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Water transport was examined in solution culture grown seedlings of aspen (Populus tremuloides) after short-term exposures
of roots to exogenous ethylene. Ethylene significantly increased stomatal conductance, root hydraulic conductivity (Lp), and
root oxygen uptake in hypoxic seedlings. Aerated roots that were exposed to ethylene also showed enhanced Lp. An ethylene
action inhibitor, silver thiosulphate, significantly reversed the enhancement of Lp by ethylene. A short-term exposure of
excised roots to ethylene significantly enhanced the root water flow (Qv), measured by pressurizing the roots at 0.3 MPa. The
Qv values in ethylene-treated roots declined significantly when 50 �m HgCl2 was added to the root medium and this decline
was reversed by the addition of 20 mm 2-mercaptoethanol. The results suggest that the response of Qv to ethylene involves
mercury-sensitive water channels and that root-absorbed ethylene enhanced water permeation through roots, resulting in
an increase in root water transport and stomatal opening in hypoxic seedlings.

Hypoxia, a condition of oxygen deficiency in plant
roots, is the main consequence of flooding or water-
logging. Plants respond to hypoxia with reduced root
permeability, closure of stomata, hypertrophy of len-
ticels, epinasty, formation of aerenchyma, and ad-
ventitious roots (Vartapetian and Jackson, 1997). Eth-
ylene accumulation is often assumed to be the factor
responsible for many of the responses observed in
plants exposed to hypoxia (Mattoo and Suttle, 1991;
Abeles et al., 1992). Hypoxia induces the formation in
roots of the immediate precursor of ethylene,
1-aminocyclopropane-1-carboxylic acid, which is
transported in the xylem to the shoots and there
rapidly oxidized to ethylene (Mattoo and Suttle,
1991). The synthesis of ethylene and the response of
plants to ethylene differ among tissues and different
plant species (Abeles et al., 1992), and can be affected
by different internal and environmental factors
(Sharp et al., 2000; Grichko and Glick, 2001).

The effects of ethylene on stomatal closure are not
clear. Several studies on the effects of exogenous
ethylene on stomatal movements demonstrated dif-
ferential responses between the examined species
(Taylor and Gunderson, 1986; Woodrow et al., 1988;
Gunderson and Taylor, 1991; Abeles et al., 1992).
Exogenous ethylene is known to increase membrane
permeability in petal cells (Mayak et al., 1977; Boro-
chov and Woodson, 1989); however, its impact on
cell-to-cell water transport has not been thoroughly
examined.

Water transport across intact higher plant cell
membranes occurs predominantly through water

channels (aquaporins; Chrispeels et al., 1997). Aqua-
porins are located in root cell membranes (Chrispeels
and Maurel, 1994) at a high density (Johansson et al.,
1998). In our previous work (Wan and Zwiazek, 1999,
2001; Kamaluddin and Zwiazek, 2001), we showed
that the root water channels in aspen (Populus tremu-
loides) and Cornus stolonifera rapidly responded to
changes in root metabolism. Phosphorylation of the
aquaporins has been suggested to be the likely mech-
anism controlling water permeation through the cell
membranes (Maurel, 1997; Johansson et al., 1998).
There is evidence that plasma membrane aquaporin
PM28A from spinach (Spinacia oleracea) leaves is a
phosphoprotein and that its phosphorylation is car-
ried out by a Ca2�-dependent membrane-bound pro-
tein kinase (Johansson et al., 1996).

Ethylene has been shown to induce very rapid and
transient protein phosphorylation with the involve-
ment of Ca2�-dependent specific protein kinases in
the induction of pathogenesis related genes in to-
bacco (Nicotiana tabacum) leaves (Raz and Fluhr,
1993), epicotyl shortening in peas (Pisum sativum;
Berry et al., 1996), and in the accumulation of
1-aminocyclopropane-1-carboxylic acid oxidase tran-
script in pea plants (Kwak and Lee, 1997). The
ethylene-induced phosphorylation in pea tissues
(Berry et al., 1996; Kwak and Lee, 1997) and in mung
bean (Vigna radiata) hypocotyls (Kim et al., 1997) was
inhibited with the application of a protein kinase
inhibitor, okadaic acid. Okadaic acid also inhibited
the phosphorylation of aquaporin phosphoprotein
PM28A in spinach leaves (Johansson et al., 1996).
These reports suggest that, through its effect on pro-
tein phosphorylation, ethylene may be involved in
the regulation of water channel activities.

In the present study, we investigated the effects of
exogenous ethylene on root water transport in aspen
seedlings. We studied the hypothesis that the expo-
sure of roots to ethylene would increase the transport
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of water in physiologically depressed roots of hy-
poxic seedlings. We measured the root hydraulic
conductivity (Lp), stomatal conductance (gs), and root
respiration in hypoxic seedlings before and after ex-
posing the roots to ethylene. To confirm the effect of
ethylene, we used an ethylene action inhibitor, silver
thiosulphate (STS), and determined its effect on Lp in
ethylene-treated plants. To determine the extent to
which mercury-sensitive water channels are involved
in ethylene-induced water transport, we also exam-
ined the effect of mercuric chloride on pressure-
induced root water flow (Qv) in ethylene-treated
roots.

RESULTS

Morphology of Hypoxic and Aerated Seedlings

A decline in growth rates of hypoxic seedlings was
noticeable and drooping of leaves and hypertrophy
of lenticels were evident. Aerated seedlings did not
show leaf drooping; however, some hypertrophy of
lenticels was also observed.

Response of gs to Hypoxia and Exogenous Ethylene

Root hypoxia resulted in a decrease in gs over time
(Fig. 1A). A significant decrease in gs was observed
within 1 d of hypoxic treatment. The decline in gs
continued to d 11 when it measured less than 25% of
the rates recorded for control seedlings. The gs values
of aerated seedlings remained at a similar level
throughout the experimental period.

The hypoxic roots exposed to ethylene for 12 h,
including an 8-h-dark period, showed over a 2-fold
increase in gs (Fig. 1A). The gs values of hypoxic
seedlings treated with ethylene remained signifi-
cantly higher than those of hypoxic seedlings
throughout the measurement period, although there
was a gradual decline in gs, over time on d 11 in
ethylene-treated hypoxic seedlings as well as in well-
aerated seedlings. There was no significant change in
gs in untreated hypoxic seedlings over time on d 11.

Lp in Response to Hypoxia and Ethylene

Lp significantly decreased in response to hypoxia
(Fig. 1B). Similarly to gs, a significant decrease in Lp

Figure 1. Effects of hypoxia and ethylene ap-
plied to roots of hypoxic plants on gs (A), Lp (B),
and root respiration (C). Each data point repre-
sents mean (n � 5) � SE. Ethylene was applied to
hypoxic seedlings at 9 PM on d 10 and measure-
ments were taken on d 11.
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was found within 1 d of hypoxic treatment and fur-
ther decline continued until d 5 (Fig. 1B). Lp of well-
aerated seedlings remained little changed through-
out the experimental period.

Ethylene applied to the hypoxic seedlings at the
end of d 10 triggered a drastic increase in Lp. When
measured 12 h after ethylene treatment, there was a
3-fold increase in Lp of hypoxic plants (Fig. 1B). Un-
like gs, Lp did not change appreciably over the mea-
surement period on d 11 in ethylene-treated hypoxic,
untreated hypoxic, and aerated control seedlings.

Root Respiration in Response to Hypoxia and Ethylene

Root respiration significantly decreased as a result
of hypoxia (Fig. 1C). After 3 d of hypoxic treatment,
root respiration rates declined to about 50% of those
measured in aerated seedlings (Fig. 1C).

Ethylene significantly enhanced root respiration in
hypoxic seedlings (Fig. 1C). Within 12 h after the
application of ethylene, respiration rates of hypoxic
plants were at over 80% level of the respiration rates
measured in well-aerated control roots (Fig. 1C).
Both ethylene-treated hypoxic and untreated hypoxic
seedlings showed some decline in respiration rates
over time on d 11 (Fig. 1C).

LP in Ethylene-Treated Plants Exposed to STS

Applied ethylene significantly increased LP in aer-
ated seedlings (Fig. 2). Ethylene-treated aerated roots
showed a 25% increase in LP compared with the
values measured before ethylene treatment (P �
0.037). This increase in LP was observed within 15
min of pressurization. STS significantly reversed the
enhancement of LP by ethylene (P � 0.044) when
measured after 4 h of STS treatment. STS had no
effect on LP of roots that had not been treated with
ethylene (P � 0.524).

Mercurial Inhibition of Qv in Ethylene-Treated Roots

Pressure-induced Qv in ethylene-treated root sys-
tems increased by about 50% compared with the flow
rate before treatment (Fig. 3). Qv in the untreated root
systems remained constant throughout the measure-
ment period (Fig. 3). Root systems treated with 50 �m
HgCl2 showed a gradual decline in Qv. The decline
commenced within 10 min after the addition of 50 �m
HgCl2 and within 1.5 h, Qv decreased to about 65% of
the pretreatment flow rates. A similar magnitude of
decline in Qv was observed in ethylene-treated roots
when HgCl2 was added to the bathing solution. In
ethylene-treated roots, Qv decreased to about 66% of
the ethylene-treated flow rate after adding 50 �m
HgCl2 (Fig. 3). The inhibition in Qv by HgCl2 was
partly reversed by the addition of 20 mm ME to the
bathing solution. After the addition of ME, Qv in-
creased to 80% of the pretreated flow rates in root
systems not treated with ethylene within 30 min, and
at the same time the recovery in ethylene-treated
roots was 87% with the addition of ME.

DISCUSSION

Root hypoxia brought about a substantial decrease
in gs with a concomitant decline in Lp and root res-
piration in aspen seedlings (Fig. 1). Our data suggest
that the reduction in Lp by hypoxia was likely be-
cause of the inhibition of water transport through the
aquaporins. The presence of water channel proteins
in the plasma membrane and the tonoplast allows a
plant to regulate its water flow through the cell-to-
cell pathway (Chrispeels et al., 1997). Metabolic de-
pendence of Qv and the effects of respiration on
water channel function have been reported for dif-
ferent plants (Tyerman et al., 1999; Wan and Zwi-
azek, 1999; Zhang and Tyerman, 1999; Kamaluddin
and Zwiazek, 2001; Wan et al., 2001). In wheat (Triti-

Figure 3. Effects of exogenous ethylene and mercuric chloride on Qv

of aspen seedlings. Each data point indicates mean (n � 6) � SE.
Arrows indicate the time of treatment with ethylene, mercuric chlo-
ride, 2-mercaptoethanol (ME), or water (control).

Figure 2. Effects of STS on ethylene-enhanced Lp of aspen seedlings.
Each data point represents mean (n � 7) � SE. The black bars indicate
the control group and the white bars indicate the ethylene-treated
group. The same root system of each group was measured after
application of ethylene and/or STS.
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cum aestivum) root cells, the extent of inhibition of cell
hydraulic conductivity was similar in roots treated
with HgCl2 and hypoxia and interpreted as a result
of the decreased phosphorylation of aquaporins
(Zhang and Tyerman, 1999). NaN3, a potent inhibitor
of oxidative phosphorylation, is also known to rap-
idly inhibit Qv across membranes (Kamaluddin and
Zwiazek, 2001). Water transport through some aqua-
porins is regulated by phosphorylation (Daniels et
al., 1994; Maurel et al., 1995; Johansson et al., 1998).
Stress-induced reduction in Lp can be caused by the
decreased phosphorylation of aquaporins (Johansson
et al., 1996, 1998). Therefore, it is conceivable that
reduced phosphorylation of root cell aquaporins
might be the cause of the decreased Lp that we ob-
served in hypoxic seedlings.

In our study, ethylene applied to hypoxic seedlings
enhanced gs with a concomitant increase in Lp and
root respiration (Fig. 1). Although we did not exam-
ine the effects of ethylene on the phosphorylation-
dephosphorylation of water channel proteins in this
study, it is plausible that these events could be in-
volved in this response. Under the condition of oxy-
gen deprivation, the amount of ATP produced in the
plant roots decreases (Reid et al., 1985). The decrease
in Lp might be partly because of the inhibitory effects
of hypoxia mediated through the decreased root res-
piration rates. There was a simultaneous decline in gs
as a result of hypoxia (Fig. 1A). In a previous study
(Wan and Zwiazek, 1999), we demonstrated that
mercury-sensitive processes in roots were responsi-
ble for triggering stomatal closure in aspen leaves. It
is plausible that similar processes were responsible
for stomatal closure in hypoxic plants.

The role of abscisic acid (ABA) in the observed
responses of plants to ethylene cannot be discounted.
Ethylene has been reported to trigger ABA synthesis
(Abeles et al., 1992; Hansen and Grossmann, 2000)
and ABA triggers stomatal closure in stressed plants
(Zeevaart and Creelman, 1988). Both ABA and gib-
berellic acid are also known to activate the promoter
of the aquaporin PIP1b (Kaldenhoff et al., 1993, 1996)
and some studies reported an increase in Lp of ABA-
treated roots (Ludewig et al., 1988; Freundl et al.,
1998; Hose et al., 2000), possibly by its effect on
aquaporins (Abe et al., 1997; Hose et al., 2000). On the
other hand, Wan and Zwiazek (2001) demonstrated
that ABA applied to roots of hydroponically grown
aspen seedlings reduced gs but not root Lp and other
studies showed that ABA biosynthesis and transport
to shoots is restricted under the oxygen shortage
conditions (Zeevaart et al., 1989; Else et al., 1995).
Therefore, ABA may not be the primary factor trig-
gering changes in stomatal opening and Lp of hy-
poxic plants.

The effect of ethylene on phosphorylation of aqua-
porin proteins is yet to be investigated. There is,
however, evidence that ethylene induces a rapid
and transient protein phosphorylation in tobacco

leaves, and a protein kinase inhibitor, H-7,1-(5-
isoquinolinylsulfonyl)-2-methylpiperazine, blocked
ethylene-induced pathogenesis-related protein ac-
cumulation (Raz and Fluhr, 1993). A rapid change in
the pattern of protein phosphorylation was also in-
duced by ethylene in pea epicotyls (Berry et al., 1996)
and H-7-sensitive protein kinase(s) was found to be
involved in ethylene-induced protein phosphoryla-
tion in pea seedlings (Kwak and Lee, 1997). In aer-
ated roots, ethylene increased Lp within 15 min (Fig.
2), similar to the phosphorylation effect observed in
tobacco leaves (Raz and Fluhr, 1993). The ethylene-
induced increase in Lp of aspen was significantly
reversed by the application of STS, which strongly
and noncompetitively binds ethylene (Beyer, 1976).
Because no changes in Lp were observed in control
plants, STS action was likely due to its antagonistic
action on ethylene binding. The anionic complex of
STS is rapidly transported through plant tissues
(Veen, 1983) and can negate the effects of ethylene
even after short treatment (Reid et al., 1980). STS
inhibited the ethylene binding in carnations (Sisler et
al., 1986) and reversed the effects of applied ethylene
on root extension growth in lettuce (Lactuca sativa;
Abeles and Wydoski, 1987) and on seedling growth
of barley (Hordeum vulgare; Locke et al., 2000). In our
study, the application of ethylene resulted in an in-
crease in Qv (Fig. 3) similar to the increase in Lp (Fig.
2). This increase in Qv in response to ethylene, the
decline of the ethylene-induced Qv by HgCl2, and the
substantial reversion by ME suggest the possible in-
volvement of ethylene in mercury-sensitive pro-
cesses, particularly the water channel activity, in the
enhancement of Qv by ethylene.

In addition to increased Qv, both root respiration
and gs increased in hypoxic seedlings after ethylene
treatment (Fig. 1C). Respiration rates have been re-
ported to increase in response to ethylene treatment
in fruits (Frenkel et al., 1968; McGlasson et al., 1971)
and roots (Kahl and Laties, 1989). Ethylene can en-
hance respiration via the alternative respiration path-
ways (Esashi et al., 1987) and increase tissue ATP
content through mobilization of AMP or ADP (Perl,
1982). It is possible that similar mechanisms and the
resulting effect on phosphorylation could also be
partly responsible for the increase of Qv in our ex-
periment. Phosphorylation-induced enhancement of
the activity of root water channels could result in an
increase in Qv rates, increase in leaf hydration, and
stomatal opening. However, in our study, plants
were removed from hypoxic mineral solution with
dissolved oxygen levels of �2 mg L�1 and root res-
piration rates were measured under the oxygen lev-
els of approximately 4 mg L�1 of the nonaerated
Hoagland solution. Therefore, the measurements re-
flected respiration potential under somewhat ele-
vated level of dissolved oxygen rather than the res-
piration under the prevailing oxygen levels of the
hypoxic conditions.
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In our study, hypoxic seedlings treated with ethyl-
ene for several hours showed a large increase in Lp,
which was substantially higher than that observed in
roots of aerated seedlings treated with ethylene for
several minutes. This might be because of the pro-
nounced responsiveness of the highly physiologi-
cally depressed hypoxic roots to ethylene rather than
the difference in duration of ethylene treatment. The
increased Lp (Fig. 2) and Qv (Fig. 3) as a result of
short-term exposure of roots to ethylene adequately
supported the water channel-mediated enhanced Lp
in hypoxic seedlings. Because the duration of ethyl-
ene treatment for hypoxic seedlings was 12 h, the
possibility that ethylene-induced root hair develop-
ment (Taiz and Zeiger, 1998) could be the reason for
the increase in Lp in hypoxic seedlings cannot be
entirely ruled out. However, root hair development
is often hampered in hydroponically grown plants
(Fahn, 1982).

Although dissolved oxygen level of aerated solu-
tion was substantially greater than in nonaerated
plants, aerated seedlings showed some signs of hyp-
oxia by producing hypertrophic lenticels around the
root collar region. In addition, the excised roots of
aerated seedlings treated with ethylene in STS exper-
iment and in Qv experiment were kept in stagnant
bathing solution for about an hour before the treat-
ment with ethylene and thus they likely experienced
short-term hypoxic condition before ethylene treat-
ment. This could explain why Lp or Qv of aerated
seedlings also showed response to ethylene.

In summary, the results presented in this paper
demonstrated an increase in Lp and gs of hypoxic
aspen seedlings after exposing roots to ethylene. We
suggest that root water channels likely mediated the
ethylene-enhanced root water transport and we dis-
cuss the possibility of ethylene effects on phosphor-
ylation of water channel proteins. We interpreted the
response of gs to root-applied ethylene as a result of
improved leaf hydration because of the enhancement
of Qv.

MATERIALS AND METHODS

Experimental Conditions and Hypoxic Treatment

Aspen (Populus tremuloides) seedlings were germinated
and grown for 6 weeks in styrofoam containers filled with
a peat:sand mixture (1:1, v/v) before transferring to aer-
ated solution culture. The roots were gently washed free of
soil in cold tap water and the seedlings were transferred to
10-L containers with one-half-strength modified Hoagland
solution (Epstein, 1972). Ten containers, each with eight
seedlings, were placed in a growth room set to a 16-h
photoperiod with photosynthetic photon flux of 300 �mol
m�2 s�1, 22°C/18°C (day/night) temperatures, and a con-
stant relative humidity of approximately 70% (v/v). The
seedlings were grown in solution culture for about 3 weeks
before experimental treatments and the solution was re-
placed every 2 weeks.

The seedlings from five randomly picked containers
were transferred individually into 0.5-L plastic containers
containing one-half-strength Hoagland solution and hyp-
oxia was induced by stopping aeration. The seedlings of
other five containers were kept aerated and served as
controls. During the hypoxic treatment, the whole root
system and a part of the stem 1 cm above the root collar
was always kept submerged in the solution. In the aerated
containers, the concentration of dissolved oxygen in nutri-
ent solution was always �7 mg L�1, whereas that in the
nonaerated containers was �2 mg L�1.

gs Measurements

Leaf gs, was measured in hypoxic and control plants at 9
am on d 1, 3, 5, and 10 after the initiation of hypoxic
treatment and at 3-h intervals on d 11 after adding ethylene
to hypoxic plants. The measurements were carried out with
a steady-state porometer (LI-COR, Lincoln, NE) in the
same growth chamber where the seedlings were growing.
The second fully developed leaf was measured for gs in
each of the five seedlings per treatment (n � 5).

Lp Measurements

Root hydraulic conductance (Kr) was measured for ex-
cised root systems of seedlings. A high-pressure flow meter
(HPFM; Dynamax Inc., Houston) was used for the mea-
surements as described by Tyree et al. (1995). Each root
system was subjected to a pressure increasing from 0 to 0.4
MPa. Kr was the slope of the regression line of the water
flow over the applied pressure and expressed in kg MPa�1

s�1. Root volume of each root system was determined from
the volume of displaced water and Lp was obtained by
dividing the Kr value by root volume and expressed in kg
MPa�1 s�1 cm�3 root volume. There were five root systems
per treatment taken for all measurements (n � 5).

Root Respiration Measurements

Root respiration was measured as oxygen uptake using
a Clark-type electrode (Yellow Springs Instruments, Yel-
low Springs, OH). Respiration rates were determined by
placing the root system in an airtight cylinder containing
nonaerated one-half-strength Hoagland solution with the
initial oxygen level of approximately 4 mg L�1. The bath-
ing solution was kept continuously stirred with a stirring
bar during measurements. Oxygen uptake was monitored
for 20 min by recording data every 5 min in five root
systems per treatment (n � 5). Respiration rate was the
average of oxygen uptake over time expressed in �g min�1

cm�3 root volume. Mean respiration rate recorded for con-
trol root systems was used to normalize the data for each
root system of corresponding hypoxic seedlings.

Ethylene Treatment of Hypoxic Seedlings

The individual 0.5-L plastic containers containing hy-
poxic seedlings were exposed to ethylene at 21 h on d 10,
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just before the end of the day, 12 h before the measure-
ments on d 11. The roots were sealed in the container with
the lower two-thirds of the root system immersed in one-
half-strength Hoagland solution and the upper one-third
exposed to the air. Ethylene was supplied into the con-
tainer from the ethylene gas cylinder through a narrow
1-mm diameter tube stretched up to the bottom of the
container to a concentration of 20 �L L�1and then the tube
was tightly closed. The concentration of the applied ethyl-
ene was determined by gas chromatography by comparing
the peak area with that produced by pure ethylene stan-
dard. Air samples containing ethylene were injected into
the 30-m-long, 0.32-mm internal diameter GS-Q column
(J&W Scientific, Folsom, CA) and analyzed using a
Hewlett-Packard 5890 Series II gas chromatograph
(Hewlett-Packard, Mississauga, ON) under the following
conditions: oven temperature, 60°C; injector and detector
temperatures, 150°C; and carrier gas (helium) linear flow
rate, 25 cm s�1.

The seedlings were placed in the growth chamber in the
same growth chamber where the seedlings were growing.
After 12 h, including an 8-h night period, gs, Lp, and root
respiration were measured in ethylene-treated hypoxic, un-
treated hypoxic, and aerated seedlings (n � 5) on d 11 at
3-h intervals taking the first measurements at 9 am.

STS Treatment

An excised root system of aerated seedlings was used to
record Kr with the HPFM. For ethylene treatment, the
excised root system was placed in a plastic container with
one-half of the container filled with one-half-strength
Hoagland solution. Ethylene gas was supplied into the
container following the same procedure as described above
and the container was closed airtight. The container with
the excised root system exposed to ethylene was then
placed in a pressure chamber (PMS Instruments, Corvallis,
OR) and pressurized at 0.3 MPa for 10 min. Fifteen minutes
after pressurization, Kr of the ethylene-treated root systems
was recorded with the HPFM. Then, STS in the form of 0.2
mm silver nitrate and 0.8 mm sodium thiosulphate, in 1:4
(w/v) molar concentration ratio (De Stigter, 1981), was
added to the bathing solution and maintained at the room
temperature for 4 h before measuring Kr of the root systems
that had been exposed to ethylene. At the same time, the
root systems that served as controls were also treated with
STS and their Kr values were recorded before and after STS
treatment as for the ethylene-treated roots.

Kr was measured in seven root systems (n � 7) of each
treatment. Lp for individual root system was calculated
from the Kr and root volume, and expressed in kg MPa�1

s�1 cm�3 root volume. Possible differences between treat-
ment means were explored by paired Student’s t test.

Measurements of Qv in Response to
Ethylene and HgCl2

The steady-state root flow rate (Qv) was measured fol-
lowing the hydrostatic pressure method (Wan and Zwi-

azek, 1999; Kamaluddin and Zwiazek, 2001). A 0.25-L glass
cuvette containing one-half-strength Hoagland solution
was inserted into a pressure chamber (PMS Instruments).
The solution was kept continuously stirred during the
measurements with a magnetic stirrer. For the measure-
ments, the stem was severed above the collar region and
the roots sealed in the pressure chamber. The entire root
system was immersed in the solution with the debarked
part of the stem protruding through a rubber gasket se-
cured to the lid of the pressure chamber. Chamber pressure
was gradually increased to 0.3 MPa and held constant
during the measurements. The protruding stem was fitted
to a graduated pipette by a short piece of rubber tubing and
the water expressed through the stem was collected into
the pipette. Root Qv of the whole root system was moni-
tored over time by recording the volume of sap every 5 min
and the results were expressed in �L water min�1 root
system�1.

Qv was measured in the root systems treated with eth-
ylene and/or HgCl2. Qv of each root system was recorded
for 30 min under constant pressure of 0.3 MPa before
treatment. Then, the pressure was released and the roots
were treated with ethylene or HgCl2. Ethylene treatment
was given following the same procedure as described for
the STS experiment. The ethylene-treated roots were then
placed in the pressure chamber and the pressure of 0.3 MPa
was restored. The flow was monitored for 30 min after the
treatment with ethylene and then the ethylene-treated root
system was treated with HgCl2. For HgCl2 treatment, the
pressure was released and an appropriate amount of con-
centrated HgCl2 solution was injected into the bathing
solution to achieve 50 �m concentration before pressuriz-
ing the roots again to 0.3 MPa. In this way, Qv of six root
systems were monitored for another 1 h. For another set of
six root systems, HgCl2 was added to the bathing solution
after measurement of Qv over the initial 30 min and then
monitored for another 1.5 h. Qv of the HgCl2-treated roots
was measured for another 30 min after adding 20 mm ME
to the bathing medium. Qv was also measured for six
control root systems where HgCl2 or ME was replaced with
distilled water and monitored over 2.5 h. Mean Qv value
obtained over the initial 30 min was used to normalize the
data for each root system.
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