applied studies of plant development, physiology,

contained four sporophytes and the cultures were maintained

genetics, and molecular biology (12). Mutants tolerant of
NaCl, abscisic acid, glyphosate and paraquat have been suc-

for 10 d prior to treatment.

Young sporophytes were used throughout the experiments.

This allowed sampling of whole plants within the psychrophase of the fern (12, 34). This system has provided an
meter chamber, and expedited sample equilibration time, as
especially sensitive means of distinguishing mutants possess- little cuticle forms in young plants growing in atmospheres of

cessfully recovered and characterized using the haploid sexual

very high relative humidity.

ing only subtle differences.

The many integrated morphological and metabolic processes associated with salt tolerance in both halophytic and

glycophytic plants reflect tremendous genetic complexity (10,
38). The NaCl-tolerant mutants of Ceratopteris, however,
permit an examination of the independent contributions of

different mutations on a common wild-type background and
allow studies of tolerance at the cellular and molecular levels.

Previous work has described two single gene nuclear mu-

tants (N]O and N16) that confer low to moderate tolerance
to 100 to 150 mm NaCl in the haploid gametophyte generation
of Ceratopteris (34). Only slight tolerance has been observed
in the diploid sporophyte generation of strains homozygous
for either mutation. A strain, 10Oa23, with higher tolerance to
NaCl in both the gametophyte and sporophyte generations
was obtained by mutagenizing spores containing the N]O
mutation and selecting for gametophyte growth on medium

NaCI Treatment

Treatment was initiated by replacing the nutrient medium

in the cultures with fresh nutrient medium containing either
0 or 30 mm NaCl. After 2 d acclimation, the medium was
replaced with fresh medium containing either 0 or 60 mM
NaCl. Treatment was continued for 18 d, with a replacement
of medium at either 8 and 13 d (PV analysis) or 7 and 14 d
(growth analysis). Osmotic potentials of the culture solutions
were -0.03 and -0.29 MPa for the control and 60 mM NaCl
treatments, respectively.

Throughout this paper, the designations 'd 4,' 'd 10,' and
'd 17' of salinity exposure include the 2 d 30 mM NaCl
acclimation period which immediately preceded placement
into 60 mM NaCI (and then 2, 8, and 15 d exposure to 60

containing 200 mm NaCl (LG Hickok, TR Warne, unpublished data). This strain is highly tolerant to NaCl in the

mM NaCl, respectively).

gametophyte generation (up to 275 mM) and can be clearly
distinguished from the NaCl-sensitive wild-type (Hn-n) when
sporophytes are subjected to NaCl stress. Genetic analysis has
shown that strain 10cx23 contains another mutation, Na23,
in the N1O genetic background. The Na23 mutation shows a

Growth Analysis

high level of NaCl tolerance in gametophytes, which is significantly enhanced by the presence of the N]O mutation.
Our second objective was to investigate some of the effects
of the combined N]O and Nca23 mutations on the water
relations of the diploid generation: to characterize osmotic
adjustment and turgor maintenance in NaCl-sensitive wildtype and NaCl-tolerant 0Ca23 strains exposed to salinity
stress.

MATERIALS AND METHODS

On d 10 and 17, DWs were determined for six samples
from the 0 mm treatment and eight samples from the 60 mM
treatment. Shoots and roots were weighed separately. DWs
were taken after oven drying overnight at 80?C.
PV Analysis

An SC- 10 thermocouple psychrometer with sample changer
connected to an NT-3 nanovoltmeter thermometer (Decagon
Devices, Pullman, WA) was used to derive temperature and
,uV readings (for conversion into A values) for derivation of
PV curves. The psychrometer was calibrated at ambient laboratory temperature using a graded series of NaCl solutions.
Standard psychrometer operating procedures were observed
(4, 28).

PV curves were derived on d 4 and 10 for whole sporophytes
and d 17 for root and shoot samples from plants of each
Completely homozygous sporophytes of Ceratopteris rigenotype from the 60 mm NaCl treatment. Control plants (0
cliardil Brongn. had been previously generated by self-fertil- mM NaCI) of each genotype were assayed on the day following
ization of a single haploid gametophyte of each mutant strain
salinized plants.
(12, 34). Sporophytes for PV analyses were generated by
Samples (0.1-0.5 g FW) were quickly rinsed in disH20 and
flooding axenic gametophyte cultures of each homozygous blotted dry, weighed, and placed in the psychrometer chamstrain with sterile distilled water to effect fertilizations. This ber. All manipulations were performed in an enclosed humid
Plant Material

resulted in a uniform population of genetically identical spo-

chamber to minimize evaporative loss from tissue. Preliminary tests indicated that generally a minimum of 10 min was
floated in 100 mL fresh mineral nutrient medium, pH 6.0 required for root samples, and 20 min for shoot samples, to
(12), in 300 mL styrofoam cups (5 cup-'). Cups were individ- attain vapor equilibrium with the gas phase within the psyually covered with transparent plastic bags and placed in a chrometer. At these times, therefore, the RH of the gas phase
growth chamber maintained at a constant thermo-photoperin each sample chamber was determined; this minimum time
iod of 28 ? 2?C and about 85 imol m-2 s-' PAR. Cultures afforded equilibration while allowing construction of PV
were maintained for 12 d prior to treatment, with a complete
curves with several points in the linear (zero turgor) portion
change of medium at 7 d. Sporophytes for growth compariof the plot to be completed in 6 to 8 h. Samples were then
sons were generated in a similar manner except that each cup
reweighed. and the average of the pre- and postdetermination
rophytes for each strain. Twenty-d-old sporophytes were
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Table I. Effect of Salinity on DW of Whole Sporophytes, Shoots and

mg water sample-' was lost during a determination). Samples
Roots, and Root:Shoot DW Ratios (RIS), of Ceratopteris

were gently aspirated in a stream of air to hasten dehydration

Sporophytes

between determinations, and A estimates were obtained at
several states of tissue hydration.
Samples were growing with roots fully submerged in an

Wild-type and NaCI-tolerant (1 0a23) sporophytes grown in
aqueous solutions were placed in 0 or 30 mm NaCI solutions (stepped
up to 60 mm NaCI after 2 d) and measured after 10 and 17 d. Values

aqueous solution, and further resaturation was not attempted. are the means of six to eight replicates, with ?SE listed beneath each
mean.
The initial, ambient A (a) was recorded and its components

A f,a) calculated. In order to appraise the actual adjustment
in solutes, the osmotic potential at full turgor (iV'`; at A V 0)
was calculated by estimating the fully turgid weight of the

Treatment Whole Plants Shoot Root R/S

Day 10

0 mM NaCI

sample (the potential sample weight at 4' 0) through extrap-

Wild type 17.0 12.8 4.2 0.33

olation of the linear relation between sample FW and ; (down
to about -1.0 MPa) as previously described (18, 36).
The inverse of the balance pressure (47; y axis) was plotted

1.3 1.1 0.4 0.03
1

0a23

7.7

5.3

2.3

0.43

1.1 0.7 0.5 0.07
60 mm NaCI

against cumulative volume lost (V; x axis) and a least-squares
linear regression fitted to the linear segment of the curve

Wild type 12.3 8.1 4.3 0.49
1.0

which developed when bulk turgor pressure had been lost (26,

1

31). The slope of the linear segment is -l /RTNX, where NS is
the total number of osmotic solutes in all the living cells of

0a23

13.3

0.8

0.4

0.04

7.6

5.8

0.76

1.3 0.7 0.8 0.08
Day 17

the sample, R the gas constant, and T the absolute tempera-

0 mM NaCI

ture. The v intercept of this line (-j) gave the inverse of
47100 and the x intercept gave the total volume of osmotic

Wild type 25.3 17.8 7.5 0.42

2.9 2.1 0.9 0.02

(symplastic) water in the tissue (Vref) (14). The initial point in
the linear segment was regarded as the water potential at the

1

0a23

14.1
4.8

9.0

5.2

0.53

2.9

2.0

0.04

60 mm NaCI

turgor loss point (4O) (31). ROWC was calculated as (14):

Wild type 14.2 9.4 4.9 0.54

ROWC = l00(Vref - VD/Vref (1)

1.5 1.0 0.6 0.04

1 0a23 18.2 11.0 7.3 0.68

and RWC as:

2.3 1.4 1.0 0.08

RWC= l00(Vtot - V)/Vtot (2)

10 23 was
where Vt10 is the total volume of water (symplastic
plus substantially larger
ment, with root growth great

apoplastic water).

4'p values were derived from the PV curve as difference

between A and 47 at any particular RWC.

was consistently higher for 10O
inization increased R/S conside
Visual observations of the salinized plants after 10 and 17
d treatment showed obvious differences between the strains.

Statistics

At 10 d, Hn-n showed significant necrosis in leaves and a
general darkening of roots, which were pale green in the
and comparisons at 17 d involved three factors: salinity (0
control plants. Strain 10ca23 showed a small amount of neversus 60 mm NaCl), genotype (Hn-n versus I Oa23) and organ crosis in leaves and normal root appearance. At 17 d, most
type (root versuts shoot). Comparisons at 4 and 10 d involved of the wild-type leaf tissue was dead and the roots were dark
whole plants and two factors: salinity (0 versuis 60 mm NaCl) brown. Strain 1 0a23 showed an increase in the level of
and genotype (Hn-n versus l0ca23). Eight (roots) or four
necrosis in leaves, relative to 10 d, while the roots remained
Plants were arranged in a completely randomized design,

(shoots and whole plants) PV curves were generated in the

a normal pale green color.

salinized treatments, and four PV curves for roots and whole
plants in the unsalinized treatments. The pooled standard

PV Analysis

error of the means, displayed in the figures, was calculated by
taking the square root of the error mean square from the
analysis of variance and dividing it by the square root of the
number of observations in a mean (30). Six to eight replicates

Whole Plants

Growth Analysis

Osmotic adjustment occurred in sporophytes of both the
NaCI-sensitive wild-type and the NaCl-tolerant mutant Ceratopteris genotypes, with water relations of each strain showing similar changes with salinization (Table II).
An estimate of 4,' in tissues with total bulk A 0 (4'?o)
gives a reference state for comparing tissues with varying

stress, growth of the two strains was about equal at 10 d and

Hn-n and 0.49 MPa in l0cv23 (Table II). Solute accumulation

per treatment were used for growth analysis.
RESULTS

RWC and A, and is often used in studies of drought physiology
In the absence of NaCl stress, growth of 0Oa23 ranged from (15, 24, 26, 31). The adjustment in q4,'l' after 4 d exposure
41 to 70% of the wild type (Table I). In contrast, under NaCl
to NaCl (2 d on 30 mm, and 2 d on 60 mM) was 0.32 MPa in
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Table of
IlIl. Effect
of Salinityand
on RWCa and ROWCa at Ambient Turgor
Table II. Effect of Salinity on Whole Sporophytes
Wild-Type
NaCI-Tolerant (10c23) Ceratopteris: Osmotic Potential
atROWC?
Full at
(A'W0;
and RWC? and
the Turgor Loss Point (4p = 0) in Whole
Sporophytes
of Ceratopteris
0) and Ambient (,[a) Turgor, Water Potential
at Ambient
Turgor
(8a) and at the Turgor Loss Point (t0; Ap = 0), and
ValuesAmbient
are the meansTurgor
of four replicates, with +SE listed beneath
Potential (Lpa)

each mean.

Wild-type and 1 0a23 plants grown in aqueous solutions were
placed in 0 or 60 mm NaCI solutions and characterized after 4 and
10 d using PV analysis. Values are the means of four replicates, with
?SE listed beneath each mean.

Treatment RWCa ROWCa RWCO ROWC?
Day 4
0 mM NaCI

Treatment

4800

,a

1a

;

a

8

Wild type 94.7 93.7 81.7 78.5
1.7

MPa

1.9

3.1

2.4

1 0a23 97.6 93.9 90.7 76.0

Day 4

0.3

0 mm NaCI
Wild type -0.57 -0.24 -0.61 0.37 -0.72

60

mM

2.5

0.7

60 mm NaCI

2.7

2.2

1.6

2.2

2.3

3.1

Day 10

0 mM NaCI
Wild type 93.0 89.0 74.2 63.0

10 a23 -0.92 -0.56 -0.99 0.43 -1.34

0.6

0.05 0.03 0.04 0.02 0.07

1.0

6.9

5.9

1 0a23 92.4 85.4 79.4 60.8

Day 10

0.4

0 mM NaCI

Wild type -0.61 -0.42 -0.68 0.27 -1.03

6.7

1 0a23 96.1 92.6 84.5 70.4

0.04 0.06 0.02 0.04 0.08

0.07 0.08 0.04 0.12 0.10

1.9

Wild type 86.2 82.6 71.3 64.0

0.06 0.07 0.03 0.06 0.02
10 O23 -0.43 -0.22 -0.46 0.22 -0.59

Wild type -0.89 -0.69 -1.08 0.39 -1.39

0.7

NaCI

0.2

2.0

1.3

60 mm NaCI

Wild type 94.6 91.0 69.1 63.7

0.09 0.06 0.09 0.13 0.22

0.5

10cO23 -0.51 -0.37 -0.60 0.23 -0.84

3.2

5.0

5.1

1 0a23 93.8 92.2 72.6 65.5

0.03 0.03 0.03 0.03 0.06

1.2

60 mm NaCI

1.3

4.3

1.4

Wild type -1.33 -0.45 -1.42 0.97 -2.15
0.10 0.08 0.12 0.11 0.29

Changes in the 4' isother
motic or ionic stress. A sh
tissue RWC to be maintaine
with drought resistance (15
continued with additional exposure
to NaCl,
after 10 d, occurre
teris
4' and
isotherms
adjustments of 0.72 MPa and 0.84 were observed in Hn-n
phytes of each strain (Fig
10 a23 -1.35 -0.45 -1.46 1.01 -2.06
0.06 0.04 0.06 0.10 0.12

and 10ca23, respectively.

(Fig. 2A).

Response to salt stress may also be characterized by examining ambient A components. Salinized plants growing in an

Turgor potential was less in 1 0a23 across the spectrum of
RWC in both salinized and unsalinized sporophytes on d 4
aqueous solution have full access to water, and their actual A
(Fig. IC). On d 10, turgor was similar below 80% RWC for
components under readily definable and standard culture
each genotype regardless of salt treatment (Fig. 1D). The
conditions reveal how they compensate osmotically for NaCl 10O23 strain exposed to NaCl had greater ',, above 80 % RWC
exposure. Values of ,'W in the two strains were similar in on d 10.
salinized plants, about -1.0 MPa after 4 d and -1.4 MPa
Exposure to osmotic or ionic stress commonly results in
after 10 d (Table II). While remaining unchanged in Hn-n the maintenance of greater 4,, at a particular 4 (15), and this
after 4 d of salt exposure, V,,' doubled in I0Oa23. After 10 was
d, observed in each Ceratopteris strain after 4 and 10 d of
turgor increases of 0.70 and 0.78 MPa were observed in saltsalinization (Fig. 3). Plants maintained A,, to lower 4 at d 10
treated Hn-n and 10a23, respectively.

than at d 4 (Fig. 3) as a consequence of greater solute accuThe turgid weight:dry weight ratio (mean = 25.4) did not mulation (Table II). The two strains showed similar 4',, versus
change with salt treatment or time, nor did it differ between 4 relationships after 4 d of salinization (Fig. 3A), but by 10 d
strains.
turgor in 10ca23 was substantially higher at 4s above -1.0
The A change in 10Oa23 after 4 d of salinity stress, and lack MPa (Fig. 3B). Turgor at high 4 in unsalinized sporophytes
of change in Hn-n, was accompanied by maintenance of
was greater in Hn-n on both days.
RWC' in 10a23 and a drop in RWCU in Hn-n (Table III).
ROWC' was also lower in salinized Hn-n plants on d 4. By d
Roots versus Shoots
10 Hn-n appeared to recover; at that time both strains had

similar RWCU and ROWC'. RWC? dropped 5 to 10%O in
response to salinization in both strains on both days. A
decrease in ROWC? paralleled the decrease in RWC? in Hnn on d 4. but by d 10 all treatments had similar ROWC?- .

The 1Oa23 strain showed greater root osmotic adjustment
with salinization than Hn-n: ,6X100 was 0.32 MPa lower, 4'f
was 0.43 MPa lower, and 4a was 0.46 MPa lower in 10Oa23
than in Hn-n (Table IV). Because root " was also lower in
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Figure 1. Relationship between RWC and t (A and B) and turgor pressure (C and D) in salinized and unsalinized sporophytes of the Hn-n and
1 0a23 strains of Ceratopteris. Measurements were made by the PV technique using thermocouple psychrometry. Curves were fitted with RWC
as the independent variable; each point is the mean of three to five measurements. Bars represent 2 x the pooled SE.

10

23

(by

0.3

1

MPa),

i,

was
similar
DISCUSSION

betwe

(;V1a. Table IV) and at lower RWC (Fig. 2B). Root { in 10a23

was, however, greater at any particular V than in the wild type Thermocouple Psychrometry and PV Analysis of Roots
in salinized plants (Fig. 4A). The 10ca23 strain had more
negative root ; in the lower RWC range with salinization

(Fig. 2A). Turgor was increased by salinization in roots of

PV curves of roots of Ceratopteris yielded reasonable and

precise estimates of {,`, A?, and other parameters. Standard

errors for these parameters compare favorably to those obtained on tissues of a number of species using the pressure
Best fit regression lines showed shifts in the {p versus
chamber for PV analysis. Correlation coefficients of the zerorelationship which were indicative of resistance in roots of
turgor regression lines (3-5 data pairs) were consistently quite
each strain; 10xa23 tended to have greater turgors than Hn-n
high: r = 0.993 ? 0.002 for the root plots and r = 0.997 +
with salinization (Fig. 4A). This relationship was similar
0.001 for the shoot plots. The r values also compare very
between the strains in shoots (Fig. 4B). Shoots and roots had
a similar Qp versuts i relationship in Hn-n, whereas in l0Oa23 favorably with those of plots derived using the pressure cham10a23, but not Hn-n (Table IV).

V'p tended to be higher in roots than in shoots across the range ber. Since pressurization is not involved in obtaining the;
estimates, ; measurements at lower levels of RWC are possible using psychrometry, which can enhance the precision of
T/D was greater in roots of both strains, and greater in
(and thus the confidence placed in) the regression.
salinized roots of 10a23 than in Hn-n (Table V). T/D de-

of RWC (Fig. 4B).

creased in each strain as a result of salinization. Relative
osmotic and relative water content at ambient and zero turgor
were similar in most cases in roots and shoots of both strains

(Table V). RWC? and ROWCa, however, were lower in shoots
of 10a23.

Almost all PV analyses of plant tissues have employed the

pressure chamber (31). although isotherms of leaf tissue have
been constructed using the psychrometer (17). Prohibitively
long equilibration times have generally precluded the use of
thermocouple psychrometry with leaves. However, psychro-
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respectively. Decreases in 4,"1O of 0.2 MPa also occurred in
the present experiment in roots of wild-type Ceratopteris after

metrv allows construction of reliable PV curves using small

17 d salinization. In l0a23, however, o decreased 0.6

samples of uncuticled or sparsely cuticled tissue and is admi-

MPa, suggesting that root osmoregulation is one aspect of

rably suited to work not only with roots but with other rapidly

Ceratopteris physiology affected by the NIO and Na23 mu-

equilibrating tissues. We have successfully used psychrometric

tations. These findings demonstrate that root tissues can

PV analysis with the roots of a number of species, quickly

adjust osmotically and regulate turgor as extensively as shoot

and easily excavated from calcined montmorillonite clay, and

tissues. Similar results have been reported for droughted cot-

with cultured callus tissue (RM Aug&, AJW Stodola, unpub-

ton, where a psychrometric assay of frozen/thawed tissues

lished data). It is possible, therefore, to study osmotic adjust-

showed that roots exhibited a smaller absolute decrease in {,

ment and turgor regulation in species and organs which

but a considerably larger percentage adjustment than leaves

heretofore have not been investigated due to size, fragility,

(22).

absence of stalk, etc.
PV analysis of osmotic adjustment in roots in response to
salinity has not been reported previously, and has seldom
been used to investigate root response to any environmental
change. Root osmoregulation to drought has been studied a

Osmoregulation in NaCI-Tolerant and NaCI-Sensitive
Ceratopteris Strains

The identification of specific mutations which impart some

few times by examining the A,: of killed or extracted tissuedegree of NaCl tolerance is an important step toward understanding the genetic basis of salt resistance in plant tissues, as
(22, 23, 29). PV analysis of root tissue using the pressure
characterization of these mutations allows us to link genetic
chamber has been attempted (1 6, 27, 32), and adjustments of
0.2 and 0.4 MPa were reported for roots of western hemlock

location and physiological response. The combined NIO and
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Table IV. Effect of Salinity on Roots and Shoots of Wild-Type and

Physiol.

Vol.

1.0

(A) R.?D S

NaCI-Tolerant (10a23) Ceratopteris: Osmotic Potential at Full (;100;
0) and Ambient (b,a) Turgor, Water Potential at Ambient Turgor

(Va) and at the Turgor Loss Point (A?; Ap = 0), and Ambient Turgor

91,1989

U
0.8T

Potential (Apa)
Wild-type and 1 0O23 plants grown in aqueous solutions were
placed in 0 or 60 mm NaCI solutions and characterized after 17 d

using PV analysis. Values are the means of four (shoot and 0 mM
NaCI root treatments) or eight (60 mm NaCI root treatments) repli-

0.6 0 10a230rnM

| ' | 10a23m -- / /z
] tOn-nO0mM __/ O

0. | @In-n 60 mM -/;

cates, with ?SE listed beneath each mean.
Treatment

'?

a

a

a

1.0

MPa

_~~~~~~~~~

Roots

0 mM NaCI

Wild type -0.73 -0.34 -0.78 0.44 -1.06
0.10 0.03 0.11 0.09 0.18

(B)

1 0a23 -0.68 -0.41 -0.78 0.38 -1.03

0.2~~~~~~~~~
60
mlM

0.07 0.03 0.09 0.07 0.15
60 mm NaCI

0.8

.

Wild type -0.95 -0.43 -1.11 0.62 -1.37
0.11 0.05 0.09 0.12 0.13
1 0a23 -1.27 -0.74 -1.54 0.68 -1.83
0.12 0.03 0.12 0.11 0.13

0

10

a23

RO*TS

a

/

'

g 0.6 * 10a23SIHOOTS _- 0/ /
0

Hn-n

ROOTS

0

/

* JIn-n SHOOTS0

Shoots

S [@09~~~~~~~~~

60 mm NaCI

0.4

Wild type -1.05 -0.61 -1.35 0.55 -1 .44
0.07 0.03 0.07 0.05 0.10

0

1 0c23 -1.01 -0.61 -1.34 0.55 -1.72

0.2

0.14 0.06 0.12 0.15 0.26

Nc*23 mutations resulted in an obvious tolerance of NaCl,
evidently involving the roots. Root growth was unhampered
in 10ca23 by an NaCl concentration which severely inhibited
root growth in the wild type. These growth differences were
correlated with osmotic adjustment, as roots alone displayed
water relations differences between strains upon salinization.
Although growth of strain 1Oa23 exceeded that of Hn-n after
17 d salinization, its growth in the absence of NaCl stress is
clearly compromised relative to the wild type. This implies
that the mechanism of tolerance involves a certain metabolic
cost.

It has been suggested that the growth reductions accompa-

-2.5
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-1.5

-1.0

WATER

-0.5

0.0

POTENTIAL

(MI9

Figure 4. Relationship betwee
and unsalinized roots, and (B)
and 1 0a23 strains of Ceratop
PV technique using thermocou
with ; as the independent vari
to five measurements. Bars re

by Neumann et al. (20) in bean leaves after 1 d exposure to

50 mM NaCl was about 0.1 MPa, whereas 4, increased 0.2
MPa in Ceratopteris plants after 4 d exposure (10a23), and
increased 0.7 MPa (Hn-n) and 0.9 (10a23) MPa after 10 d.
Osmotic adjustment to drought has been correlated with
hydration over the 17 d in 60 mM NaCl. In fact, each genotype
decreases in T/D in lupin, cotton and wheat (1, 25, 32). There
accumulated a much greater quantity of ions than would be
appeared to be no correlation between osmotic adjustment
nying salt stress may be linked to turgor decreases (20), yet 4'
actually increased with salinization of Ceratopteris. Ceratopteris roots and shoots had no difficulty maintaining tissue

required to counteract the osmotic effect of this level of salt
(60 mm NaCl depressed the AT of the growing solution from

-0.03 to -0.29 MPa). Hence, bulk turgors were much higher
than in unstressed controls. Elevated turgor in response to
salt stress has been observed before in whole plants (37) as
well as in cultured tissues (2, 3, 9) and has been suggested as
a salt tolerance strategy adopted by plants (37). Suaeda monoica also achieved very high cell osmolalities at relatively low
external salt levels, and it was suggested that if this gives rise

to a very high Ap, then fluctuations in Vp might be accommodated without major damage (37). It is likely that turgor
responses are associated with duration of exposure, with ac-

climation taking some time to occur. The 4' decrease reported

and T/D in Ceratopteris.

Currently, we do not know if 10ca23 simply accumulated
more NaCl, or if some other substance(s) is responsible for
the lowered 4',. Investigations are underway to identify these
solutes.

Concluding Remark

These studies demonstrate the feasibility of using thermocouple psychrometry to obtain PV estimates of ,6 and other
parameters in roots. Perhaps even more importantly, they
highlight the importance of including root water relations in
studies of stress physiology. An examination of shoot tissues
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(1983) Solutes contributing to osmotic adjustment in cultured
plant cells adapted to water stress. Plant Physiol 73: 834-843
Ambient Turgor and RWC? and ROWC? at the Turgor Loss Point (Vp
10. Hanson AD, Hitz WD (1982) Metabolic responses of mesophytes
= 0) and Turgid:DW Ratio (T/D) in Roots and Shoots of Ceratopteris
to plant water deficits. Annu Rev Plant Physiol 33: 163-203
Sporophytes
11. Hellebust JA (1976) Osmoregulation. Annu Rev Plant Physiol
Table V. Effect of Salinity (17 d exposure) on RWCa and ROWC8 at

Values are the means of four (shoot and 0 mm NaCI root treatments) or eight (60 mm NaCI root treatments) replicates, with ?SE
listed beneath each mean.

27: 485-505

12. Hickok LG, Warne TR, Slocum MK (1987) Ceratopteris richardii: applications for experimental plant biology. Am J Bot 74:
1304-1316

Treatment RWCa ROWCa RWCO ROWCO T/D

13. Joly JJ, Zaerr JB (1987) Alteration of cell-wall water content
and elasticity in Douglas-fir during periods of water deficit.
Plant Physiol 83: 418-422

Roots

0 mM NaCI
Wild type 95.4 82.4 81.4 70.0 33.9
1.0

3.5

5.4

4.8

1.4

1 0c23 90.9 80.9 75.5 67.1 33.8
2.3

4.1

3.4

4.0

0.6

60 mM NaCI
Wild type 92.0 84.4 74.0 67.8 25.4
1.3

2.8

4.5

3.0

0.7

1 0a23 91.1 81.2 74.4 66.6 28.9
0.8

2.3

2.0

1.1

1.3

Shoots
60 mm NaCI
Wild type 91.4 80.9 79.6 70.5 20.5

1.6

2.4

4.3

4.0

5.2

1 0a23 89.8 77.0 69.1 59.2 24.3
2.4

2.2

2.1

1.5

2.4

14. Jones MM, Turner NC (1980) Osmotic adjustment in expanding
and fully expanded leaves of sunflower in response to water
deficits. Aust J Plant Physiol 7: 181-192
15. Jones MM, Turner NC, Osmond CB (1981) Mechanisms of
drought resistance. In LG Paleg, D Aspinall, eds, The Physiology and Biochemistry of Drought Resistance in Plants. Academic Press, New York, pp 15-37
16. Kandiko RA, Timmis R, Worrall J (1980) Pressure-volume
curves of shoots and roots of normal and drought conditioned
western hemlock seedlings. Can J For Res 10: 10-16
17. Kikuta SB, Kyriakopoulos E, Richter H (1985) Leaf hygrometer
v. pressure chamber: a comparison of pressure-volume curve
data obtained on single leaves by alternating measurements.
Plant Cell Environ 8: 363-367
18. Ladiges PY (1975) Some aspects of tissue water relations in three

populations of Eucalyptus ivininalis Labill. New Phytol 75:
53-62

19. Meinzer FC, Moore PH (1988) Effect of apoplastic solutes on
water potential in elongating sugarcane leaves. Plant Physiol
86: 873-879

alone, commonly the case in stress-related plant water status
experiments, would not have disclosed a difference in osmoregulation between these two very closely related Ceratopteris
strains.
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