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ABSTRACT

Root temperature strongly affects shoot growth, possibly via
"nonhydraulic messengers" from root to shoot. In short-term
studies with barley (Hordeum vulgare L.) and sorghum (Sorghum
bicolor L.) seedlings, the optimum root temperatures for leaf
expansion were 250 and 350C, respectively. Hydraulic conduct-
ance (Lp) of both intact plants and detached exuding roots of
barley increased with increasing root temperature to a high value
at 250C, remaining high with further warming. In sorghum, the Lp
of intact plants and of detached roots peaked at 350C. In both
species, root temperature did not affect water potentials of the
expanded leaf blade or the growing region despite marked
changes in Lp. Extreme temperatures greatly decreased ion flux,
particularly K+ and N03-, to the xylem of detached roots of both
species. Removing external K did not alter short-term K+ flux to

the xylem in sorghum but strongly inhibited flux at high temper-
ature in barley, indicating differences in the sites of temperature
effects. Leaf growth responses to root temperature, although
apparently "uncoupled" from water transport properties, were

correlated with ion fluxes. Studies of putative root messengers
must take into account the possible role of ions.

Root zone temperature fluctuates both diurnally and sea-
sonally, exerting diverse effects on plants. In many species,
shoot growth responds strongly to changes in the temperature
of the root environment (4-6, 18, 19, 27). In addition, root
temperature significantly influences stomatal behavior (3, 18,
22), leaf water status (3, 22), and the expression of symptoms
due to nutrient deficiencies and other environmental stresses
(4, 22, 26). Despite these important consequences, the mech-
anism(s) coupling root temperature to shoot responses are
poorly characterized. Root temperature is reported to affect
both water and ion transport (10, 13), and either of these
changes could alter shoot growth by limiting the supply of
water and nutrients to the expanding tissue. More recently,
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154 and is journal paper No. 7332 of the University of Arizona
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2 Present address: Department of Range Science, Utah State Uni-
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several reports have implicated nonhydraulic messengers (per-
haps hormonal) from the root system in the control of shoot
responses (18, 22, 27, 30). The existence of such messengers
is inferred, in part, from the failure to find changes in shoot
water status associated with changes in shoot behavior. Al-
though negative evidence may allow inferences about the
existence of messengers, it does not per se establish their
nature. Further deductions about the involvement of hor-
mones require more detailed knowledge of the possible alter-
native messengers functioning within a system.
Here we characterize the short-term responses of barley and

sorghum to root temperatures from 15 to 40°C. These two
species are acclimated to widely different temperature ranges
during the growing season and were expected to be affected
differently by root temperature. Root water transport prop-
erties (J2v and Lp) were studied using both intact plants and
excised roots. Fluxes of K+, NO3-, and P043- were studied
with detached roots. Because ion influx into the root and
release to the xylem may be differentially regulated (12, 21),
an attempt was also made to separate these two processes and
assess the effects of root temperature on each. All determi-
nations of plant water status and root water and ion transport
properties were carried out within 4 h after the commence-
ment of root temperature treatments, so that some of the
earliest processes controlling root temperature-induced
changes in shoot growth might be identified.

MATERIALS AND METHODS

Growth Conditions

Seeds of barley (Hordeum vulgare L. cv 'Arivat') and
sorghum (Sorghum bicolor L. cv 'Funks') were germinated in
vermiculite and transferred to modified half-strength Hoag-
land solution (8) at 4 and 6 d of age, respectively. Before and
after transplanting, seedlings were grown at 25 ± 2°C with 13

'Abbreviations and symbols: Jv, volume flux; Aw, water potential;
4PGR, 4IEB, 4r, 4',, f,., water potentials of the growing region of the leaf,
expanded blade, root, xylem, and medium, respectively; 7r, osmotic
pressure; 7rx, 7ro, osmotic pressures of the xylem exudate and medium,
respectively; Lp, hydraulic conductance; Ji, ion flux; Ci, ion concen-
tration in the xylem exudate; a, reflection coefficient.
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ROOT TEMPERATURE, WATER AND ION TRANSPORT, AND LEAF GROWTH

h daily light (250 to 300 ,umol m-2 s-' PPFD). In some
experiments, the nutrient solution was modified to obtain a
K+-deficient medium as described by Kurtz and McEwan
(1 1). The 7r values of the two solutions were identical (meas-
ured by vapor pressure osmometry). The root medium was
vigorously aerated throughout the experiments.

Root Temperature Treatments

Temperature control was obtained by immersing the nu-
trient solutions containing the plants in several water baths,
each set at a different but constant temperature. In most cases,
data from more than one experiment had to be combined to
construct a complete response curve from 15 to 40°C root
temperature.

Growth Rate and Water Status

All measurements were taken on seedlings or detached roots
of 5-d-old barley and 8-d-old sorghum at the same time of
day to avoid physiological variations due to diurnal changes.
Preliminary data revealed maximum growth rates in barley
and sorghum seedlings at these respective ages. The length of
the youngest leaf was determined with a ruler 2 and 4 h after
initiation of root temperature treatments, and elongation rate
was expressed as the average during that 2-h period. The air
temperature was constant at 25°C. Tissue i/w and 7r were
measured psychometrically (14), and turgor was calculated as

V6w + 7r. In barley, OGR is substantially lower than 4EB (24);
therefore, the water status of both regions was determined.
Our preliminary observations showed no such differences in
the youngest sorghum leaf; therefore, only AEB was deter-
mined. For determinations of iw, five 0.5 cm-long segments
from the leaf (growing or expanded blade regions) or the root
were excised and placed in the psychrometer chambers. Root
segments were blotted with paper towels, excised 5 to 5.5 cm
from the tip in each plant; the growing and expanded segments
of the leaf were excised 0 to 0.5 and 5 to 5.5 cm from the
meristematic region of the shoot, respectively.

Volume Flow and Root Hydraulic Conductance

Flow rate in intact seedlings was determined by gravimetric
measurements of transpiration. The basal regions of 10 seed-
lings were wrapped in 25- x 100-mm polyurethane foam, and
the roots were inserted in 25-mL plastic centrifuge tubes
containing the continuously aerated nutrient solution. Ther-
mocouples were also placed underneath the foam to monitor
the temperature of the growing region. Replicate tubes con-

taining the seedlings were weighed and placed in several water
baths, each maintaining a different but constant temperature.
Air temperature was constant at 25°C. After approximately 4
h at the constant root temperature, tubes were weighed again
and the roots were severed from the seedlings and blotted
with paper towels for fresh weight determination. The total
volume flow in intact seedlings was expressed in units of uL
g-' fresh weight h-'. Root Lp of these intact seedlings was
determined as the ratio Jv/A4w. The effective AO was taken
to be the difference between the 4,, and i,fw6 because r was the
most realistic representation of the VI,, (see "Results") .

In work with detached roots, a capillary pipet was fitted to
the stump of the root with a flexible tygon tube and roots
were placed in vigorously aerated temperature-controlled me-
dium. Rates of exudation from detached roots were deter-
mined from changes in the level of fluid in the capillary tube.
The ir. and 7r. were determined with a Wescor model 5500
vapor pressure osmometer. Root hydraulic conductance was
calculated from:

J, = L4 a (7r -7) (1)

in which a was assumed to be unity. Ion concentrations of
xylem exudate from detached roots were determined by ion
chromatography for anions and atomic absorption and flame
emission analysis for cations. Ion fluxes were calculated from
the relationship:

Ji = J' C, (2)

All measurements with excised roots were made under steady-
state conditions. A steady state was usually reached within
0.5 h after excision and was maintained for at least 5 h before
J, began a gradual decline.

RESULTS

Plant Growth Response

Short-term leaf growth rate of both barley and sorghum
seedlings depended strongly on root temperature. The maxi-
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Figure 1. Short-term growth rates of leaves of barley and sorghum
seedlings at different root temperatures. Growth was measured on

the first leaf of 5-d-old barley and the second leaf of 8-d-old sorghum
plants from 2 to 4 h after initiating the temperature treatments. Values

are means ± SE of 15 to 20 measurements. Error bars are not shown

where they are smaller than the width of the symbol.
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Plant Physiol. Vol. 97, 1991

Table I. Influence of Root Temperature on Leaf and Root Water
Status in Barley and Sorghum Seedlings

The ^, of the medium was constant at -0.08 to -0.10 MPa at all

temperatures. Values are means ± SE of four to five replicates.

Root __W
Temperature EB GR R

°C MPa

Barley
15 -0.40 ± 0.04 -0.72 ± 0.05 -0.36 ± 0.03
25 -0.37 ± 0.03 -0.62 ± 0.05 -0.28 ± 0.05
35 -0.37 ± 0.02 -0.68 ± 0.04 -0.31 ± 0.03

Sorghum
15 -0.62 ± 0.04 -0.30 ± 0.02
25 -0.54 ± 0.02 -0.54 ± 0.06 -0.28 ± 0.02
35 -0.62 ± 0.06 -0.30 ± 0.02
40 -0.61 ± 0.07 -0.31 ± 0.03

mum growth rate, measured within 4 h after beginning the
treatments, occurred at 35°C in sorghum and 25°C in barley
seedlings (Fig. 1). Growth rate of sorghum declined sharply
at root temperatures above the optimum. Leaf temperature

near the basal region was within ±2°C of the air temperature,
indicating that differences in responses of the shoot were not

due simply to warming or cooling of the leaf meristem. In
other studies of barley seedlings (not shown), longer-term
shoot growth responses were monitored at various root tem-

peratures. At the end of the 4th d, 30, 50, and 65% of the
plants had a new visible leaf in seedlings grown at 15, 25, and
35°C root temperatures, respectively. Thus, the inhibition of
growth at high temperature did not indicate generally delete-
rious effects on all metabolic processes. In addition, effects of
high temperature were rapidly reversible after more favorable
conditions were restored (data not shown), indicating no long-
lasting damage.

Seedling Water Status

The 4,, of leaf and root were independent of root temper-

ature within the range tested (Table I). Matsuda and Riazi
(15) and Riazi et al. (25) demonstrated that in barley seedlings
the kGR was significantly lower than the /EB and that short-

Table II. Effect of Root Temperature on Leaf 4PGR, ',,, and iJp in
Barley and Sorghum Seedlings

Values are means ± SE of four to five replicates. In sorghum, 4GR
was estimated from measured values of 4EB for reasons described in
the text.

Root

Temperature tGR

°C MPa

Barley
15 -0.72 ± 0.07 -1.08 ± 0.02 0.36 ± 0.06
25 -0.62 ± 0.03 -0.95 ± 0.03 0.34 ± 0.04
35 -0.69 ± 0.04 -0.99 ± 0.02 0.30 ± 0.04

Sorghum
25 -0.54 ± 0.06 -0.97 ± 0.02 0.42 ± 0.06
35 -0.58 + 0.04 -0.94 ± 0.04 0.35 ± 0.04

term changes in leaf elongation rate were more closely asso-

ciated with 0GR than with OEB. Our results confirm the differ-
ence between OGR and #EB in barley, but root temperature did
not alter the water status of either region (Table I) despite
markedly altering elongation rate. In sorghum, leaf 41," deter-
minations were made only in the expanded blade, because
the #EB was similar to #GR in plants grown at 25°C root

temperature (Table I), and the same relationship was assumed
at other temperatures as well. Leaf 4, in sorghum was also
unaffected by root temperature (Table I). The results show
that short-term effects of root temperature on leaf growth
were unrelated to tissue 4,. Cell turgor in the growing region
was considered as a possible growth-limiting factor, but it also
did not change significantly with root temperature (Table II).

J, and Lp in Intact Seedlings

The flux of water through the seedlings depended strongly
on root temperature. In intact sorghum seedlings, J, increased
up to 35°C and then declined at higher temperatures, whereas
in barley, J, increased with increasing root temperature up to

25°C and remained almost unchanged at 35°C (Fig. 2). Root
Lp in intact seedlings was estimated from JI/A4'. However, a

major difficulty when using this ratio is to determine the
effective driving force for root water transport. Often, the AW

between the expanded leaf tissue and the medium has been
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Figure 2. Influence of root temperature on Jd and root Lp in intact

barley and sorghum seedlings. Values of Jd are means ± SE of six

measurements. Values of Lp are derived from mean Jd and from mean

o- 4/r with 4r from Table I.
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Figure 3. Influence of temperature on J., Vr, and Lp in excis
of barley and sorghum seedlings. Measurements were mad

steady-state flow within 4 h following excision. Values are n

sEof six measurements. Error bars are not shown where

smaller than the width of the symbol.

used as the effective gradient to calculate root Lp, with the
implicit assumption that, at steady state, the 1/EB is a close
approximation of Ax. This assumption is questionable for
many cereals such as barley which exhibit nonuniform leaf
water status. Rayan and Matsuda (24) and Rayan (23) used
3H-labeled water to show that, in barley seedlings under steady
state conditions, water in the growing region and expanded
blade had not equilibrated with that in the xylem even after
5 h of root exposure. In contrast, water in the xylem of the
basal portion ofthe root was fully equilibrated with root tissue
water within 15 min. Rayan and Matsuda (24) concluded that
neither 4/EB nor IPGR adequately described {,x. On the other
hand, the ready equilibration within the root indicates that 4tr
is more likely to approximate Ax and, as a result, would
describe the effective gradient for radial water flow more

accurately than would leaf . Root hydraulic conductances
were, therefore, estimated from Jv/(4'0 - ,r). In sorghum, Lp
increased with increasing root temperature up to 35°C and

then declined when temperature was elevated above 35°C
(Fig. 2). Similar responses were observed for Lp, JV (Fig. 2),
and shoot growth rate (Fig. 1). In barley, the Lp response to

temperature also resembled that observed for J, (Fig. 2).
Increasing temperature stimulated both J, and L4 in the 15 to

25°C range but had no further effect at 35°C, although the
growth rate declined (Fig. 1). Because the differences in {w
between various tissues and organs remained constant with
root temperature, the response of Lp to root temperature was

essentially the same regardless of which A1, was used to

estimate it.

J, and Lp of Detached Roots

In barley, exudation rates of excised roots increased almost
linearly with root temperature from 15 to 25°C (Fig. 3A).
Above 25°C, however, J, decreased with increasing tempera-

ture. The inhibition ofJ, at elevated temperatures was accom-
panied by a loss of the osmotic driving force Air (Fig. 3B) but
not a decrease of L4 (Fig. 3C). These effects of high tempera-

ture were completely reversible when roots were returned to

the optimum temperature (2).
Temperature responses of excised sorghum roots differed

from those of barley. In sorghum roots, J, increased linearly
with temperature from 15 to 35°C, but exudation decreased
nearly one-half when the temperature was increased from 35
to 40°C. Because the osmotic gradient remained constant

(Fig. 3B), the decrease in exudation at high temperature (Fig.
3A) can be attributed to a decrease in L4 (Fig. 3C) rather than
a decrease in Air, as was found for barley (Fig. 3B). As with

50 barley roots, effects of changes in temperature were reversible

(2).
It is important to note that, in both species, measurements

ed roots of L4 of detached roots closely paralleled intact plant meas-
le during urements of Lp despite the vast differences in methodology
neans ± (Figs. 2 and 3).
they are

Table Ill. Ionic Composition of Exudate from Barley and Sorghum
Roots at 25 and 35°C

Samples were collected during steady-state exudation within 4 h
after excision. Values are means ± SE of six replicates.

Ion Concentration

Species Barley Sorghum

250C 350C 250C 350C

mM

Cations
K+ 23.9 ± 0.4 10.3 ± 1.1 17.4 ± 0.8 13.0 ± 0.04
Na+ 2.6 ± 0.1 2.2 ± 0.2 1.8 ± 0.1 1.3 ± 0.04
Ca2+ 1.8 ± 0.1 1.2 ± 0.04 2.2 ± 0.1 1.7 ± 0.04
Mg2+ 2.2 ± 0.1 0.8 ± 0.1 1.9 ± 0.1 1.6 ± 0.1

Anions
N03- 23.0 ± 0.3 10.3 ± 0.5 19.2 ± 1.2 13.1 ± 0.6
Cl- 3.9 ± 0.5 3.3 ± 0.3 3.1 ± 1.0 3.3 ± 0.3
P043- 4.5 ± 0.2 3.8 ± 0.4 3.8 ± 0.7 4.3 ± 0.2

Total 61.9 31.9 49.4 38.3
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Ion Fluxes into the Xylem

The rate at which inorganic solutes are released into the
xylem determines the rate of exudate production in excised
roots, as well as the nutrient supply to the expanding tissues
in intact plants. The major osmolytes in xylem exudate were
NO3- and K+, which together accounted for about 70% of
the total ions present in both sorghum and barley at either 25
or 35°C (Table III). The PO43 and Cl- ions each accounted
for 10%, and Ca2", Mg2+, and Na+ together made up only
10% of the total ions. JNO3, JK, and Jpo4 were determined
because of both their predominance in the xylem and their
importance as macronutrients affecting shoot growth. In both
species JNO3 and JK, and consequently Ji, were enhanced by
increased temperature in the 15 to 25°C range (Fig. 4). In this
range, ion fluxes in barley were consistently higher than in
sorghum. In barley between 25 and 35°C, Ji decreased by 50%
(Fig. 4), a decline similar to those observed for Ax and
detached root J, (Fig. 3, A and B). In sorghum, these fluxes
increased slightly or remained constant between 25 and 35°C
(Fig. 4, A, B, and D). Ion fluxes in sorghum were severely
inhibited when root temperature exceeded 35°C. Root tem-
perature affected JPO4 less than JNO3 or JK, but P043- concen-
tration in the exudate was much lower than K' and NO3-
concentrations.

Ion Uptake into the Root and Release into the Xylem

Ion flux may be largely regulated by symplastic release of
ions into the xylem and by the rate of ion supply to the
symplasm from either vacuoles or bathing medium (21). An

8

4

Figure 4. Effect of temperature on fluxes of
major ions (Ji) in excised roots of barley and
sorghum seedlings. Total Ji at 250 and 350C (D)
is calculated from ion concentrations reported in

Table I. At other temperatures, total Ji is esti-
mated assuming that measured JK, JNO3, and

JPO4 together represent 80% of the total. In A to

C, all values are means ± SE of six measure-

ments; error bars are not shown where they are

smaller than the width of the symbol. In D,
calculated total Ji is shown without error

estimates.

0

8

v-

I

63
E
M.

4

0

experiment was designed to identify the relative effects of
temperature on these components of the transport pathway.
Roots grown on half-strength Hoagland solution were excised
and incubated at several temperatures in +K or -K nutrient
solution. When K+ is excluded from the medium (-K roots),
JK becomes primarily a function of ion release to the xylem
supplied from internal sources, possibly the vacuoles (21). In
barley roots, increasing temperature up to 25°C enhanced ion
release to the xylem (Table IV). This response was independ-
ent of the K+ status ofthe medium and, therefore, was almost
entirely supplied by endogenous sources. At 35°C, JK was
decreased from the peak at 25°C, and inhibition was >60%
greater in -K than +K roots (Table IV). The data imply that
high-temperature injury to JK involves inhibition of both ion
influx to the root and transport to the xylem. In sorghum, JK
was unaffected by K+ content of the medium at all tempera-
tures tested (Table IV).

DISCUSSION

Root temperature has long been known to exert effects on
shoot growth. Most early studies reported only long-term
changes, without providing insights into mechanisms by
which growth is affected (5, 19). Here we characterize changes
in shoot water status and in water and ion transport through
the root during the first 4 h after imposition of root temper-
ature treatments. This allows the comparison of various tem-
perature effects with leaf elongation rates early in the progres-
sion of symptoms, before secondary effects make interpreta-
tion more difficult.
Our interpretations are based on the assumption that a =

C PO3
4

10 20 30 40 10 20 30 40 50
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Table IV. Effect of Temperature and External K+ Supply on K+ Flux
to the Xylem in Excised Barley and Sorghum Roots

Values are means ± SE of three to six replicates.

K+ Flux

Root Barley Sorghum
Temperature

+K -K +K -K

ocC XzO/ g
-, h

15 2.0±0.2 2.0±0.3
20 3.5 ± 0.5 3.2 ± 0.5 0.9 ± 0.0 0.9 ± 0.1
25 4.4±0.5 4.1 ±0.4 1.8±0.2 2.0±0.2
35 2.8 ± 0.5 1.1 ± 0.3 2.0 ± 0.1 1.7 ± 0.1
40 0.9 ± 0.3 0.9 ± 0.3

1 at all temperatures. Calculated values ofLP for excised roots

could be erroneous if a << 1, as might occur at extreme
temperatures. Values of LP derived from intact transpiring
plants do not depend on a, however, because in this case

water flux is much less dependent on ion flux. The similarity
of results with the two systems implies that changes in a may

not account for the temperature effects.
Regardless ofwhether LP was determined in intact transpir-

ing seedlings (Fig. 2) or excised roots (Fig. 3), the values of L4
followed the same pattern, and the two methods even pro-

duced quantitatively similar results. This finding indicates
that properties of excised sorghum and barley roots realisti-
cally mimic those of roots of intact plants and that L4 can be
determined accurately at low volume flow rates in excised
roots (at least at this early stage of development). In this
respect our results differ from those reported elsewhere, which
suggest that high-flow methods should be used to measure LP
(7, 13). It is worth noting that, at these early stages of growth,
transpirational flow through intact seedlings only moderately
exceeded flow through exuding excised roots (approximately
a 3:1 ratio; cf Figs. 2 and 3). This relatively small difference
may have contributed to the similarity of properties of intact
and excised roots (2). BassiriRad (2) also found that a "reverse-
flow" osmotic method led to similar values of L, as those
reported here but that pressurization of excised roots to in-
crease the flow rate enhanced LP by more than fourfold. The
values derived from pressurized roots were considerably
greater than those of intact plants, perhaps because pressuri-
zation may have altered the pathway of the water movement

(20, 28).
The use of excised exuding roots allowed studies of ion

transport in relation to water transport and leaf growth. In
sorghum, increasing root temperature greatly increased the
root LP between 15 and 35°C but sharply inhibited it above
35°C (Figs. 2 and 3). Within the range tested, root temperature
exerted only moderate effects on ion transport rates except at

the extremes, when inhibition was severe (Fig. 4). Depriving
the roots of an external source of K+, thereby eliminating K+
influx to the roots, did not alter JK over the short-term (Table
IV). In this species, temperature-induced changes in JK and
perhaps other ion fluxes resulted from effects on ion release
to the xylem rather than influx into the roots. Differential
behavior of ion uptake and transport into the xylem has been
reported before (12, 21).

Leafgrowth and L4 in sorghum responded similarly to root
temperature, with both showing a sharp optimum at 35°C
(Figs. 1-3). Despite this relationship, there was no effect of
root temperature on the water status of the leaf. Thus, it is
unlikely that water transport limited the leaf growth rate. In
this species, 4/GR was estimated from 4EB, because the two did
not differ, in contrast to the barley leaf (Table I). Similarity
of&GR and 1'EB may arise from errors in determination of#GR
because of cell wall relaxation after excision (16), although in
barley (14) and maize (29), measurements of IGR were unaf-
fected by whether the tissue was excised or in situ. A more
likely possibility is that the lack of a "growth-induced water
potential" may result from the use of transpiring plants.
Westgate and Boyer (29) found that transpiration affects both
{EB and 4&GR of maize but to different degrees. Although
growth may be more closely related to turgor than to JGR (1,
9), this possibility is also discounted (Table II). The data are
not consistent with a role for leaf water status in coupling leaf
growth to root temperature. Growth was also related to ion
transport, however, and a role for ions has not been ruled
out.

In barley, root LP increased strongly with increasing tem-
perature up to 25°C and then remained constant with further
increases in root temperature (Figs. 2 and 3). As with sorghum,
root temperature did not affect OGR despite greatly altered LP
(Table I). In barley, however, LP was not correlated with leaf
growth rate, which declined by about one-half when the
temperature was increased from 25 (optimum) to 35°C (Fig.
1). Ion transport also declined markedly in the supraoptimal
temperature range (Fig. 4). Further studies showed that exter-
nal K+ supply limited JK only at supraoptimal temperatures,
implying that high temperature affected both K+ uptake and
transport to the xylem (Table IV). In barley as well as in
sorghum, some ofthe effects of extreme root temperatures on
leaf growth might be mediated by ion supply (again, not
through effects on turgor [Table II]).

Despite the similarities between excised roots and roots of
intact seedlings, there are also important differences. In ex-
cised roots, LP exerted important effects on J, and contributed
directly to its response to temperature (Fig. 3). In intact
seedlings, Jv (transpiration) is controlled by the stomata, and
effects of LP are necessarily indirect, through leaf 4'. The
observation that changes in root LP were not accompanied by
changes in leaf 0, (Table I) indicates that stomatal conduct-
ance must have been coupled somehow to root L,. Meinzer
and Grantz (17) and Radin (22) reported similar results with
sugarcane and nutrient-stressed cotton, respectively. The
changes in stomatal conductance and in leaf growth, despite
constant l',, imply that nonhydraulic messages are transmit-
ted to the guard cells in addition to the zone of expansion.
To the extent that root temperature affects ion transport to
the xylem, ions may serve as messengers to the guard cells as
well as to the growing region.
Many workers have suggested nonhydraulic signals from

the root to the shoot (3, 22, 27, 30). To some degree this
conclusion relies on negative evidence, i.e. exclusion of water
status as a factor influencing shoot behavior. Our evidence is
similar (Table I). Such evidence, however, does not by itself
allow deductions about the nature ofthe signal. K+ (or another
ion) may be such a signal at either high or low root tempera-
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tures. In other work, ABA has been implicated in root-shoot
communication (18, 27, 30). The dependence of shoot behav-
ior on root temperature may be a complex interaction, pos-

sibly depending on numerous coupling factors operating
simultaneously.

Finally, the responses of the root properties to temperature

have agronomic and ecological significance. Soil temperatures
fluctuate widely seasonally and (near the soil surface) diur-
nally, and vertical temperature gradients usually occur (19).
Thus, the effects on water and ion transport may be substan-
tial. Unlike long-term changes (4), short-term responses of
root properties to temperature may alter water and ion fluxes
irrespective of shoot demand. Quantitative understanding of
growth and water use in a fluctuating environment will require
detailed knowledge of the sort reported here.
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