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The role of ethylene in regulating growth in tomato (Lycopersi-
con esculentum Mill.) during compaction stress was examined using
wild-type (cv Ailsa Craig) and transgenic (ACO1AS) genotypes; the
latter has a reduced capacity to produce ethylene. Ethephon or
silver ions were applied to increase ethylene production or block its
action. Shoot growth in both genotypes was comparable in uncom-
pacted (1.1 g cm23) and uniformly compacted soil (1.5 g cm23).
However, a 1.1/1.5-g cm23 split-pot treatment invoked marked
genotypic differences: growth was reduced in cv Ailsa Craig but was
comparable to uncompacted control plants in ACO1AS. As xylem
sap abscisic acid levels were similar, abscisic acid was not respon-
sible for inhibiting growth in cv Ailsa Craig. These genotypic differ-
ences in growth were accompanied by increased ethylene evolution
in cv Ailsa Craig, suggesting that the ability of ACO1AS to maintain
growth in the split-pot treatment reflected its lower ethylene levels,
a view supported by the observation that excising the roots in the
compacted compartment reduced ethylene evolution and restored
shoot growth in cv Ailsa Craig. Treatment with silver restored shoot
growth in cv Ailsa Craig, whereas treatment with ethephon reduced
growth in ACO1AS. Thus, ethylene apparently has a key role in
determining growth when tomato plants encounter differential soil
compaction.

Plants grown in compacted soil frequently exhibit reduc-
tions in root and shoot growth and stomatal conductance in
the absence of significant effects on foliar water status
(Masle, 1990, 1992; Tardieu et al., 1992; Andrade et al., 1993;
Beemster and Masle, 1996; Mulholland et al., 1996a; Hus-
sain et al., 1999). These responses have been attributed to
the accumulation of abscisic acid (ABA) in impeded roots
and its subsequent transport to the shoot via the transpi-
ration stream (Hartung and Davies, 1991; Tardieu et al.,
1992), such as occurs in water-stressed plants (Davies and
Zhang, 1991). Moreover, applications of ABA have been
reported to promote the growth of short, thick roots and to
reduce leaf expansion and stomatal conductance in a man-
ner analogous to plants experiencing compacted soil con-
ditions (Davies and Zhang, 1991; Hartung and Davies,
1991; Mulholland et al., 1996b). Davies et al. (1994) pro-
posed that the observed increases in xylem sap ABA con-
centration and the associated reductions in leaf expansion

and stomatal conductance in compaction-stressed plants
resulted from local reductions in root water potential and
turgor. Several studies have attempted to preclude such
effects by using pressurized columns of sand supplied with
aerated nutrient solution or soil columns with a uniformly
high moisture content (Tardieu et al., 1991, 1992; Cook et
al., 1996; Mulholland et al., 1996a; Young et al., 1997).
However, as these studies all produced similar growth and
stomatal responses, it may be argued that localized soil
drying adjacent to roots growing in compacted soil was not
a significant factor, and that changes in the pressure ex-
erted upon root cells resulting from differences in soil
strength may have been responsible for inducing ABA
accumulation (Davies and Zhang, 1991).

The existence of an inverse correlation between stomatal
conductance and xylem sap ABA concentration in plants
experiencing soil compaction has been demonstrated using
wild-type and ABA-deficient mutants of barley (Hordeum
vulgare L. cv Steptoe and cv Az34; Mulholland et al., 1996a).
However, the link between root-sourced ABA and
compaction-induced reductions in leaf expansion proved
more complex, as both genotypes exhibited reduced
growth in severely compacted soil (1.7-g cm23 bulk densi-
ty), whereas significant genotypic differences were appar-
ent at a subcritical bulk density of 1.6 g cm23 (Mulholland
et al., 1996a). In the latter treatment, the wild-type plants
maintained uncompacted (1.1 g cm23) rates of leaf expan-
sion, while the ABA-deficient mutant exhibited reductions
in growth comparable to plants grown in severely com-
pacted soil (Mulholland et al., 1996a, 1996b). These results
demonstrate that elevated xylem sap ABA concentrations
were not responsible for the observed inhibition of shoot
growth in the ABA-deficient mutant. Nor was any relation-
ship between shoot growth and xylem sap ABA detected
when the same genotypes were grown in columns contain-
ing horizons of differing bulk density, although stomatal
conductance was again inversely correlated with xylem sap
ABA concentration (Hussain et al., 1999). Munns (1992)
previously questioned whether ABA is the only potential
inhibitor of leaf expansion present in the xylem sap of
wheat and barley plants grown in drying soil.

Increased ethylene production rates in impeded roots
have been correlated with their characteristic short, thick
root morphology and concurrent reductions in shoot growth
(Kays et al., 1974; Sarquis et al., 1991; Morgan et al., 1993). As
ethylene may act as a root-sourced chemical signal trans-
ported as its soluble precursor, 1-aminocyclopropane-1-
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carboxylic acid (ACC), under anaerobic soil conditions
(Jackson, 1997), it is possible that this hormone may also be
involved in mediating shoot responses to soil compaction
(He et al., 1996). The present study examined the role of
ethylene in mediating shoot growth in tomato (Lycopersicon
esculentum Mill.) plants experiencing compacted soil con-
ditions. A split-pot approach enabled the root system to be
divided between uncompacted (1.1 g cm23) and compacted
(1.5 g cm23) soil; the majority of the roots grew unhindered
in uncompacted soil, while the remainder experienced im-
peded growing conditions. This system enables responses
to be examined in species such as tomato, which are par-
ticularly sensitive to compaction (Mulholland et al., 1999).

Isogenic ABA-deficient mutant and wild-type geno-
types represent a powerful tool for studies of the role of
ABA as a root-sourced signal regulating plant responses to
compaction (Mulholland et al., 1996a, 1996b, 1999; Hussain
et al., 1999). This approach was extended in the present
study to examine the role of ethylene by using a geneti-
cally modified, low-ethylene genotype, ACO1AS, and an
isogenic wild-type cultivar (Ailsa Craig). Applications of
ethephon were used to promote ethylene production,
while the action of this gaseous plant growth regulator
was blocked using silver ions applied as silver thiosulfate
(STS). The objective was to test the hypothesis that ethyl-
ene has a central role in mediating plant responses to soil
compaction.

MATERIALS AND METHODS

Plant Material

Isogenic wild-type (cv Ailsa Craig) and transgenic ACC
oxidase antisense genotypes (ACO1AS) of tomato (Lycoper-
sicon esculentum Mill.) were used. The cv ACO1AS plants
were generated by Hamilton et al. (1990) using a chimeric
antisense pTOM13 construct. ACO1AS plants exhibit a
greatly reduced synthesis of ACC oxidase (ACO) and a
decreased capacity to convert ACC to ethylene.

Soil Preparation, Compaction, and Seedling Establishment

Plants were grown in an Arrow series brown earth (Tho-
masson, 1971), whose characteristics were reported by
Mulholland et al. (1996a); the procedures used to create
homogeneous bulk-density soil columns and split-pot sys-
tems were described by Hussain et al. (1999). Soil was
air-dried, sieved (,0.2 mm), and oven-dried (105°C) for
24 h before incorporating nutrients at the following rates
(in grams per kilogram): N, 0.75; P, 0.275; K, 1.675; and Mg,
1.075. Homogeneous soil columns (75 mm in diameter and
90 mm deep) with bulk densities of 1.1 g cm23 (uncom-
pacted) or 1.5 g cm23 (compacted) were prepared as de-
scribed by Mulholland (1996a). The columns were then
divided vertically, and half-columns of each bulk density
were taped together to form vertically divided soil columns
(Hussain et al., 1999). Uniform 1.1-g cm23 uncompacted
control and 1.5-g cm23 compacted treatments were also
prepared by combining half columns of the appropriate
bulk density. In all treatments, the two compartments

within the split-pot system were separated by vertical
polythene membranes to prevent the exchange of gases,
water, nutrients, and roots. A 30-mm layer of loose soil was
placed over the top of the split-pot system to facilitate
seedling establishment. Fifty columns were prepared for
each genotype and treatment, each containing one plant.

Seeds of both genotypes were germinated on moist filter
paper in foil-covered Petri dishes under the following ex-
perimental conditions: 25°C/20°C day/night temperature,
16-h photo- and thermoperiod, approximately 150 mmol
m22 s21 photosynthetically active radiation, and 80% rel-
ative humidity). When the radicle was a few millimeters in
length, the seedlings were transplanted into the loose soil
covering the split-pot system; as they developed, their root
systems became divided between the two underlying com-
partments. The columns were weighed and rewatered
twice daily until 10 d after emergence (DAE) and three
times daily thereafter as transpiration increased to main-
tain the soil close to its initial water content. This procedure
has been shown to prevent significant soil drying (Mulhol-
land et al., 1996a). The roots in the compacted compartment
of the 1.1/1.5-g cm23 treatment were severed at 15 DAE for
20 plants of each genotype.

Growth Analysis

Plants were grown for 30 DAE under the conditions
described above and harvested for growth analysis at 5- or
10-d intervals depending on the experiment involved. Leaf
area was determined immediately using a leaf area meter
(model 3100, LI-COR, Lincoln, NE), while shoot dry weight
was measured after oven-drying (85°C for 24 h). Root dry
weight was determined separately for each compartment
after washing the soil from the roots and oven-drying them
as described above.

Stomatal Conductance, CO2 Uptake, and Leaf
Water Potential

Stomatal conductance and net photosynthesis were de-
termined using a combined IR gas analyzer (CIRAS-1) and
a Parkinson leaf cuvette with a 2.5-cm2 chamber (both from
PP Systems, Hitchin, Hertshire, UK). Measurements were
made at 2-d intervals commencing at 10 DAE starting 4 h
after the beginning of the photoperiod, and were com-
pleted within 60 to 90 min. On each occasion, 20 measure-
ments were made for the youngest expanded leaf of each
genotype and treatment; both variables were expressed on
a unit leaf area basis. Leaf water potential was determined
for the same leaves 3 h after the beginning of the photo-
period using a pressure chamber (PMS Instruments, Cor-
vallis, OR).

Xylem Sap ABA Analysis

Shoots were excised 20 mm above the soil surface and
silicone rubber tubing (3–8 mm i.d. depending on stem
size) was attached to the detopped root system to collect
xylem sap exuded under naturally developing root pres-
sure. The samples were stored at 220°C prior to ABA
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analysis by radioimmunoassay using the monoclonal anti-
body AFRC MAC252 (Quarrie et al., 1988), as described by
Mulholland et al. (1996a), and validated by parallel gas
chromatography-mass spectrometry analysis (Mulholland,
1994).

Ethylene Analysis and Applications of Ethylene
Sources and Inhibitors

Ethylene evolution was measured by gas chromatogra-
phy. Small pre-weighed leaf samples were placed in
7.6-mL glass vials containing moist filter paper to minimize
evaporation from the tissue and immediately sealed. One-
milliliter air samples were extracted after 1 and 2 h and
injected into a gas chromatograph (610Ati Unicam, Perkin-
Elmer Applied Biosystems, Foster City, CA) for analysis;
ethylene evolution was expressed as a function of tissue
fresh weight. Preliminary measurements showed that eth-
ylene evolution from control leaf samples peaked after
approximately 30 min of incubation as a result of wound-
induced ethylene production; as expected, evolution rates
were much lower in cv ACO1AS. Although some wound-
induced ethylene was still produced after 1 h of incubation,
this was assumed to occur at similar rates in all treatments
of each genotype for the purposes of the present study,
thereby enabling genotypic differences and treatment ef-
fects on ethylene evolution to be quantified.

Ethephon, an ethylene-releasing agent, was supplied as a
400-mL L21 aqueous solution; this compound is hydro-
lyzed following delivery to the shoots, releasing ethylene
(Maynard and Swain, 1963). A 1 mm STS solution was used
to block the action of ethylene, as silver ions have been
proposed to reduce the capacity of ethylene to interact with
its receptors (Beyer, 1976); STS is readily absorbed and
transported by plants (Morgan et al., 1993). Both solutions
were supplied in place of water to the surface of the com-
partment containing compacted soil in the 1.1/1.5-g cm23

treatment from 5 DAE; the volumes of solution required
were determined gravimetrically as described above.

Statistical Analysis

The data were analyzed by ANOVA using Genstat 5
(Lawes Agricultural Trust, IACR Rothamsted, UK).

RESULTS

Compaction Treatments

Leaf water potential showed no detectable treatment
effect (Fig. 1A) and was closely comparable in both geno-
types, reflecting their similar stomatal conductances (Figs.
3C and 4B); water potential decreased slightly with time in
all treatments. However, despite the absence of significant
treatment effects on foliar water status, leaf area and shoot
dry weight were significantly reduced (P , 0.001) from 15
DAE on in the 1.1/1.5-g cm23 split-pot and in the uniform
1.5-g cm23 treatments of cv Ailsa Craig relative to uncom-
pacted control plants (Fig. 2, A and B). Leaf area in the
1.1/1.5-g cm23 treatment varied from 53% to 72% of the

uncompacted control values, while plants in the 1.5-g cm23

treatment exhibited up to 5-fold reductions relative to con-
trol plants. Shoot dry weight followed a similar trend,
although the effect of compaction increased with time;
shoot dry weight decreased from 62% of the uncompacted
control values at 15 DAE to 26% at 30 DAE in the 1.1/1.5-g
cm23 treatment and from 64% to 17% in the 1.5-g cm23

treatment.
Excision of the roots at 15 DAE in the compacted com-

partment of the 1.1/1.5-g cm23 treatment of cv Ailsa Craig
(split-cut treatment) promoted a recovery of shoot growth
(Fig. 2, A and B). Leaf area and shoot dry weight were,
respectively, 58% and 62% of the uncompacted control
values at 15 DAE, but increased to approximately 75% by
20 DAE, when the values for both variables were signifi-
cantly greater than in plants with intact root systems (split-
pot treatment). During the ensuing 10-d period, leaf area
and shoot dry weight in split-cut plants reached approxi-
mately 90% of the uncompacted control values, whereas
equivalent plants with intact root systems showed no
recovery.

Shoot growth in 1.1-g cm23 control plants of ACO1AS

was comparable to the wild-type genotype, cv Ailsa Craig,
and was again greatly reduced in the uniformly compacted
1.5-g cm23 treatment, as in cv Ailsa Craig (P , 0.001; Fig.
2, A and B); thus, leaf area and shoot dry weight were 58%
and 49%, respectively, of the uncompacted control values
at 10 DAE, but declined to 30% and 14%, respectively, over
the ensuing 20-d period. However, the response of shoot
growth in the 1.1/1.5-g cm23 treatment contrasted sharply
with that of wild-type plants, as leaf area in ACO1AS was
unaffected relative to 1.1-g cm23 control plants at all har-
vests. Excision of the roots in the compacted compartment
of the 1.1/1.5-g cm23 treatment at 15 DAE had no effect on
leaf area (Fig. 2A). The responses of the ACO1AS therefore
clearly differed from the wild-type control plants.

Root dry weight was evenly distributed between the two
compartments in the uniform 1.1- and 1.5-g cm23 treat-
ments, although the values were consistently much lower
in the 1.5-g cm23 treatment of both genotypes (P , 0.001;
Fig. 2C). In the 1.1/1.5-g cm23 treatment, root growth was
lower in the compacted compartment than in the uncom-
pacted compartment for both genotypes, particularly in
ACO1AS. Excision of the roots in the 1.5-g cm23 compart-
ment also promoted genotypic differences in root growth;
thus, total root dry weight in split-cut plants of cv Ailsa
Craig was comparable to plants in the split-pot treatment,
indicating that compensatory growth occurred in the un-
compacted compartment (Fig. 2C). In contrast, total root
dry weights for split-cut ACO1AS plants were 69% to 75%
of the equivalent values for the split-pot treatment between
20 and 30 DAE (P , 0.001), suggesting that they were
unable to compensate fully for the loss of the roots in the
1.5-g cm23 compartment by increasing growth in the 1.1-g
cm23 compartment.

Both genotypes exhibited comparable trends for stomatal
conductance (Fig. 3A), which declined slightly between 10
and 12 DAE in the uniform 1.1-g cm23 treatment and then
remained relatively constant for the remainder of the ex-
periment. In the 1.5-g cm23 treatment, stomatal conduc-
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tance decreased sharply in both genotypes between 10 and
12 DAE (P , 0.001), then declined more gradually until 14
DAE, before remaining almost constant for the rest of the
observation period. The values for the 1.5-g cm23 treat-
ment were significantly lower than for the 1.1-g cm23

treatment after 12 DAE in both genotypes (P , 0.001),
while those for ACO1AS were consistently, but not signif-
icantly, higher than in cv Ailsa Craig.

Stomatal conductance in the 1.1/1.5-g cm23 treatment
was generally similar to that in the uniform 1.5-g cm23

treatment of both genotypes, although there was some
evidence that conductance decreased more slowly between
12 and 16 DAE (Fig. 3A); conductance remained low for the
remainder of the experiment. Conductance began to in-
crease shortly after the roots in the compacted compart-
ment were excised at 15 DAE, and was significantly greater
(P , 0.001) than in equivalent split-pot plants of cv Ailsa
Craig and ACO1AS by 16 and 18 DAE, respectively. Both
genotypes exhibited full recovery to the uncompacted con-
trol values by 20 DAE, and these were then maintained for
the remainder of the observation period (Fig. 3A). Thus,
conductances typical of uncompacted plants were restored
in the 1.1/1.5-g cm23 treatment by severing the roots grow-
ing in compacted soil, thereby preventing the export of
root-sourced signal(s) to the shoot.

The reduced stomatal conductances in the 1.5-g cm23

and 1.1/1.5-g cm23 treatments of both genotypes were
reflected by higher xylem sap ABA concentrations (P ,
0.001; Fig. 3B). ABA concentrations in both genotypes were
approximately double those for uncompacted control
plants at 10 DAE, increased by 45% and 24%, respectively,
at 20 DAE, and declined again by 30 DAE, although this
decrease was significant only in the 1.5-g cm23 treatment
(P , 0.001). Severing the roots in the compacted compart-
ment of the 1.1/1.5-g cm23 treatment at 15 DAE promoted
a significant decrease in xylem sap ABA (P , 0.001) during
the ensuing 5-d period relative to intact split-pot plants in
both genotypes; by 30 DAE, the values for split-cut plants
were identical to those for uncompacted control plants. The
values for control plants were closely comparable in both
genotypes.

As expected, ethylene evolution was lower in ACO1AS

than in cv Ailsa Craig (Fig. 3C), particularly in plants
which encountered compacted soil; ethylene evolution
rates for the 1.5-g cm23 treatment of cv Ailsa Craig were 3-
to 5-fold greater than in uncompacted control plants (P ,
0.001). The values for the 1.1/1.5-g cm23 treatment of cv
Ailsa Craig were significantly lower than in the 1.5-g cm23

treatment at 15, 25, and 30 DAE (P , 0.01), but were
consistently 2- to 5-fold greater than in uncompacted con-

Figure 1. Influence of compaction treatment
and excision of the roots in the compacted com-
partment of the 1.1/1.5-g cm23 split-pot treat-
ment (A) and treatment with STS and ethephon
(eth) (B) on the water potential of the youngest
expanded leaf in wild-type (cv Ailsa Craig) and
transgenic (ACO1AS) genotypes of tomato. Dou-
ble SEs are shown. Œ, 1.1 g cm23; f, 1.5 g cm23;
22l22, split-pot; - - -l- - -, split-cut.
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trol plants. Excision of the roots in the compacted compart-
ment greatly reduced ethylene evolution in cv Ailsa Craig,
with the values at 20, 25, and 30 DAE being 64%, 39%, and
33%, respectively, of those for equivalent plants with intact
root systems (P , 0.01).

Impact of Ethylene Releasing Agents and Inhibitors of
Ethylene Action

Genotypic differences in shoot growth were again appar-
ent when cv Ailsa Craig and ACO1AS were grown in the
1.1/1.5-g cm23 split-pot system in the absence of detectable
effects on leaf water status (Fig. 1B); leaf area was 48% to
71% smaller in cv Ailsa Craig than in ACO1AS (P , 0.001;
Fig. 4A). Treatment with STS restored leaf area in cv Ailsa

Craig to values approaching ACO1AS; thus, leaf area was
increased by 47% in STS-treated plants of cv Ailsa Craig at
30 DAE, whereas the same treatment had no detectable
effect on ACO1AS at all harvests. Treatment with ethephon
significantly reduced leaf area in both genotypes (P ,
0.001; Fig. 4A); thus, leaf area was 71%, 56%, and 51% of
equivalent untreated plants at 10, 20, and 30 DAE, respec-
tively, in cv Ailsa Craig and 71%, 39%, and 56%, respec-
tively, in ACO1AS. Root growth was unaffected by appli-
cations of STS in both cv Ailsa Craig and ACO1AS, whereas
treatment with ethephon reduced root biomass relative to
control plants supplied with water (P , 0.001; Fig. 4B).

Stomatal conductance followed a generally similar pat-
tern in both genotypes (Fig. 5A), decreasing significantly
(P , 0.001) by 16 DAE in the split-pot and STS treatments

Figure 2. Influence of compaction treatment
and excision of the roots in the compacted com-
partment of the 1.1/1.5 g cm23 split-pot treat-
ment on leaf area (A), shoot dry weight (B), and
root dry weight (C) in wild-type (cv Ailsa Craig)
and transgenic (ACO1AS) genotypes of tomato.
A and B, White bars, 1.1 g cm23; checked bars,
1.5 g cm23; black bars, split-pot; hatched bars,
split-cut. C, Letters (A, B, C, and D) denote the
uniform 1.1- and 1.5-g cm23 treatments, the
1.1/1.5-g cm23 split-pot treatment, and 1.1/
1.5-g cm23 split-pot plants in which the roots in
the 1.5-g cm23 compartment were severed at 15
DAE, respectively. Overall column height shows
total root dry weight for both compartments,
while the white and filled areas within columns
show root dry weights within each compart-
ment. In C, the white and black areas show root
dry weights in the 1.1- and 1.5-g cm23 compart-
ments; the hatched area in D shows root dry
weight in the 1.1-g cm23 compartment follow-
ing excision of the roots in the 1.5-g cm23 com-
partment at 15 DAE. Single SEs are shown.
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of cv Ailsa Craig to reach minimum values of 121 and 136
mmol m22 s21, respectively. Treatment of cv Ailsa Craig
with ethephon promoted a more rapid decline in conduc-
tance, with a significant decrease being apparent by 14
DAE (P , 0.001). Conductance then remained almost con-
stant in all treatments, although the values for ethephon-
treated plants were generally slightly lower than in the
1.1/1.5-g cm23 and STS treatments. ACO1AS plants exhib-
ited similar responses except that the decline in conduc-
tance was slightly delayed relative to wild-type plants in
all treatments. As in cv Ailsa Craig, conductance was
slightly lower in ethephon-treated plants than in the other
treatments.

Xylem sap ABA concentrations again exhibited similar
trends in both genotypes, increasing between 10 and 20
DAE (P , 0.001; Fig. 5B), when maximum values ranged
from 154 to 184 mmol m23 in cv Ailsa Craig and 143 to 176

mmol m23 in ACO1AS and declining by 30 DAE in all
treatments of both genotypes; the maximum values there-
fore coincided with the observed reductions in stomatal
conductance. The values for the 1.1/1.5-g cm23 and STS
treatments were comparable in both genotypes, and were
generally slightly greater in ethephon-treated plants, re-
flecting their lower stomatal conductances.

Ethylene evolution was invariably much lower in
ACO1AS than in cv Ailsa Craig and increased with time in
all treatments of cv Ailsa Craig and ethephon-treated
plants of ACO1AS (P , 0.001; Fig. 5C). Treatment with
ethephon significantly increased ethylene evolution in both
genotypes (P , 0.001), although the values for ACO1AS

were consistently lower than in cv Ailsa Craig (P , 0.001).
Treatment with STS reduced ethylene evolution in cv Ailsa
Craig (P , 0.001), particularly during the latter stages of
the experiment, but had no detectable effect on ACO1AS.

Figure 3. Influence of compaction treatment
and excision of the roots in the compacted com-
partment of the 1.1/1.5-g cm23 split-pot treat-
ment on stomatal conductance (A), xylem sap
ABA concentration (B), and ethylene evolution
(C) from leaf tissue in wild-type (cv Ailsa Craig)
and transgenic (ACO1AS) genotypes of tomato.
Double (A and B) or single SEs (C) are shown.
FW, Fresh weight. A and B, Œ, 1.1 g cm23; f,
1.5 g cm23; 22l22, split-pot; - - -l- - -,
split-cut. C, White bars, 1.1 g cm23; checked
bars, 1.5 g cm23; black bars, split-pot; hatched
bars, split-cut.
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DISCUSSION

The split-pot system used here permitted investigation of
the role of ethylene in mediating the impact of soil com-
paction on shoot and root growth in tomato, as described
previously for ABA in barley (Hussain et al., 1999) and
tomato (Mulholland et al., 1999). This system enables the
effects of compaction to be examined in species particularly
sensitive to impeded soil conditions by enabling most of
the root system to be grown in uncompacted soil, while a
smaller proportion penetrates the compartment containing
compacted soil. The quantity of root produced in the com-
pacted compartment was clearly sufficient to elicit signifi-
cant growth and stomatal responses.

As leaf water potential was not affected in either geno-
type (Fig. 1), the observed growth and stomatal responses
to compaction and treatment with ethephon or STS were
apparently initiated by root-sourced chemical signals, as
opposed to hydraulic signals. Stomatal conductance was
inversely correlated with xylem sap ABA concentration
(Figs. 3 and 5), in agreement with previous studies of the
impact of water stress (Griffiths et al., 1996), suggesting
that ABA transported from the impeded roots was respon-
sible for inducing the observed stomatal responses in both

genotypes. The ABA-deficient tomato mutant flacca has
previously been shown to be incapable of regulating sto-
matal aperture effectively in a similar split-pot system,
emphasizing the role of root-sourced ABA in coordinating
stomatal responses to compacted soil conditions (Hussain
et al., 1999; Mulholland et al., 1999). It therefore appears
that a key role of root-sourced ABA in plants experiencing
compacted soil conditions is to reduce stomatal conduc-
tance, thus limiting transpiration and permitting leaf water
potential to be maintained at unstressed levels (Davies and
Zhang, 1991).

The use of the transgenic low-ethylene ACO1AS and
isogenic wild-type genotypes proved invaluable in estab-
lishing a role for ethylene in mediating growth responses to
compaction. Thus, although shoot growth was similar in
both genotypes in the uniform 1.1- and 1.5-g cm23 treat-
ments, significant genotypic differences were apparent in
the 1.1/1.5-g cm23 treatment, which provided a subcritical
level of compaction stress comparable to that reported
previously for barley grown in uniform 1.6-g cm23 soil
columns (Mulholland et al., 1996a). Leaf area and shoot dry
weight increased almost linearly between harvests in both
genotypes, but were reduced to a greater extent in the

Figure 4. Influence of STS and ethephon (eth)
on leaf area (A) and root dry weight (B) in wild-
type (cv Ailsa Craig) and transgenic (ACO1AS)
genotypes of tomato grown in 1.1/1.5-g cm23

split-pot soil columns. A, Black columns, split-
pot; white columns, STS; hatched columns, eth-
ephon. B, Total root dry weights and their dis-
tribution between the 1.1- and 1.5-g cm23

compartments; the shaded areas denote roots
in the 1.5-g cm23 compartment. Single SEs are
shown. White/black bars, Split-pot; white/
stippled bars, STS; white/hatched bars, ethephon.
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1.1/1.5-g cm23 treatment of cv Ailsa Craig than in ACO1AS

relative to equivalent uncompacted control plants (Fig. 2, A
and B). These effects occurred in the absence of detectable
effects on leaf water potential both in the present (Fig. 1)
and previous compaction studies (Mulholland et al., 1996a,
1999; Hussain et al., 1999).

The 1.1/1.5-g cm23 treatment therefore promoted in-
triguing genotypic differences in which the wild-type, cv
Ailsa Craig, exhibited greatly reduced shoot growth, while
the low-ethylene genotype, ACO1AS, was able to maintain
uncompacted control growth rates (Fig. 2, A and B). Exci-

sion of the roots in the 1.5-g cm23 compartment at 15 DAE
promoted a recovery of shoot growth in cv Ailsa Craig
from 20 DAE, whereas shoot growth in ACO1AS was un-
affected. These results demonstrate that root-sourced sig-
nal(s) other than ABA were responsible for the growth
responses induced when cv Ailsa Craig encountered com-
pacted soil, as xylem sap ABA concentrations were closely
comparable in both genotypes yet differing genotypic re-
sponses were observed (Figs. 2 and 3). To our knowledge,
this is the first reported comparison of ABA levels in the
wild-type cv Ailsa Craig and ACO1AS genotypes of tomato,

Figure 5. Influence of STS and ethephon (eth) on stomatal conductance (A), xylem sap ABA concentration (B), and ethylene
evolution (C) from leaf tissue in wild-type (cv Ailsa Craig) and transgenic (ACO1AS) genotypes of tomato grown in 1.1/1.5-g
cm23 split-pot soil columns. Double (A and B) or single SEs (C) are shown. FW, Fresh weight. A and B, l, Split-pot; f, STS;
Œ, ethephon. C, Black bars, Split-pot; white bars, STS; hatched bars, etephon.
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and the results clearly demonstrate the potency of the
antisense strategy for modifying the synthesis of specific
hormones without affecting the levels or stress responses of
others. Such approaches offer a powerful tool for studies of
the importance of specific hormones in regulating the
stress physiology of plants.

Our results support the hypothesis that the impaired
capacity of ACO1AS to convert ACC to ethylene permitted
shoot growth to continue at uncompacted rates in the
1.1/1.5-g cm23 treatment because endogenous ethylene
levels remained below a critical threshold. Thus, the geno-
typic differences in growth observed in the 1.1/1.5-g cm23

treatment were reflected by the significantly greater ethyl-
ene evolution in cv Ailsa Craig compared with ACO1AS

(Figs. 3 and 5), even though evolution rates were compa-
rable when both genotypes were grown in uncompacted
soil. Leaf area and shoot dry weight were inversely corre-
lated with ethylene evolution, suggesting that the greater
ethylene production of wild-type plants in the 1.1/1.5-g
cm23 treatment contributed to the observed reduction in
shoot growth. Comparisons may be drawn with the sub-
critical compaction stress imposed on barley by uniformly
compacted 1.6-g cm23 soil (Mulholland et al., 1996a,
1996b). These studies demonstrated that the inability of the
ABA-deficient mutant, Az34, to synthesize and export ABA
to the shoot at wild-type rates restricted its capacity to
maintain leaf expansion at uncompacted levels during sub-
critical compaction stress (Mulholland et al., 1996a), and
that treatment with synthetic ABA induced phenotypic
reversion to wild-type growth rates (Mulholland et al.,
1996b). Subsequent studies with barley (Hussain et al.,
1999) provided evidence that an additional root-sourced
signal, possibly ethylene, was involved in reducing shoot
growth in the ABA-deficient mutant at the subcritical bulk
density and in both genotypes during severe compaction
stress; it was concluded that the growth responses induced
may depend on the balance between endogenous ABA and
ethylene levels.

In sharp contrast to the 1.1/1.5-g cm23 split-pot system,
the uniform 1.5-g cm23 treatment provided a critical level
of stress that greatly reduced shoot and root growth in both
genotypes of tomato (Fig. 2), possibly by a mechanism that
does not directly involve either ethylene or ABA. Thus,
although ethylene evolution was significantly greater in
the uniform 1.5-g cm23 treatment of ACO1AS than in un-
compacted control plants at 30 DAE (P , 0.001; Fig. 3C),
this effect became apparent only after significant reduc-
tions in root and shoot growth had occurred. The hypoth-
esis that increased delivery of root-sourced ABA was re-
sponsible for the inhibition of shoot growth in plants
growing on severely compacted soil may be discounted, as
previous studies have shown that comparable reductions
in shoot growth are induced in ABA-deficient mutants of
both tomato and barley (Mulholland et al., 1996a, 1999;
Hussain et al., 1999). Another, as-yet-unidentified mecha-
nism, perhaps involving changes in nutrient uptake or
imbalances in hormones other than ethylene and ABA, may
therefore act to inhibit shoot growth when the entire root
system encounters severely compacted soil.

The possibility that ABA is the only root-sourced signal
produced in response to soil compaction, but has the sec-
ondary effect of invoking increased ACC synthesis within
the shoot, may also be discounted. Under this scenario,
ethylene production and consequent reductions in leaf ex-
pansion and shoot growth would be greater in wild-type
plants, whereas the limited ability of ACO1AS to convert
ACC to ethylene would result in the maintenance of shoot
growth. However, previous studies have shown that eth-
ylene production is greater in ABA-deficient mutants of
tomato in than in wild-type plants, even though xylem sap
ABA concentrations are much lower (Hussain, 1998). Fur-
thermore, similar studies of wild-type and ABA-deficient
mutants of barley revealed that the increases in xylem sap
ABA concentration induced by subcritical compaction
stress had the contrary effect of reducing ethylene evolu-
tion from leaf tissue (Hussain, 1998).

The original hypothesis that genotypic differences in
ethylene production were responsible for the observed re-
duction of growth in the 1.1/1.5-g cm23 split-pot treatment
of cv Ailsa Craig was substantiated by the experiments in
which ethephon and STS were supplied. Treatment with
ethephon increased ethylene evolution and reduced leaf
area in both genotypes, whereas limiting ethylene action by
blocking its binding sites with silver ions partially restored
leaf expansion in cv Ailsa Craig (Figs. 4A and 5C). Thus, a
partial restoration of uncompacted growth rates was
achieved simply by blocking the physiological activity of
the increased ethylene levels induced by compaction in the
absence of any change in the soil conditions experienced by
the plants. Treatment with STS significantly reduced eth-
ylene evolution in cv Ailsa Craig, perhaps by eliminating
the induction of autocatalytic ethylene production by stress
(Sfakiotakis et al., 1996); this may have further contributed
to the impact of silver ions in alleviating the symptoms of
compaction. As STS-treated plants grown under a range of
compaction treatments exhibited no significant effects on
root growth relative to control plants treated with water
(Fig. 4B; Hussain, 1998), the possibility that the restoration
of shoot growth in STS-treated plants of cv Ailsa Craig
resulted from an inhibition of root growth and subsequent
reallocation of assimilates to support shoot growth may be
discounted. Furthermore, a similar stimulation of shoot
growth would have been expected in STS-treated ACO1AS

plants if reallocation of available assimilates was responsi-
ble for the observed growth responses; however, no detect-
able effects were observed relative to control plants treated
with water.

Genotypic differences were also apparent for root bio-
mass, which was evenly distributed between both compart-
ments in the uniform 1.1- and 1.5-g cm23 treatments, but
reduced in the compacted compartment of the 1.1/1.5-g
cm23 system in both genotypes (Fig. 2). Root dry weight
was also reduced in the uncompacted compartment of the
split-pot treatment of cv Ailsa Craig relative to 1.1-g cm23

control plants, suggesting that root growth may have been
limited by reductions in assimilate availability resulting
from the greatly reduced leaf area. Thus, the significantly
greater ethylene levels in the wild-type genotype may have
been responsible for reducing root growth in the uncom-
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pacted compartment in addition to shoot growth. In con-
trast, the absence of any reduction of root growth in the
1.1-g cm23 compartment of the 1.1/1.5-g cm23 split-pot
treatment of ACO1AS relative to uncompacted control
plants reflected its ability to maintain leaf growth, and
hence assimilate supplies, at near control levels. Wild-type
plants showed a marked increase in root biomass in the
uncompacted compartment following excision of the roots
in the compacted compartment at 15 DAE, with the result
that total root biomass was slightly greater in split-cut than
in split-pot plants at 25 and 30 DAE (Fig. 2C); this increase
in root biomass reflects the concurrent recovery of leaf area
and hence assimilate production. In contrast, root biomass
in the uncompacted compartment was comparable for
split-pot and split-cut plants of ACO1AS, reflecting the
absence of significant compensatory root growth or any
promotion of shoot growth following excision of the roots
in the compacted compartment. These results suggest that
the observed root growth responses are intimately linked
to effects on shoot growth and assimilate availability.

CONCLUSIONS

Leaf expansion and shoot growth in plants growing on
compacted soil were more closely correlated with endoge-
nous ethylene levels than with xylem sap ABA concentra-
tion, whereas root-sourced ABA appeared to function as a
signal regulating stomatal conductance, as reported previ-
ously (Davies et al., 1994; Mulholland et al., 1996a, 1999;
Hussain et al., 1999). The use of the ethylene-deficient
transgenic ACO1AS clearly demonstrated the constraining
influence of ethylene on shoot growth when roots encoun-
ter compacted soil. Excision of roots in the compacted
compartment of the 1.1/.1.5-g cm23 treatment confirmed
that a root-sourced signal was responsible for limiting leaf
area and shoot growth, while artificially increasing ethyl-
ene production by applying ethephon or limiting its per-
ception using silver ions induced phenotypic reversion in
ACO1AS and cv Ailsa Craig, respectively. Although its
concentrations and fluxes have yet to be measured, it ap-
pears likely that ACC may have a role as a potential
root-sourced signal, as this ethylene precursor is readily
transported in the transpiration stream and ACO1AS would
be insensitive to changes in its concentration (English et al.,
1995). The uniformly high bulk density in the 1.5-g cm23

treatment provided a critical compaction stress in both
genotypes, which greatly reduced root and shoot growth,
demonstrating that the ability of genotypic differences in
endogenous ethylene levels to ameliorate the adverse ef-
fects of compaction is lost when the entire root system
encounters severely compacted soil.
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