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Leguminous plants regulate the number of Bradyrhizobium- or
Rhizobium-infected sites that develop into nitrogen-fixing root nod-
ules. Ethylene has been implicated in the regulation of nodule
formation in some species, but this role has remained in question for
soybean (Glycine max). The present study used soybean mutants
with decreased responsiveness to ethylene, soybean mutants with
defective regulation of nodule number, and Ag1 inhibition of eth-
ylene perception to examine the role of ethylene in the regulation of
nodule number. Nodule numbers on ethylene-insensitive mutants
and plants treated with Ag1 were similar to those on wild-type
plants and untreated plants, respectively. Hypernodulating mutants
displayed wild-type ethylene sensitivity. Suppression of nodule
numbers by high nitrate was also similar between ethylene-
insensitive plants, wild-type plants, and plants treated with Ag1.
Ethylene insensitivity of the roots of etr1-1 mutants was confirmed
using assays for sensitivity to 1-aminocyclopropane-1-carboxylic
acid and for ethylene-stimulated root-hair formation. Additional
phenotypes of etr1-1 roots were also characterized. Ethylene-
dependent pathways regulate the number of nodules that form on
species such as pea and Medicago truncatula, but our data indicate
that ethylene is less significant in regulating the number of nodules
that form on soybean.

Legumes form root nodules as part of a symbiotic asso-
ciation with Bradyrhizobium or Rhizobium (Sinorhizobium)
bacteria (Hirsch and LaRue, 1997). These structures allow
fixation of atmospheric dinitrogen but are energetically
expensive to develop and maintain (Shantharam and Mat-
too, 1997). The growth of most potential root nodules is
suppressed by the host soon after the initial bacterial inva-
sion of root hairs (Pierce and Bauer, 1983; Caetano-Anolles
and Gresshoff, 1991; Spaink, 1997). The host plant further
regulates nodule number in response to environmental
factors such as the presence of nitrate or other sources of
fixed nitrogen in the soil (Harper, 1987; Streeter, 1988).
Plant mutants altered in the regulation of nodule formation
have been characterized. These include hypernodulating
and nonnodulating mutants of soybean (Glycine max), low-
nodulating mutants of pea, and a hypernodulating mutant
of Medicago truncatula (Kneen and LaRue, 1984; Carroll et al.,
1985a, 1985b; Gremaud and Harper, 1989; Caetano-Anolles

and Gresshoff, 1991; Akao and Kouchi, 1992; Kneen et al.,
1994; Penmetsa and Cook, 1997).

Many aspects of plant growth and development are reg-
ulated by the gaseous plant hormone ethylene (Matoo and
Suttle, 1991; Abeles et al., 1992). Several studies have
shown that ethylene production can have a negative effect
on nodule formation. For example, ethylene production
significantly increases in roots infected by Rhizobium or
Bradyrhizobium, and added exogenous ethylene can de-
crease the number of nodules that form on infected plants
(Grobbelaar et al., 1971; Drennan and Norton, 1972; Good-
lass and Smith, 1979; Ligero et al., 1986, 1987; Lee and
LaRue, 1992b). Nodule production can be stimulated by
treatments of M. trunculata roots with AVG or Ag1, inhib-
itors of ethylene formation and perception, respectively
(Peters and Crist-Estes, 1989; Ligero et al., 1991; Caba et al.,
1998). These inhibitors partially restored nodulation in a
subset of the low-nodulating pea mutants and in a unique
Vicia sativa subsp. nigra symbiosis (Zaat et al., 1989; Fearn
and LaRue, 1991; Guinel and LaRue, 1992). This indicates
that some stage of nodule formation is oversensitive to
ethylene inhibition in these plants. The hypernodulating
phenotype of the “sickle” (skl) mutant of M. truncatula has
been attributed to a mutation causing ethylene insensitivity
(Penmetsa and Cook, 1997).

Despite the above results, ethylene may not play a sig-
nificant role in nodule formation in all species. In studies
with soybean, one of the most economically significant
legume species, infection by B. japonicum caused an in-
crease in ethylene production, but added exogenous ethyl-
ene did not inhibit nodulation and treatment with AVG did
not increase nodule number (Lee and LaRue, 1992b;
Hunter, 1993; Suganuma et al., 1995). The difference be-
tween results obtained with soybean and with other spe-
cies may reflect substantive differences in the regulation of
nodule formation in these plant species. Alternatively, the
different findings with soybean may be attributable to the
experimental methodologies used. Unpublished studies
have been discussed in which ethylene inhibitors did in-
crease nodule number in soybean (Caba et al., 1998).

We have isolated a number of soybean lines with de-
creased responsiveness to ethylene (Hoffman et al., 1999).
These lines provide a tool for the analysis of many plant
functions that are influenced by ethylene, including studies
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on root growth and development and on the control of
symbiotic root nodule formation. A variety of mutant soy-
bean lines were isolated that exhibit strong, intermediate,
or weak ethylene insensitivity. Both recessive and
incomplete-dominant mutant alleles were isolated (Hoff-
man et al., 1999). A similar range of mutant phenotypes has
been observed in Arabidopsis, in which more than 100
ethylene-insensitive mutants have been isolated and the
mutant genes have been grouped into more than eight
genetic loci (Ecker, 1995). The ethylene-insensitive soybean
lines are normal in growth and appearance under standard
greenhouse conditions; differences in morphology are ap-
parent only under particular environments (Hoffman et al.,
1999; J.S. Schmidt, T.K. Hoffman, and A.F. Bent, unpub-
lished data).

The present study used several soybean mutants to eval-
uate the role of ethylene in the control of nodule formation
in this species. Soybean lines displaying an ethylene-
insensitive phenotype were compared with near-isogenic
parent lines in nodulation studies, with a particular focus
on lines carrying the most strongly ethylene-insensitive
mutation, etr1-1. Aspects of root growth and development
other than symbiotic interaction were also characterized in
wild-type and etr1-1 lines. Further nodulation experiments
used Ag1 to inhibit ethylene signaling. In additional stud-
ies, previously available soybean mutants that form more
or fewer nodules than the wild type were tested for their
ethylene sensitivity. These resources were also used to
examine the role of ethylene in nitrate-induced suppression
of nodule formation. Our results indicate that significant
differences may exist in the control of nodule formation by
ethylene in different legume species, with ethylene playing
a less-significant role in soybean.

MATERIALS AND METHODS

Plant Material

The isolation of soybean (Glycine max L. Merr.) lines that
exhibit decreased responsiveness to ethylene has been de-
scribed (Hoffman et al., 1999). Lines were derived from
mutagenized populations of the var Hobbit 87 and var
A90-312022. T119N54 was derived from Hobbit 87 after
mutagenesis with nitrosomethyl urea, and has the geno-
type Hobbit 87 etr1-1/etr1-1. The term “wild type” is used
to refer to lines such as Hobbit 87 that are the non-
mutagenized parents of lines carrying induced mutations.
Hypernodulating mutants used included nts382 and
nts1116 (Bragg parent; Carroll et al., 1985a, 1985b), En6500
(Enrei parent; Akao and Kouchi, 1992), and NOD1-3,
NOD2-4, and NOD3-7 (Williams parent; Gremaud and
Harper, 1989). Additional soybean lines tested included
Harosoy nonnodulating and nodulating isolines (Bernard,
1974) and the NN5 nonnodulating mutant derived from the
normally nodulating Williams (Pracht et al., 1993).

Tests for Ethylene Insensitivity

To test directly for sensitivity to ethylene, the seedling
triple-response assay of Bleecker et al. (1988) was used with

slight modification. Seeds were planted in moist sand in
light- and gas-tight boxes fabricated from sheets of polyvi-
nyl chloride. Boxes were either aerated with humidified air
carrying 20 mL L21 (ppm) ethylene, or sealed and injected
with small volumes of pure ethylene to achieve the speci-
fied air/ethylene mix. Boxes were typically opened for
observation after 6 d, at which time germinated seedlings
were scored for hypocotyl length, extent of curl of the
hypocotyl hook, and/or radial swelling of the hypocotyl.
Control experiments used the same boxes with no added
ethylene.

ACC Sensitivity

For tests of sensitivity to ACC, plants were germinated in
sterile, coarse vermiculite wetted with deionized water or
aqueous solutions of ACC. After 2 d healthy seedlings were
transferred to plastic growth pouches (Mega International,
Minneapolis, MN) containing absorbent paper moistened
with water or ACC solutions. Pouches were maintained in
a controlled-environment chamber (25°C/18-h days, 22°C/
6-h nights) in an upright, closely abutted position in a box
with a lid designed to limit exposure of roots to light, and
given water or ACC solution as needed. Lengths of main
taproots were recorded at specified times after germina-
tion. In these and other experiments, mean, 95% confidence
interval, and/or similarity of means at P , 0.05 (based in
all cases on Student’s t test) were calculated using the
scientific graphing program SigmaPlot (version 4.14, Jandel
Scientific, Corte Madera, CA).

Root Morphology

For root growth/branching experiments, soybean lines
were planted in square pots (9 3 9 3 9 cm) in sand, 1:1:1
sand:soil:perlite mixture, or coarse vermiculite (as indicat-
ed), watered with tap water, and grown in a controlled-
environment chamber set to 25°C/18-h days and 22°C/6-h
nights. After 14 d plants were removed from pots by in-
verting, and soil was removed from root systems by gentle
immersion in a large volume of standing water, followed
by a final rinse in water. The length of the main taproot and
the number of lateral root sections were then determined
for each plant, and root dry weights were determined after
at least 2 d of drying at elevated temperature. Root-hair-
density experiments were performed on plants that had
been grown from seed in square pots filled with sand (as
described above) or in 11-cm-deep sand in a closed ethyl-
ene triple-response test box with no added ethylene. Root
hairs were examined on fresh roots in water mounts using
a stereomicroscope (model SZH10, Olympus) with bright-
field illumination and no staining. Roots were maintained
in distilled water or on very moist paper towels and were
examined within minutes after removal from sand. For
statistical analysis individual lateral or main roots were
rated on a scale of 1 to 4 based on observed root-hair
density, and differences were analyzed using the nonpara-
metric Wilcoxon two-sample test.
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Nodulation Tests

Nodulation tests were performed as described by Gre-
maud and Harper (1989). Soybean seeds were inoculated
with a commercial strain of Bradyrhizobium japonicum (Ur-
bana Laboratories, St. Joseph, MO) and then planted in a
gravel bench that was periodically subirrigated with
nitrogen-free nutrient solution (Gremaud and Harper,
1989). After 14 d plants were gently uprooted and shaken
to remove gravel, and the number of nodules present on
the root system of each plant was recorded.

For tests of ACC sensitivity of nodulation, plants were
germinated and grown as for the ACC-sensitivity tests
(above). One day after transplantation to pouches, 20 mL of
a suspension of B. japonicum strain USDA110 (approxi-
mately 1 3 108 colony-forming units/mL grown in liquid
yeast-mannitol broth medium) was applied to the root sys-
tem of each seedling. At 14 d after inoculation the number of
nodules present on each root system was recorded.

Inhibition of nodulation by Ag1 was studied by a mod-
ification of the method of Caba et al. (1998). Surface-
sterilized seeds were germinated in sterile, coarse vermic-
ulite wetted with sterile, deionized water. After 2 d
germinated seedlings were transferred to 25- 3 150-mm
glass tubes containing coarse vermiculite and two strips of
filter paper to promote even wetting. Tubes were covered
with foil to block light entry. Vermiculite in tubes was
wetted with nutrient solution containing defined concen-

trations of nitrate (Rigaud and Puppo, 1975). Eight days
after transplantation to tubes, seedlings were watered with
2 mL of the same nutrient solution plus added Ag1. Ag1

solutions were made from fresh stocks of a 1:4 silver ni-
trate:sodium thiosulfate mixture (Veen, 1983) that was
added to the appropriate defined nitrate nutrient solution
to achieve the designated final concentrations of nitrate
and Ag1. Two hours later, root systems were inoculated
with 1 mL of B. japonicum strain USDA110 (approximately
1 3 108 colony-forming units/mL). Nodule numbers were
recorded 14 d after inoculation.

RESULTS

Ethylene Sensitivity of Soybean Mutants

Several soybean lines with decreased responsiveness to
ethylene have been isolated in our laboratory (Hoffman et
al., 1999). The assay for ethylene sensitivity that was used
to initially identify these mutants was also used in the
present studies. This assay tests germinating seedlings for
the ethylene “triple response” under etiolating conditions
(Bleecker et al., 1988). When wild-type seedlings are ger-
minated in the dark in air, the hypocotyl becomes exces-
sively elongated. When wild-type seedlings are germinated
in the dark in the presence of small amounts of ethylene
(1–20 mL L21), the hypocotyl remains very short and ex-
hibits radial swelling and the seedling develops exagger-

Table I. Ethylene sensitivity of parental and mutant soybean lines
Etiolation response of seedlings germinated for 6 d in the dark in 20 mL L21 ethylene; soybean

seedlings germinated in the same assay system but in air typically form hypocotyls that are 12 to 15 cm
in length (Hoffman, et al., 1999). Values marked with an asterisk are significantly different from those
of the parental line according to the Student’s t test (P , 0.05).

Soybean Line Phenotype Genotype
Ethylene Response:
Hypocotyl Lengtha

cm

Hobbit 87 Wild type Parent 2.1 6 0.3
T119N54 Ethylene insensitive etr1-1 12.8 6 1.1*
T124N38B Intermediate/partial ethylene insensitive ? 8.9 6 0.7*

A90-312022 Wild type Parent 2.1 6 0.4
T15N23 Weak ethylene insensitive etr2-1 3.4 6 0.6*
T58N5 Weak ethylene insensitive etr3? 2.9 6 0.3*

Bragg Wild type Parent 1.7 6 0.4
nts382 Hypernodulating ? 1.6 6 0.3
nts1116 Hypernodulating ? 1.7 6 0.4

Enrei Wild type Parent 2.0 6 0.2
En6500 Hypernodulating rj7 2.2 6 0.5

Harosoy Wild type Parent 1.7 6 0.4
Harosoy NN Nonnodulating rj1 1.6 6 0.5

Williams 82 Wild type Parent 1.3 6 0.2
NOD1-3 Hypernodulating rj7 1.5 6 0.3
NOD2-4 Hypernodulating rj7 1.4 6 0.2
NOD3-7 Hypernodulating rj7 1.6 6 0.2
NN5 Nonnodulating rj5, rj6 1.4 6 0.2

a Values are means 6 SD.
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ated curvature of the hypocotyl hook (Bleecker et al., 1988;
Ecker, 1995). We observed previously that the different
ethylene-insensitive soybean mutants displayed varying
degrees of ethylene insensitivity in this triple-response as-
say, as is summarized in the top portion of Table I (Hoff-
man et al., 1999). Many subsequent studies used soybean
line T119N54 because it is strongly ethylene insensitive,
developing a wild-type etiolated phenotype despite the
presence of ethylene. The mutant etr1-1 allele in line
T119N54 exhibits incomplete dominance with respect to
the wild type, which (by analogy with known Arabidopsis
ethylene-insensitive mutants) indicates that this mutation
may disrupt the gene for an ethylene receptor (Schaller and
Bleecker, 1995).

In view of previous reports linking ethylene to the sup-
pression of nodule formation, we examined the ethylene
sensitivity of previously isolated soybean mutants that ex-
hibit altered nodulation in response to B. japonicum. These
tests focused on hypernodulating mutants that form an
aberrantly high number of nodules (nts382 and nts1116
[Bragg], En6500 [Enrei], and NOD1-3, NOD2-4, and
NOD3-7 [Williams]). Nonnodulating mutants that form
few or no nodules were also tested (Harosoy NN and
Williams NN5). Table I shows the triple-response pheno-
type of these mutant lines. In all tests the altered-
nodulation soybean mutants resembled wild-type plants in
their ethylene sensitivity.

Ethylene Insensitivity in Roots of the etr1-1 Mutant

Further tests specifically assayed the ethylene sensitivity
of etr1-1 roots. Exogenously applied ACC mimics applied
ethylene, because ACC is the immediate precursor of eth-
ylene and is converted to ethylene by constitutive ACC
oxidases (Ecker, 1995). We grew soybean plants with their
roots exposed to ACC. As expected (Penmetsa and Cook,
1997), dose-response experiments revealed a decrease in
root elongation in wild-type plants grown in ACC concen-
trations ranging from 100 mm to 1 mm (Fig. 1). However,

the ethylene-insensitive etr1-1 line displayed little or no
decrease in root elongation, indicating that this mutant
exhibits ethylene insensitivity in the root (Fig. 1).

Ethylene has also been reported to stimulate root-hair
development (Jackson, 1991; Abeles et al., 1992). Ten-day-
old seedlings of Hobbit 87 and the etr1-1 mutant were
shifted to an atmosphere of 20 mL L21 ethylene for 16 h,
after which time roots were examined either immediately
or 8 h after plants were shifted back to air. In Hobbit 87
profuse root-hair development was apparent to within 1 to
2 mm of the tip of actively growing lateral roots. The etr1-1
line did not exhibit this ethylene response, and instead had
few or no root hairs within 3 to 4 mm of the tips of lateral
roots. Preliminary estimates of average epidermal cell
length in the region 2 to 4 mm from the tip of these roots
revealed no differences between Hobbit 87 and the etr1-1
line. No obvious differences in root-hair density or location
were observed between Hobbit 87 and the etr1-1 mutant
in samples from 10-d-old plants grown in air, and no
differences in root-hair density were apparent in basal
(older) regions of roots that had received the 16-h ethylene
exposure.

Nodulation Phenotype of Ethylene-Insensitive Mutants

In light of the postulated regulatory role of ethylene in
the limitation of nodule numbers, quantitative studies of
nodule formation were performed with the ethylene-
insensitive soybean mutants. No significant difference in
nodule number was detected between the ethylene-
insensitive mutants and their near-isogenic parents (Fig. 2).
Similar results were obtained in additional gravel-bench
experiments with 12 other less fully characterized ethylene-
insensitive soybean lines (data not shown), as well as in
pouch and test-tube nodulation tests (discussed below).
The hypernodulating NOD1-3 soybean mutant was tested
for comparison, and this line consistently formed approx-

Figure 1. Ethylene insensitivity of etr1-1 roots. Seedlings were ger-
minated and grown in the presence of ACC at the designated con-
centrations. Lengths of tap roots were measured 7 d after germina-
tion. Data are presented as means 6 a 95% confidence interval. F,
etr1-1 (T119N54); E, wild type (Hobbit 87).

Figure 2. Nodule formation on soybean mutants. Seeds inoculated
with B. japonicum were grown in a subirrigated gravel bench and the
number of nodules present on root systems of individual plants was
recorded 14 d after inoculation. Data are presented as means 6 a
95% confidence interval. Genotypes and phenotypes of soybean
lines are listed in Table I.
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imately three times as many nodules per plant as its wild-
type parent (e.g. Fig. 2).

Effect of Ag1 on Nodule Formation

Ag1 is an inhibitor that blocks binding of ethylene to
ethylene receptors (Matoo and Suttle, 1991; Abeles et al.,
1992). If ethylene stimulates plant processes that limit nod-
ule formation, then disruption of ethylene perception by
Ag1 should cause an increase in nodule formation. This
effect has been reported in pea and alfalfa (Fearn and
LaRue, 1991; Guinel and LaRue, 1992; Caba et al., 1998). We
examined the effect of Ag1 on nodule formation in soy-
bean. Figure 3 demonstrates that no significant increase in
nodule formation was observed in wild-type plants treated
with Ag1 (open circles). Nodulation of the etr1-1 mutant
also was not responsive to Ag1 (open squares). In a repeat
of the experiment reported in Figure 3, rather than increas-
ing slightly, the average number of nodules on wild-type
plants decreased as Ag1 concentration went from 0 to 1 to
10 mm, going from 28 to 26 to 22. In both experiments the
differences in nodule number between the Ag1 treatments
were not statistically significant either for wild-type plants
or for the etr1-1 line (Fig. 3 and data not shown). Although
the average number of nodules on etr1-1 roots was lower
than that on wild-type roots in both Ag1 experiments, the
difference was statistically significant at only one of three
Ag1 levels in each experiment. No difference in nodule
number between mutant and wild type was observed in
other experiments (e.g. Fig. 2).

Inhibition by Nitrate

When legumes such as soybean are grown in the pres-
ence of soil nitrogen, root-nodule formation is more
strongly inhibited as the nitrogen concentration increases
(Harper, 1987; Streeter, 1988). Further experiments re-
ported in Figure 3 revealed that Ag1 did not increase
soybean nodulation when plants were grown at nitrate
levels that limit nodule numbers. In addition, the ethylene-
insensitive etr1-1 line nodulated at a rate similar to the wild
type when both lines were grown at the higher nitrogen
level (Fig. 3). Similar data were obtained in repeat experi-
ments (not shown). These results indicate that the limita-
tion of nodule formation by the host in response to nitro-
gen availability can occur independent of ethylene.

ACC and Nodulation

To further test for an effect of ethylene on nodule for-
mation, nodulation tests were performed in the presence of
varying concentrations of ACC. As reported above, ACC
treatment inhibited elongation of Hobbit 87 roots but not
the roots of the ethylene-insensitive etr1-1 mutant (Fig. 1).
ACC treatment also caused a decrease in the number of
nodules formed on Hobbit 87 roots (Fig. 4A). Other exper-
iments in this study indicated that the control of nodule
number is independent of ethylene signaling, making this
effect of ACC on nodulation contrary to what might have
been predicted. However, the effect of ACC on nodule
number may be largely attributable to the stunted growth
of Hobbit 87 roots. In the presence of ACC, the formation of
root nodules in Hobbit 87 was restricted to a region close to
the uppermost crown of branching secondary roots (Fig.
4B), as might be expected in plants for which the length of
the entire root system was significantly decreased. ACC
treatment of roots of the etr1-1 line caused only a slight,
statistically insignificant decline in average nodule num-

Figure 3. Nodule formation in the presence of Ag1 and/or nitrate.
Seedlings were grown in the presence of B. japonicum at low (0.5
mM) or moderately high (8.0 mM) concentrations of nitrate. Some
plants also received Ag1 (as silver thiosulfate) at the designated
concentrations. The number of nodules present on root systems of
individual plants was recorded 14 d after inoculation. Data are
presented as means 6 a 95% confidence interval. E, Wild-type
(Hobbit 87) plants grown at low nitrate; M, etr1-1 (T119N54) plants
grown at low nitrate; F, wild-type plants grown at high nitrate; and
f, etr1-1 plants grown at high nitrate.

Figure 4. Nodule formation in the presence of ACC. Seedlings grown
in the presence or absence of ACC were inoculated with B. japoni-
cum strain USDA110 3 d after germination. The number of nodules
present on root systems of individual plants was recorded 14 d after
inoculation (A), and the distance from the uppermost lateral root to
the lowest nodule was noted (B). Data are presented as means 6 a
95% confidence interval. E, Wild type (Hobbit 87); F, etr1-1
(T119N54).
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ber, providing further evidence that these roots are highly
insensitive to ethylene (Fig. 4A). The previously observed
similarity of nodule number on etr1-1 and wild-type Hobbit
87 roots in the absence of added ACC (Figs. 2 and 3) was
once again demonstrated in these tests (Fig. 4A, [ACC] 5 0).

Other Root Phenotypes of the etr1-1 Mutant

In addition to the effects on nodulation, other reported
effects of ethylene on root growth and development in-
clude reduction of root biomass and root elongation, al-
tered lateral branching, and promotion of root-hair forma-
tion (Jackson, 1991; Abeles et al., 1992; Lee and LaRue,
1992b; Masucci and Schiefelbein, 1994; Tanimoto et al.,
1995; Heidstra et al., 1997; and refs. therein). However,
even more so than with control of nodule numbers, the
reported results can be conflicting depending on the spe-
cies and assay system used (Jackson, 1991). As reported
above and in Figure 1, we observed that ACC inhibited
root elongation and ethylene stimulated root-hair forma-
tion in nonmutagenized soybean, and found that these
responses to ACC were greatly diminished or absent in the
ethylene-insensitive etr1-1 line. Hobbit 87 and etr1-1 plants
were also examined for other differences in root develop-
ment. In the ethylene triple-response test Hobbit 87 and
other nonmutagenized soybean seedlings were similar to
other plant species in exhibiting a dramatic stunting of root
development. Mutant etr1-1 plants did not show this re-
sponse, developing similar root biomass when grown in 20
mL L21 ethylene or in air (e.g. 0.013 versus 0.011 g mean
dry weight, respectively).

In visual comparisons of Hobbit 87 and etr1-1 plants
grown “normally” in soil mix, sand, or vermiculite in
controlled-environment chambers in air with no added
ethylene, the etr1-1 plants often developed a more exten-
sive root system. Although the mean number of lateral
roots present was higher on the etr1-1 mutant than on the
parental Hobbit 87 line in all tests, statistically significant
differences were observed in only two of five tests (Table II
and data not shown). The length of the main taproot of
air-grown plants was similar between the two lines (Table

II and data not shown). The overall root biomass was also
similar between the two lines in three of five experiments
(Table II and data not shown).

A striking “push-up” phenotype was often observed
when seeds of the etr1-1 line were planted near the surface
of shallow sand and germinated in humid air under etio-
lating conditions (i.e. in zero ethylene controls for the
ethylene triple-response test). Under these conditions the
tips of etr1-1 root systems often remained in one location
instead of growing laterally when they reached the bottom
of the sand bed, so root elongation caused the etr1-1 root
systems to push up into the humid airspace and push
the entire upright or lodged seedling ahead and across
the sand surface. Lateral roots emerging from these
aboveground root systems also tended to grow down to,
but not through, the sand, and elongation of lateral roots
caused the primary root to be propped up well above the
sand surface. Relative frequencies of this phenomenon in a
representative experiment are reported in Table III.

The push-up phenotype was observed in Hobbit 87 seed-
lings only when they were planted right at the surface of
shallow (3 cm deep) sand (Table III). The push-up effect
apparently occurred when the nascent root system did not
adequately anchor the young seedling into the adjacent
sand matrix. This prompted an examination of root-hair
density in very young seedlings. When roots from seed-
lings grown in moist sand were examined 54 h after imbi-
bition, there was overlap in the root-hair densities ob-
served among multiple Hobbit 87 and etr1-1 plants, but a
clear overall tendency toward less-profuse root-hair forma-
tion was observed in the etr1-1 plants (P 5 0.01 for the
Wilcoxon two-sample test).

DISCUSSION

Leguminous plants are genetically programmed to form
root nodules in symbiosis with Rhizobium or Bradyrhizobium
bacteria, but they are also programmed to limit the number
of infection sites that develop into root nodules. An appar-
ent discrepancy exists between data implicating ethylene
signaling in the limitation of nodule numbers in alfalfa,
pea, and Vicia sativa subsp. nigra and data providing no
evidence for the involvement of ethylene in this process in
soybean (see the introduction). We recently isolated soy-
bean mutants that display decreased ethylene sensitivity,
and in the present study we used these mutants to explore
the role of ethylene in the control of nodule formation. No
significant differences in the number of nodules formed
were observed between mutant and wild-type soybean. In
addition, previously isolated soybean mutants defective in
the down-regulation of nodule number were found in the
present study to display wild-type ethylene sensitivity. In
a third set of experiments root systems were treated with
Ag1, an inhibitor of ethylene perception, and in these
studies as well no effect on nodulation was observed.

Our data are consistent with those of Hunter (1993) and
Lee and LaRue (1992b), who showed that enhanced ethyl-
ene levels do not decrease nodule number in soybean, and
Suganuma et al. (1995), who found that inhibition of eth-
ylene production by AVG does not increase nodule num-

Table II. Symbiosis-independent root phenotypes of parental and
mutant soybean lines

Data for each of three phenotypes are presented as sample means.
Values marked with an asterisk indicate a significant difference
between etr1-1 and Hobbit 87 within a given test according to the
Student’s t test (P , 0.05).

Soybean Line Lateral Roots Root Length Root Dry Wt

no. cm g

Test 1
Hobbit 87 61.2 13.3 0.124
etr1-1 72.3* 14.3 0.208*

Test 2
Hobbit 87 76.1 16.0 0.210
etr1-1 91.9* 17.2 0.187*

Test 3
Hobbit 87 53.7 – 0.145
etr1-1 61.0 – 0.130
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ber in soybean. Although neither the etr1-1 mutation nor
Ag1 treatment caused an increase in nodule number, ACC
did have an inhibitory effect on nodule number in wild-
type plants. However, in light of the overall shortening of
the root system of these plants, the observed effect of ACC
on nodulation of wild-type soybean is of questionable
significance.

It is interesting to compare our results with those of Xie
et al. (1996). They screened 161 soybean cultivars and
identified lines with exceptionally high or low ethylene
responsiveness, as measured by leaf senescence and
chitinase-induction assays. Their most highly ethylene-
sensitive line formed a reasonably normal number of nod-
ules in standard (air) assays. However, when grown in a
split-level Leonard jar assembly in the presence of added
ethylene, this line formed nodules only on roots in the
upper chamber. This demonstrates that some residual ef-
fect of ethylene on soybean nodulation exists that can be
discerned in highly ethylene-sensitive lines treated with
high concentrations of ethylene. Their most ethylene-
insensitive line nodulated normally in the presence or ab-
sence of added ethylene. Quantitative comparisons with
the nodulation rates for lines with normal ethylene sensi-
tivity were not attempted, presumably because of the ex-
tensive genetic diversity of the lines used in that study (Xie
et al., 1996).

We were also interested in using our ethylene-insensitive
soybean lines to explore the down-regulation of nodule
formation in response to nitrate. Alfalfa plants produce
additional ethylene upon inoculation with Rhizobium me-
liloti or upon growth in elevated nitrate, and inhibition of
ethylene biosynthesis (using AVG) or perception (using
Ag1) significantly increased nodule formation in the pres-
ence of inhibitory levels of nitrate (Ligero et al., 1986, 1987,
1991; Caba et al., 1998). Many soybean mutants that display
a hypernodulation phenotype also display degrees of
nitrate-insensitive nodulation; these and other data indi-
cate at least partial overlap in the control of these processes
(Gresshoff, 1993). In the present study, neither the strongly
ethylene-insensitive etr1-1 mutation nor inhibition of eth-
ylene perception with Ag1 caused a significant loss of the
ability to inhibit nodule formation in response to high
nitrate. This, again, is in contrast to the findings of previous
studies with other legume species, although Lee and LaRue
(1992a) also failed to overcome the inhibitory effect of
nitrate with Ag1 application in pea.

Ethylene-insensitive soybean mutants, and the strongly
insensitive etr1-1 mutant in particular, provide a tool to
examine the effects of ethylene on many phenotypes be-
yond those involved in symbiosis. When etr1-1 seedlings
are grown in ethylene they resemble wild-type or etr1-1

seedlings grown in air. Using an assay for induction of leaf
chlorosis by ethylene, we have also observed ethylene in-
sensitivity in mature leaves of the etr1-1 line (T.K. Hoff-
man, unpublished data). When the ethylene sensitivity of
roots was examined in the present study, the parental line
Hobbit 87 showed the expected inhibition of root elonga-
tion by ACC, but elongation of the roots of etr1-1 plants
was not inhibited. Stimulation of root-hair formation by
ethylene was also disrupted in etr1-1 plants. This demon-
strated that ethylene insensitivity is expressed in the roots
of the etr1-1 mutant.

Although not the primary focus of the present work, we
did conduct preliminary studies on other root phenotypes.
When plants were grown in air with no added ethylene, the
etr1-1 mutation caused only subtle changes in the overall
architecture of the root system. Visual inspection indicated
that there was slightly more branching of the lateral root
system in the etr1-1 plants, but quantitative studies re-
vealed significant differences in only two of five experi-
ments. The density and position of root-hair formation on
lateral roots was very similar between etr1-1 and Hobbit 87
when the two lines were grown in air. However, our ob-
servation of the push-up phenotype of shallow-planted
seedlings prompted an inspection of root-hair density on
primary roots in recently germinated seedlings, and we did
observe a reduction in root-hair numbers on etr1-1 roots at
that stage of development.

The push-up phenotype occurred when the forces gen-
erated by root elongation against the solid bottoms of our
plant containers were greater than the root-anchoring
forces that usually keep root systems underground. We
hypothesize that the push-up phenotype was caused by
inadequate attachment to the soil matrix, which was a more
frequent occurrence in etr1-1 seedlings because of the lower
density of root hairs on these lines at a time before the
formation of lateral roots. However, as with ethylene-
insensitive mutants of Arabidopsis (Ecker, 1995), most as-
pects of root development that we examined were quite
normal in the soybean etr1-1 mutant. Apparently, ethylene-
independent mechanisms predominate or can substitute
for ethylene signaling in fostering most stages of root de-
velopment in unstressed plants. Our ethylene-insensitive
soybean lines are available to the community and may be
of use in other laboratory or field studies of plant growth,
development, and productivity.

The difference in the effects of ethylene on nodulation in
soybean as opposed to other leguminous plants is intrigu-
ing and is at present unexplained. As observed with the
ripening of climacteric as opposed to nonclimacteric fruit
(Matoo and Suttle, 1991; Abeles et al., 1992), ethylene ap-
parently plays a significant role in the control of root-

Table III. Occurrence of seedling push-up phenotype in different planting configurations
Data are presented as the number of seedlings with the root system growing in the airspace above the

sand surface divided by the total number of seedlings.

Soybean Line
Planted ,1 cm Deep in

12 cm of Sand
Planted 2 cm Deep in

3 cm of Sand
Planted ,1 cm Deep in

3 cm of Sand

Hobbit 87 0/19 0/18 9/19
etr1-1 0/20 8/20 18/18
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nodule formation only in some plant species. It is possible
that the mechanistic basis of this difference is simply quan-
titative, with very similar regulatory pathways present in
the different legume species, but with the ethylene path-
way exerting a less-predominant influence in soybean.

The possibility must also be considered that, despite our
findings, ethylene signaling is significant in the regulation
of nodule numbers in soybean. Ethylene-sensing pathways
relevant to nodulation may not have been completely
blocked in the etr1-1 soybean line used in this study. In
Arabidopsis and tomato a small number of ETR1 gene
homologs are present in the genome and some of these
genes encode functional ethylene receptors that are active
in particular tissues or at certain stages of plant growth
(Hua and Meyerowitz, 1998; Hua et al., 1998; Lashbrook et
al., 1998; Sakai et al., 1998). Mutant etr1 alleles typically
have a dominant negative effect on ethylene signaling, but
the soybean etr1-1 allele exhibited only incomplete domi-
nance in heterozygous plants (Hoffman et al., 1999). Ho-
mozygous etr1-1/etr1-1 plants with a strong ethylene-
insensitive phenotype were used in the present study, but
it remains possible that some ethylene signaling remained
effective in specific tissues. However, we specifically ob-
served ethylene-insensitivity traits in roots of soybean etr1-
1/etr1-1 plants, and our experiments that used Ag1 were in
agreement with the mutant studies. Other studies have also
indicated that ethylene signaling is of minor importance in
the regulation of nodule numbers in soybean (Lee and
LaRue, 1992b; Hunter, 1993; Suganuma et al., 1995).

The different effects of ethylene on nodulation in differ-
ent species may be related to the clear dichotomy that
exists in nodule development between soybean and the
other species for which this topic of ethylene and nodula-
tion has been addressed. Plants of Medicago, Vicia, Pisum,
Trifolium, and other well-studied genera form indetermi-
nate nodules in which a nodule meristem gives rise to the
bulk of the nodule tissues (Hirsch and LaRue, 1997). Initial
cell divisions at the earliest stages of nodule development
occur inside the pericycle in the inner cortex of the root,
typically opposite a protoxylem pole. In contrast, soybean,
as well as other Glycine, Lotus, Vigna, and Phaseolus hosts,
form determinate nodules through cell divisions that are
not localized to a discrete nodule meristem. The first cell
divisions in soybean nodule development occur among
cells in the outer cortex of the root, just below the epider-
mis (Hirsch and LaRue, 1997).

In alfalfa and other indeterminate nodulators, infection
events that do not lead to nodulation are typically arrested
in the epidermis, with no activation of cell division in the
subtending inner cortical cells. In contrast, nonproductive
infections in soybean are associated with activation and
subsequent early arrest of cell divisions in the root outer
cortex (Caetano-Anolles and Gresshoff, 1990; Caetano-
Anolles et al., 1991). It is possible that only the former
process is subject to significant regulation by ethylene. It
must be added, however, that the correlation between eth-
ylene regulation and determinate versus indeterminate
nodulation may not be absolute. An early study reported
that ethylene could inhibit nodule formation in excised
roots of bean, a determinate nodulator (Grobbelaar et al.,

1971). However, several additional differences exist in the
molecular and cellular details of plant-rhizobium interac-
tions between different host and bacterial species (Sprent,
1989; Spaink, 1995; Hirsch and LaRue, 1997). Even within a
single species, control of nodule number is likely to involve
multiple mechanisms. For example, not all Medicago hyper-
nodulation mutants exhibit ethylene insensitivity. These
differences allow ample opportunity for divergence in the
mechanisms that regulate nodule formation in different
legume species.

Using a new experimental route, our results reinforce the
previously observed contrast between the effect of ethylene
on nodulation in soybean as opposed to other frequently
studied legumes. Ethylene apparently plays a less signifi-
cant role in regulating nodule development in soybean.
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