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ABSTRACT

 

The shoots of cultivated tomato (

 

Lycopersicon esculentum

 

cv. T5) wilt if their roots are exposed to chilling tempera-
tures of around 5 

  

∞∞∞∞

 

C. Under the same treatment, a chilling-
tolerant congener (

 

Lycopersicon hirsutum

 

 LA 1778) main-
tains shoot turgor. To determine the physiological basis of
this differential response, the effect of chilling on both
excised roots and roots of intact plants in pressure cham-
bers were investigated. In excised roots and intact plants,
root hydraulic conductance declined with temperature to
nearly twice the extent expected from the temperature
dependence of the viscosity of water, but the response was
similar in both species. The species differed markedly, how-
ever, in stomatal behaviour: in 

 

L. hirsutum

 

, stomatal con-
ductance declined as root temperatures were lowered,
whereas the stomata of 

 

L. esculentum

 

 remained open until
the roots reached 5 

  

∞∞∞∞

 

C, and the plants became flaccid and
suffered damage. Grafted plants with the shoots of one
genotype and roots of another indicated that the differen-
tial stomatal behaviour during root chilling has distinct
shoot and root components.
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INTRODUCTION

 

The cultivated tomato, 

 

Lycopersicon esculentum

 

 Mill., is a
classic example of a chilling-sensitive plant. Temperatures
below 10 

 

∞

 

C severely inhibit tomato growth and develop-
ment at all life stages, and those below 6 

 

∞

 

C inflict signifi-
cant injury (Geisenberg & Stewart 1986). By contrast, an
interfertile wild species, 

 

Lycopersicon hirsutum

 

, grows in
the Peruvian Andes at altitudes up to 3300 m and thrives
at chilling temperatures that are detrimental to 

 

L. esculen-
tum

 

 (Patterson, Paull & Smillie 1978; Dalziel & Breiden-
bach 1982; Vallejos & Tanksley 1983; Wolf 

 

et al

 

. 1986; Yakir,
Rudich & Bravdo 1986; Vallejos & Pearcy 1987; Jung, Stef-

fen & Lee 1998; Venema 

 

et al

 

. 1999). The physiological basis
for this differential chilling sensitivity remains uncertain,
although several hypotheses have been put forward (Bow-
ers 1994; Guy 1994; Li 1994; Kaye & Guy 1995; Nishida &
Murata 1996; Pearce 1999).

One hypothesis is that chilling causes transitions in mem-
brane lipids from a fluid phase to a gel phase that impairs
membrane permeability (Lyons & Raison 1970); in the spe-
cific case of 

 

L. esculentum

 

 and 

 

L. hirsutum

 

, however, phase
transitions in leaf membranes occur at similar temperatures
(Dalziel & Breidenbach 1982; Marangoni & Stanley 1989;
Raison & Brown 1989). Another possibility is that chilling
might inhibit energy metabolism or produce accumulations
of deleterious by-products (Guy 1994); in leaves of 

 

L. escu-
lentum

 

, such changes occur only after several hours of chill-
ing at high light and have little immediate or lasting effect
upon photosynthesis (Martin & Ort 1985; Yakir 

 

et al

 

. 1986;
Vallejos & Pearcy 1987; Sassenrath, Ort & Portis 1990;
Venema, Villerius & van Hasselt 2000).

Chilling also damages roots. As far back as 1727, Stephen
Hales conducted experiments showing that seedlings wilt
in cold soils because chilling impedes root water absorption
(Hales 1727). Chilling injury in several species may result
from water loss through open stomata at a time when root
hydraulic conductance is low (Wilson 1976; Markhart 

 

et al.

 

1979; Bagnall, Wolfe & King 1983; Fennell & Markhart
1998; Aroca 

 

et al

 

. 2001). After longer exposures to chilling,
plants may recover from wilting through stomatal closure,
restoration of root hydraulic conductance to higher values,
and enhanced root ion absorption and carbohydrate accu-
mulation (Markhart 

 

et al

 

. 1979; Bagnall 

 

et al

 

. 1983; Ali 

 

et al

 

.
1996; Fennell & Markhart 1998; Vernieri 

 

et al

 

. 2001).
Shoots of the chilling-sensitive 

 

L. esculentum

 

 wilt if their
roots are exposed to chilling temperatures of around 5 

 

∞

 

C,
whereas shoots of the chilling-tolerant 

 

L. hirsutum

 

 main-
tain turgor under the same treatment. Backcross progeny
of these species vary widely in the degree to which their
shoots maintain turgor under root chilling (Truco 

 

et al

 

.
2000). In the following study, we examined the water rela-
tions of 

 

L. esculentum

 

, 

 

L. hirsutum

 

, and grafted plants con-
sisting of shoots and roots from different genotypes to
determine the relative contributions of shoot and root char-
acteristics to the chilling sensitivity of tomato.
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MATERIALS AND METHODS

Plant material and growth conditions

 

Lycopersicon esculentum

 

 cv. T5 is a chilling-sensitive, highly
self-pollinated, fresh market tomato cultivar. 

 

Lycopersicon
hirsutum

 

 LA 1778 is an outcrossing accession that was
collected at 3200 m elevation in the Peruvian Andes.
Seeds of both species were obtained from the C. M.
Rick Tomato Genetic Resource Center at UC Davis
(http://tgrc.ucdavis.edu). They were surface-sterilized
(15 min in 1.3% NaClO for 

 

L. esculentum

 

 and 30 min in
2.6% NaClO for 

 

L. hirsutum

 

).
For the material used in most of the experiments, seeds

were germinated on several layers of cheesecloth placed
over the surface of a 19 dm

 

3

 

 plastic tub filled with
1.0 mol m

 

-

 

3

 

 CaSO

 

4

 

 and 50 mmol m

 

-

 

3

 

 NH

 

4

 

NO

 

3

 

. Vigorous
aeration kept the cheesecloth moist. Once the roots
reached the nutrient solution, it was changed to a more
complete one containing 50 mmol m

 

-

 

3

 

 NH

 

4

 

NO

 

3

 

 and the
other elements at 20% the concentrations of a modified
Hoagland solution (Epstein & Bloom 2004). The plants
were placed in a controlled environment chamber (Convi-
ron, Winnipeg, Canada) set at 25 

 

∞

 

C day/18 

 

∞

 

C night with a
16-h photoperiod. The photosynthetic flux density (PFD)
was 500–600 

 

m

 

mol m

 

-

 

2

 

 s

 

-

 

1

 

 at plant height. The nutrient solu-
tion was replenished every 7 d. Experiments were con-
ducted on 17- to 19-day-old-plants that had two fully
expanded leaves. The night before an experiment, plants
were brought into the laboratory and allowed 12 h or
longer in the dark and 3 h at 700 

 

m

 

mol m

 

-

 

2

 

 s

 

-

 

1

 

 PFD to
recover from transplant shock.

For the material used for measurements of hydraulic con-
ductance of whole plants, seeds were germinated in well-
fertilized, friable potting mix in special pots (see below).
The pots were placed in a greenhouse with a 25 

 

∞

 

C, 12 h
day and a 20 

 

∞

 

C, 12 h night, and were brought into the
laboratory when the plants were 14–17 d old.

 

Water relation measurements

 

In the hydraulic conductance measurements of excised
roots, a long primary root was cut below the hypocotyl, an
o-ring was fitted around the cut end, and the root sealed

into a pressure chamber (Fig. 1). Flexible tubing was
pressed over the stele of the cut end of the root; the other
end of this tubing added fluid expressed from the xylem
into a 10-mL graduated cylinder sitting on a sensitive bal-
ance (Sartorius BP211D; 

 

±

 

 0.00001 g; Sartorius, Goettin-
gen, Sweden). The solution in the cylinder was covered by
a thin layer of olive oil. Compressed air flowed into the
pressure chamber to aerate the root as well as to raise the
pressure; a needle valve controlled the rate of flow and
thereby the pressure was monitored with a pressure trans-
ducer (Omega PX236-GV100; Omega Engineering, Stam-
ford, CT, USA). The pressure chamber had a heat-exchange
coil through which water and antifreeze flowed from a
refrigerated water bath (Forma 2006; Thermo Forma, Mari-
etta, OH, USA) to control temperature. A data acquisition
system monitored changes in root temperature, chamber
pressure, and the mass of the expressed xylem fluid as
described in Zwieniecki, Thompson & Holbrook (2002).
Roots of five plants of each species were examined.

A stainless steel heat-exchange coil was placed in the
19 dm

 

-

 

3

 

 tub containing six to nine plants per species and
chilled solution circulated through the coil. We monitored
(a) root temperature; (b) stomatal conductance with a
Licor LI-1600 steady-state porometer (Li-Cor Inc., Lincoln,
NE, USA); (c) shoot water potential with Soil Mois-
ture Equipment 3000 pressure chamber (Santa Barbara,
CA, USA); and (d) leaf water potential and osmotic poten-
tial (before and after freezing in liquid N

 

2

 

) with a Wescor
5100 thermocouple psychrometer (Logan, UT, USA).

The hydraulic conductance of whole plants was mea-
sured using techniques described by Stirzaker & Passioura
(1996) and Passioura & Munns (2000). In brief, plants were
grown in special pots that could be enclosed in a pressure
chamber with a silicon rubber pressure seal at the junction
between root and shoot (Fig. 2). A fine nylon tube was
inserted into a cut in the xylem at the base of the stem and
connected to a water-filled capillary tube. As the nylon tube
was hydrophilic, it maintained hydraulic continuity
between the xylem sap and the capillary tube provided that
the xylem sap was close to atmospheric pressure. If the
pressure in the chamber was too high, sap bled out of the
xylem and the meniscus in the capillary tube rose and cut
the infra-red beam; if the pressure was too low, the sap

 

Figure 1.

 

An apparatus to monitor hydraulic conductance through an excised root. An o-ring compressed by a screw cap sealed the root 
into a pressure chamber. Tubing directed the xylem fluid expressed from the root onto an electronic balance (not shown) to monitor the 
rate of water flow (

 

±

 

 0.01 mg). Compressed air bubbled through the nutrient solution in the chamber to provide oxygen to the root as well 
as to pressurize the chamber. A refrigerated water bath (not shown) pumped fluid through a heat exchange coil in the chamber to control 
temperature.

http://tgrc.ucdavis.edu
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retreated into the xylem thereby lowering the meniscus and
exposing the infrared beam. A control system adjusted the
pressure in the chamber to maintain the meniscus at a
constant level. This applied pressure (the ‘balancing pres-
sure’) was equal to the pressure drop across the root sys-
tem, between the soil solution and the xylem at the base of
the shoot.

The shoot was enclosed in a temperature-controlled
cuvette. The glass walls of the cuvette were 150 mm diam-
eter by 250 mm long and mounted vertically on a polyvinyl
chloride (PVC) base containing a central, 50-mm diameter
hole through which the shoot, thermocouple wires, tubing
for the meniscus sensor, and air entered the cuvette. The
PVC base clamped onto the pressure chamber, with an
intervening rubber gasket that prevented loss of air from
the cuvette, while allowing the wires and tubes to enter. A
PVC plate that formed the top of the cuvette contained a
fan, which rotated just fast enough to induce gentle leaf
flutter, and an air outlet from which air was sent to the
humidity sensor. The humidity sensor was a chilled mirror
hygrometer (General Eastern DEW-10–0D1; General
Eastern Instruments, Wilmington, MA, USA). The flow
rate of the air through the cuvette was measured with a
mass flowmeter (Hastings EALL-5KP or EALL-50KP;
Teledyne Hastings Instruments, Hampton, VA, USA) and
was adjusted within the range of 2 to 8 L min

 

-

 

1

 

 according
to transpiration rate to keep an easily measurable differ-
ence in dew point between the ingoing and outgoing air and
a difference in vapour pressure of about 0.5 kPa.

The transpiration rate of the whole shoot was varied by
changing the humidity of the air entering the cuvette or the

light intensity, and was measured as the product of the flow
rate of air through the cuvette and the difference in humid-
ity between the ingoing and outgoing air. The slope of
transpiration rate as a function of balancing pressure pro-
vided an estimate of hydraulic conductance (Steudle 1992).
Three plants of each species having similar leaf areas were
monitored.

We calculated the hydraulic conductance values at 20 and
10 

 

∞

 

C and Arrhenius activation energy between these tem-
peratures. Plants were subjected to temperatures as low as
5 

 

∞

 

C, but balancing pressures became unstable at tempera-
tures lower than 10 

 

∞

 

C and thus calculation of hydraulic
conductance became unreliable. Statistical differences
between the species were assessed with the general linear
model in SAS (PROC GLM; SAS Institute, Cary, NC,
USA). Effect of species was considered significant when

 

P

 

 

 

<

 

 0.05.

 

Grafted plants and chilling response

 

The two parents, 

 

Lycopersicon esculentum

 

 cv. T5 and 

 

L.
hirsutum

 

 LA 1778, proved to be incompatible for grafting:
grafted plants with roots from one species and the shoot
from the other would thrive for about 10 d and then die
suddenly. Fortunately, we were able to obtain successful
shoot/root grafts between 

 

L. esculentum

 

 cv. T5 and the
progeny of this species and 

 

L. hirsutum

 

 LA 1778. Under
standard greenhouse conditions, interspecific F

 

1

 

 hybrid
seed was produced by placing pollen from a single 

 

L.
hirsutum

 

 LA 1778 individual plant (designated LA1778-
HS34) on to emasculated 

 

L. esculentum

 

 cv. T5 flower buds.

 

Figure 2.

 

Apparatus to monitor hydrau-
lic conductance of the root system of an 
intact plant. A silicon gasket sealed the 
roots into a pressure chamber. A fine nylon 
tube was inserted into a cut in the xylem at 
the base of the stem and was connected to 
a water-filled capillary tube. Because the 
nylon tube was hydrophilic, it maintained 
hydraulic continuity between the xylem 
sap and the capillary tube provided that the 
xylem sap was close to atmospheric pres-
sure. If the pressure in the chamber was too 
high, sap bled out of the xylem and the 
meniscus in the capillary tube rose and cut 
the infrared beam; if the pressure was too 
low, the sap retreated into the xylem 
thereby lowering the meniscus and expos-
ing the infrared beam. A control system 
(not shown) adjusted the pressure in the 
chamber to maintain the meniscus at a con-
stant level.
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A single, interspecific F

 

1

 

 hybrid plant was used as the pollen
donor in crosses with pistillate T5 to produce seed of the
first backcross generation (BC

 

1

 

) to 

 

L. esculentum

 

. We have
found previously that alleles from 

 

L. hirsutum

 

 LA 1778 at
a quantitative trait locus (QTL) on chromosome 9 are
strongly associated with shoot turgor maintenance under
chilling (Truco 

 

et al

 

. 2000). We refer to this QTL as 

 

stm9

 

 in
Table 2. A single BC

 

1

 

 (BC

 

1

 

33), heterozygous for the 

 

L.
hirsutum

 

 alleles at the QTL on chromosome 9, served as
the pollen donor in the second backcross to T5. The BC

 

2

 

plants 4428 and 4507 are heterozygous at this same QTL.
In summary, the genotypes used to make grafts were: T5,
BC

 

1

 

33, BC

 

2

 

-4428, and BC

 

2

 

-4507.
The most successful grafting technique was to have a

plant of one genotype potted in a standard potting mix
serve as the root stock. Shoot stock about 25 mm long was
cut from a plant of the same or another genotype, and all
but the newest leaves were removed. Graft cuts were made
in node areas of both the root and shoot stock. Cuts were
a deep V in the root stock and a corresponding wedge in
the shoot. The union was wrapped with pre-stretched Para-
film (Pechiney Plastic Packaging, Chicago, IL, USA), and
the shoot covered with a clear, ventilated plastic bag for a
week to reduce water loss. All grafted plants were grown
in a greenhouse in Davis, CA. Once a grafted plant showed
signs of new growth, the root stock was cut 50 mm below
the graft area, dipped in 0.20% 1 Naphthaleneacetamide
and 4.04% Thiram (synthetic auxin and fungicide, Roo-
tone

 

®

 

; Gulfstream Home & Garden, Lexington, KY),
placed in a vermiculite/perlite mix, and the Parafilm
removed. Grafted plants were transferred to 19 dm

 

-

 

3

 

 plastic
tubs when their roots were 25 mm long, and were grown in
solution culture as described above.

When the grafted plants had developed two new fully
expanded leaves, we evaluated the chilling sensitivity of
shoot wilting. The roots were chilled to 4 

 

∞

 

C whereas the
shoots remained at room temperature of 20 

 

∞

 

C. Shoot wilt-
ing was scored visually on a scale from 0 (fully turgid) to 3
(fully flaccid) after 2 h at 4 

 

∞

 

C. This measure has proved
highly correlated with the ability of tomato genotypes to
resume rapid growth after a chilling episode (Bloom,
unpublished results) and was used to identify QTLs for

shoot turgor maintenance (Truco 

 

et al

 

. 2000). Differences
among the grafts for shoot wilting were analysed for mean
separation via a Bonferroni (Dunn) 

 

t

 

-test (SAS Institute
Procedure GLM). Because the differences in the wilting
scores among BC

 

1

 

-33, BC

 

2

 

-4428, and BC

 

2

 

-4507 were insig-
nificant (data not shown), the data for these genotypes were
pooled and designated as the non-wilting phenotype (

 

nw

 

)
and the data for T5 was designated as the wilting phenotype
(

 

w

 

).

 

RESULTS

 

Water flow through the roots of 

 

L. esculentum

 

 cv. T5 and

 

L. hirsutum

 

 LA 1778 declined to a similar extent with a
decrease in temperature. In both species, the Arrhenius
activation energy (

 

E

 

a

 

) was about 9 kcal mol

 

-

 

1

 

 (Table 1,
Fig. 3). Leaf water potentials remained relatively constant
in 

 

L. hirsutum

 

 during the chilling episode, whereas they

 

Table 1.

 

The response of hydraulic conductance to root temperatures and Arrhenius activation energy in chilling-sensitive 

 

L. esculentum

 

 
cv. T5 (E) and chilling tolerant 

 

L. hirsutum

 

 LA1778 (H) as measured in excised roots or in intact plants

Genotype

Excised roots Intact plants 

Hydraulic conductance
(mg root-1 s-1 kPa-1)

Activation energy
(kcal mol-1)

Hydraulic conductance
(mg m-1 s-1 kPa-1)

Activation energy
(kcal mol-1)20 ∞C 10 ∞C 20 ∞C 10 ∞C

E 97 ± 37 58 ± 22 9.0 0.31 ± 0.03 0.18 ± 0.03 9.5
H 76 ± 18 44 ± 8 9.4 0.10 ± 0.01 0.06 ± 0.01 8.4

The hydraulic conductances from the pressure pot are normalized per leaf area. Values shown for the hydraulic conductances are the means ±
SE (n = 5 plants for excised roots and n = 3 for intact plants) and for the activation energies are the means. For reference, the activation
energy for water traversing a water-filled pore is about 4 kcal mol-1

Figure 3. Relative water flow through excised roots of the chill-
ing-sensitive Lycopersicon esculentum cv. T5 (dark squares) and 
the chilling-tolerant L. hirsutum LA1778 (light squares) as a func-
tion of root temperature, where the flow at 25 ∞C is taken as the 
reference point. Shown are the mean ± SE (n = 5 plants) with small 
errors bars incorporated into the symbols. The solid line indicates 
the theoretical response of water flow through a water-filled pore 
resulting from changes in the viscosity of water.
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dropped steadily in L. esculentum  (Fig. 4a). Leaf osmotic
potential declined slightly with temperature in L. hirsutum ,
but not in L. esculentum  (Fig. 4b). The two species differed
markedly in their stomatal behaviour (Fig. 4c). Stomatal
conductances at moderate temperatures were smaller in L.
hirsutum  than in L. esculentum  and declined gradually as
root temperatures were lowered, whereas the stomata of L.
esculentum  remained open until the roots reached 5 ∞C and
the plants became flaccid.

In the pressure pot experiments on whole plants, L. escu-
lentum  had about three times the hydraulic conductance of
L. hirsutum  (Table 1), but both species showed similar rel-
ative declines in hydraulic conductance at low tempera-
tures, with Arrhenius activation energies of about
9 kcal mol-1 (Table 1). When root temperatures dipped
below 8 ∞C, the root pressure–water potential–transpira-
tion relationships in both genotypes became unstable: the
balancing pressure required to maintain shoot water status
continued to rise for several hours without reaching an
equilibrium (Fig. 4). Nonetheless, hydraulic conductance
recovered within an hour upon re-warming. Stomatal con-
ductances were similar in both species at 20 ∞C, and they
declined more rapidly with temperature in L. hirsutum  than
in L. esculentum  (Fig. 5). Note that in these plants leaf
water potential was maintained high at all times because
the root chamber was pressurized to maintain the xylem
sap at the base of the shoot at atmospheric pressure.

Grafting per se  had little effect on the wilting response:
plants in which the shoots of one phenotype were grafted
to roots of the same phenotype did not differ in their wilting
response from their respective ungrafted controls (w/w  ver-
sus w and nw/nw  versus nw, using the nomenclature shoot/
root ; Table 2). Comparing reciprocal grafts between differ-
ing phenotypes with the self-grafts, namely, w/w  versus w/
nw versus nw/w  versus nw/nw , the w/w  wilted the most, the
nw/nw  wilted least, and the plants composed of different
genotypes and their accompanying phenotypes for the
shoot and root showed similar intermediate responses
(Table 2).

DISCUSSION

Two independent methods showed that water movement
through the roots was equally temperature-dependent in a
chilling-sensitive (L. esculentum  cv. T5) and a chilling-
tolerant (L. hirsutum  LA1778) species (Fig. 3, Table 1).
Water, because its viscosity decreases slightly with temper-
ature, traverses a water-filled pore with an activation
energy (Ea) of about 4 kcal mol-1 (Finkelstein 1987). The
water movement through the roots, however, had Ea values
of around 9 in both species, indicating that it involves more
than water flowing through pipes. For comparison, Ea val-
ues for water transport across a lipid bilayer via solubility-
diffusion are typically around 10 kcal mol-1, whereas those

Figure 4. Changes in the water 
relations of Lycopersicon esculen-
tum cv. T5 (E) and L. hirsutum 
LA1778 (H) as the root tempera-
ture declined from 25 to 5 ∞C. (a) 
The temperature response of leaf 
water potential. The merged data 
for three plants of each genotype 
are shown, E (dark squares) and H 
(light squares), and a linear regres-
sion of these data. (b) The temper-
ature response of leaf osmotic 
potential. Shown are the merged 
data for three plants of each geno-
type are shown, E and H, and a lin-
ear regression of these data. (c) The 
temperature response of stomatal 
conductance. The mean ± SE (n = 5 
plants) are shown with small errors 
bars incorporated into the symbols.

(a)

(b)

(c)
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for movement through water channels such as aquaporins
are below 6 kcal mol-1 (Elmoazzen, Elliott & McGann
2002). Therefore, the Ea values observed here (approxi-
mately 9) suggest that a similar membrane barrier limits or
controls water movement through the roots of both species.

In intact plants of both species, hydraulic conductance
became unstable when root temperatures dipped below
8 ∞C, as evidenced by the accelerating rise in balancing
pressure (Fig. 5). Hydraulic conductance recovered, how-
ever, within an hour upon re-warming. We, as of yet, have
no straightforward explanation for this phenomenon.

The genotypes differed in stomatal behaviour. Conse-
quently, our current hypothesis on the differential chilling
tolerance in these species follows that of Wilson (1976) for
Phaseolus vulgaris : (a) low root temperatures immediately
inhibit hydraulic conductance and, thereby, restrict water
movement from the roots; (b) this rapid decline in water
movement prompts the shoots of the chilling-tolerant spe-
cies to close their stomata.

The wilting response of the grafted plants supports this
scenario. As mentioned above, the grafting procedure itself
did not have a significant effect on shoot turgor mainte-
nance during root chilling because grafted plants with roots
and shoots from the same phenotype (nw/nw  or w/w) had
the same response as the ungrafted plants of the same
phenotype (nw or w) (Table 2). The two parents, Lycoper-
sicon esculentum  cv. T5 and L. hirsutum  LA 1778, were
graft-incompatible, but grafts between their progeny that
maintained shoot turgor during root chilling and T5 were
successful. Grafts between shoots and roots of different
phenotypes (nw/w  or w/nw) showed wilting responses
intermediate between that of plants in which both the shoot
and root were from T5 (w/w) and that of plants in which
both the shoot and root were from the progeny (nw/nw)
(Table 2). The wilting response of the grafted plants nw/w
or w/nw  were similar, indicating that both the shoot and
root contribute to shoot turgor maintenance during root
chilling.

Maize, another chilling-sensitive species, shows a
response similar to tomato in that the variation in the chill-
ing-tolerance among maize genotypes is correlated with
their propensity to close stomata during chilling (Capell &
Doerffling 1993; Perez, Irigoyen & Sanchez-Diaz 1997;
Aroca et al . 2001, 2003). In maize, the Ea for hydraulic root
conductance is about 9 (Aroca et al . 2001). Maize shoots
suffer water stress in cold soils because the decline in tran-

Figure 5. Typical traces for the pres-
sure in the root chamber (dark line) 
necessary to hold the xylem sap at the 
base of the stem at atmospheric pres-
sure (the ‘balancing’ pressure) and sto-
matal conductance (line with circles) at 
different root temperatures (light line). 
The chilling-sensitive L. esculentum cv. 
T5 (a) and chilling-tolerant L. hirsutum 
LA1778 (b) showed similar responses. 
At moderate temperatures, the pres-
sure reached a steady level within an 
hour after root temperatures changed. 
If root temperatures dropped below 
8 ∞C, however, the pressure continued 
to climb for several hours until root 
temperatures returned to above 8 ∞C. 
Stomatal conductance quickly showed 
a small decline with temperature in L. 
hirsutum, but slowly and steadily 
declined in L. esculentum.

(a)

(b)

Table 2. Wilting of shoots when roots were exposed to 4 ∞C for 
2 h in various tomato phenotypes

Phenotype
shoot/root n

Wilting
score

Bonferroni
groups

w 42 2.73 a
w/w 22 2.38 a
nw/w 26 1.13 b
w/nw 24 0.85 b
nw 63 0.29 c
nw/nw 30 0.17 c

Lycopersicon esculentum cv. T5 (w) is a chilling-sensitive tomato
cultivar that wilts when its roots are chilled. Plants that are
heterozygous for the L. hirsutum allele at stm9 (nw) wilt only
slightly, if at all, when their roots are chilled. Wilting scores are
provided for ungrafted controls (w or nw), grafted controls
composed of the shoots and roots from one phenotype (w/w or nw/
nw), and grafted plants composed of a shoot from one phenotype
noted before the slash and a root from another noted after the
slash (nw/w or w/nw). A score of ‘3’ indicates that the shoots were
fully flaccid, whereas a score of ‘0’ indicates that they were fully
turgid. Phenotypes followed by different letters differed
significantly according to a Bonferroni (Dunn) t-test (P < 0.05).
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spiration is not commensurate with the decreased water
movement from roots (Capell & Doerffling 1993; Irigoyen,
De Juan & Sanchez-Diaz 1996; Perez et al . 1997). Maize,
unfortunately, is neither amenable to propagation by cut-
tings nor to grafting between shoots and roots; therefore,
tomato has advantages over maize for sample replication
and in separating the contributions of shoot and roots to
the chilling response.

The nature of the root signal for stomatal closure during
chilling is still unknown. Abscisic acid (ABA) is an obvi-
ous candidate (Wilkinson & Davies 2002; Dodd 2003).
Root levels of ABA in tomato (Dale & Campbell 1981)
and maize (Capell & Doerffling 1993) tend to increase
under chilling as do shoot levels (maize, Janowiak, Luck &
Dorffling 2003; tomato, Lee et al . 2003). Nonetheless, chill-
ing tolerance and ABA levels are not strongly correlated
in tomato (Bagnall et al . 1983; Li 1994) or maize (Ristic
et al . 1998). Reciprocal grafts between the roots and shoots
of wild-type tomato and ABA-deficient mutants demon-
strated that stomatal behaviour is independent of a root’s
ability to produce ABA (Holbrook et al . 2002). ABA did
not mediate cold-induced stomatal closure in Commelina
communis  (Wilkinson, Clephan & Davies 2001) or
Phaseolus vulgaris  (Vernieri et al . 2001). Cold-inducible
freezing tolerance is unaffected in Arabidopsis  mutants
that are deficient in ABA synthesis or perception
(Gilmour & Thomashow 1991). These results suggest that
signals other than ABA are involved in the response to
cold soils.

Several signals appear to be associated with ABA in reg-
ulating stomatal behaviour. Other phytohormones such as
cytokinins interact with ABA (Dodd 2003). Alkalization of
the xylem sap during drought may increase apoplastic ABA
concentrations in leaves and promote stomatal closure
(Wilkinson & Davies 1997; Wilkinson et al . 1998, 2001;
Wilkinson 1999). ABA induces synthesis of nitric oxide in
roots, and nitric oxide prompts stomatal closure (Guo, Oka-
moto & Crawford 2003). Polyamines such as putrescine
may act independently of ABA (Kim et al . 2002).

Another possible explanation for stomatal behaviour
during root chilling is that stomata are responding to
changes in water status within the leaf as water flow
declines (Cowan 1994; Saliendra, Sperry & Comstock 1995;
Hubbard et al . 2001; Matzner & Comstock 2001). Accord-
ing to this hypothesis: (1) root chilling decreases the
hydraulic conductance of the soil to leaf pathway causing a
momentary decline in water status of at least a portion of
the leaf tissue; (2) through pressure–volume changes in
sensing cells or possibly transient cavitation within leaf
veins, the change in water status provokes stomatal closure;
(3) diminished stomatal conductance returns leaf water sta-
tus to its original level; and (4) at the bulk tissue level, these
small fluctuations in leaf water status in time and space are
masked, and so bulk leaf water potential remains approxi-
mately constant.

Our data do not seem to fit easily into the framework of
this hypothesis. When shoot water status was allowed to
decline (Fig. 4a), stomatal conductance in both species

decreased more than three-fold (Fig. 4c). Shoot water sta-
tus, however, did not recover even several hours after sto-
matal closure (Fig. 4a). When the shoot water status of
plants was held constant in the root pressure chamber, sto-
matal conductance in both species still declined with root
temperature, but only by about 25%. Stomatal conductance
of these plants did not recover even several hours after the
return to moderate root temperatures (Fig. 5).

In summary, several parallel signal pathways between
roots and stomata are likely to be operating during root
chilling (Smallwood & Bowles 2002): one of which may
involve ABA, another may involve leaf water status, and
still others may involve additional factors.

The centre of origin for L. esculentum  is the wet tropics
of South America (Rick 1976). In such habitats, less
restrained transpiration and lack of response to chilling-
induced water deficits would not negatively influence
reproductive fitness or productivity. Perhaps as a result,
cultivated tomato transpires faster and with fewer environ-
mental constraints than its wild relatives that are native to
harsher environments such as deserts or high altitudes
(Vallejos & Pearcy 1987; Torrecillas et al . 1995). Similarly,
modern cultivars of Pima cotton and bread wheat have
higher stomatal conductances that vary less with environ-
mental changes than landraces of these crops (Lu et al .
1998). Cultivars selected for maximum yields under contin-
uous and adequate inputs may lose the genetic ability to
respond rapidly to environmental changes. This might pro-
vide the physiological basis for the differential chilling tol-
erance observed in L. esculentum  and L. hirsutum .
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