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Abstract Volatile phytohormones or other chemicals can
aVect processes in distal plant parts but may also inXuence
neighboring plants, and thereby function allelopathically.
While this hypothesis has been widely discussed, rigorous
tests are lacking. Transgenic plants, silenced in the produc-
tion of an emitted chemical, are ideal tools to test the
hypothesis that the release of a chemical can negatively
inXuence the growth of neighbors (allelopathy). We used
isogenic wild type (WT) and genetically transformed plants
that lacked the ability to produce ethylene (ir-aco), as both
“emitters” and “receivers” of this volatile phytohormone in
experiments where receiver plants were only exposed to the
headspace of WT or ir-aco emitters, in order to evaluate if
natural ethylene releases can function allelopathically. Root
growth (a proxy of plant Wtness) of WT receivers correlated
negatively with the number of WT emitters and headspace
ethylene concentrations. Reducing ethylene concentrations

in the headspace with the ethylene scrubber, KMnO4, and
using ir-aco seedlings as emitters restored root growth of
WT receiver seedlings. 1-Aminocyclopropane-1-carboxylic
acid (ethylene biosynthesis substrate) supplementation to
WT but not ir-aco emitters inhibited root growth of ir-aco,
but not WT receivers, suggesting increased sensitivity to
exogenous ethylene of ir-aco seedlings. We conclude that
plants genetically silenced in the production of a putative
allelochemical are useful in determining if the emitted
chemical functions allelopathically.
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Abbreviations
ACC 1-Aminocyclopropane-1-carboxylic acid
ACO ACC oxidase
ACS ACC synthase
SAM S-adenosyl-L-methionine
WT Wild type

Introduction

Neighboring and competing plants can inXuence each
other’s growth indirectly by removing nutrients, light and
other resources, but also directly by releasing compounds
that inhibit growth and reproductive performance. Growth
inhibition by volatile compounds of neighboring plants
(allelopathy) has yet to be conclusively proven due to lack
of direct evidence (Inderjit et al. 2006; Karban 2007).
Transgenic plants, silenced for the production of a volatile
chemical or phytohormone, represent ideal tools to examine
the putative allelopathic function of emitted chemicals
(Baldwin 2003). Similar approaches have been used to
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demonstrate the role of plant-produced secondary metabo-
lites in plant–herbivore and other plant–plant interactions
(Baldwin et al. 2006). By transforming plants to alter their
ability to synthesize and release speciWc compounds and
using such plants as “emitters” or “receivers” in growth
experiments can resolve the question whether changes in
growth and performance of neighboring plants can be
attributed to a plant’s release of a phytohormone (Baldwin
2003; Baldwin et al. 2006).

Ethylene is an important volatile phytohormone
(Kepczynski 1986; Foo et al. 2006) that was discovered
early in the century (Gane 1934). Whether the release of
this volatile phytohormone can inXuence the growth of
neighboring plants is not yet resolved. Pierik et al. (2003)
used transformed cultivated tobacco expressing a mutant
ethylene receptor (etr1-1) to demonstrate that ethylene sig-
naling was required for cultivated tobacco to compete with
its neighbors and elegantly showed in subsequent work,
that exposure to ethylene elicited shade-avoidance growth
responses (Pierik et al. 2004). The mechanisms of ethylene
biosynthesis, speciWcally, the two major rate-limiting steps
in ethylene biosynthesis, the conversion of S-adenosyl-L-
methionine (SAM) to 1-aminocyclopropane-1-carboxylic
acid (ACC) by ACC synthase (ACS), and its subsequent
oxidation to ethylene by ACC oxidase (ACO), as well as
the family of ethylene receptors that the plant uses to sense
ethylene, are well described molecularly (Wang et al. 2002;
Klee 2004). As a consequence, both ethylene production
and perception have been successfully manipulated by
transforming plants to alter the expression of these molecu-
larly deWned targets (Hamilton et al. 1990; Knoester et al.
1998).

In order to understand the role of ethylene in plant–her-
bivore interactions, von Dahl et al. (2007) silenced ethylene
biosynthesis in Nicotiana attenuata, a wild relative of culti-
vated tobacco (N. tabacum) by transformation with an
RNAi construct harboring a fragment of the plant’s ACO in
an inverted repeat orientation (ir-aco). Here we use this
N. attenuata transformant, ir-aco, along with isogenic wild
type (WT) plants in experiments where receiver plants were
only exposed to the headspace of WT or ir-aco emitters in
order to evaluate if natural ethylene releases can function
allelopathically.

Materials and methods

Plant growth material

Seeds of an inbred line of N. attenuata Torr. ex. Wats.
(synonymous with Nicotiana torreyana Nelson and
Macbr.) as well as of the genetically transformed inverted
repeat (ir) ir-aco line, silenced in the expression of the

ethylene biosynthesis gene ACO (A03-321-10 as described
in von Dahl et al. (2007) were germinated on Gamborg’s
B5 medium as described in Krügel et al. (2002).

Seedling arena and experiments

All seedling assays were performed in a growth arena com-
posed of a two- or three-chamber Petri dish design (Supple-
mentary Figure 1). Seedlings were germinated directly in
the experimental setup. In all experiments, Wve seedlings
(receivers) were grown in an open 6-cm Petri dish contain-
ing 20 ml Gamborg’s B5 medium. We selected a Wxed den-
sity of Wve seeds for receivers because ethylene emission at
the density of Wve seedlings did not diVer from the back-
ground emission. The 6-cm Petri dish was placed in the mid-
dle of a larger, 9-cm Petri dish Wlled with 30-ml Gamborg’s
B5 medium (Supplementary Figure 1a). The 9-cm Petri dish
was populated by 0, 5, 15, 30 or 45 seedlings (emitters). For
the ACC treatment, Gamborg’s B5 medium in the 9-cm
Petri dish (emitter medium) was supplemented with 15 �g
ACC (Sigma, Taufkirchen, Germany). For the KMnO4

treatment, 50 g KMnO4 beads (Profresh, Bioconservation,
Spain) were placed in a 14-cm Petri dish surrounding the
9-cm Petri dish that was placed in the middle (Supplemen-
tary Figure 1b). All experiments were performed in growth
chambers maintained at 26°C with 16/8 h light/dark cycle of
220 �mol/s per m2. Root and hypocotyl lengths of both
emitters and receivers were measured 10 days after sowing.
Five replicates were used in all experiments whereby the
replicated unit was one arena for each treatment.

Ethylene measurements

Ethylene was measured with a photo-acoustic spectrometer
(INVIVO, Adelzhausen, Germany) as described in von
Dahl et al. (2007). Seedlings were grown for 10 days and
the ethylene in the 250 ml headspace was measured from
chambers with: (1) WT seedlings at diVerent densities (0, 5,
15, 30 and 45); (2) 15 WT or ir-aco seedlings and (3) 15
WT seedlings grown on media supplemented with ACC or
in the presence of KMnO4 beads. Five replicate chambers
were used in all experiments.

Statistical analyses

We conducted a linear regression analysis between the
number of emitters (0, 5, 15, 30 or 45 seedlings) and root
growth of WT receivers (SPSS 1999). One-way ANOVAs
were carried out to estimate the eVect of genotype (WT or
ir-aco) or treatments (ACC or KMnO4) on seedling perfor-
mance. DiVerences among treatments were analyzed by
a post-ANOVA Tukey HSD test and independent sample
t-test (SPSS 1999).
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Results

Increased number of emitters reduces root growth 
of receiver seedlings sharing the same headspace

We used growth arenas in which emitter and receiver seed-
lings only share a common headspace (Supplementary
Figure 1a) and found that increased number of emitters
inhibited root growth of WT receiver seedlings (F4,116 =
12.05, P < 0.0001; Fig. 1). The negative correlation between
number of emitters and the root length of WT receivers
(Pearson coeYcient = ¡0.468, P < 0.0001) could only have
resulted from sharing a common headspace. Ethylene is a
volatile plant hormone that is known to inXuence plant
growth. Analysis of the ethylene concentration in the head-
space revealed that its concentration increased with the abun-
dance of emitters (Fig. 1, inset; Pearson coeYcient = 0.898,
P < 0.0001). Ethylene levels emitted by Wve WT seedlings
were signiWcantly lower than those emitted by 15
(P = 0.028), 30 (P = 0.004) or 45 (P < 0.0001) WT seed-
lings. The quantities of ethylene in the headspace of Wve WT
seedlings were at the detection limit and did not diVer signiW-
cantly (P = 0.876) from the background levels (Fig. 1, inset).

Altered ethylene concentrations in the headspace 
of emitters eVect root growth of WT receivers

Since the correlation between root growth inhibition and
ethylene concentration was compelling, we speciWcally

enhanced the ethylene emission of emitter seedlings by
supplementing the seedlings with ACC, a biosynthetic pre-
cursor of ethylene, and reducing ethylene concentrations in
the growth arena with the ethylene scrubber KMnO4. Root
growth of WT receivers grown in the presence of WT emit-
ters was signiWcantly inhibited compared to the absence of
any emitters (P < 0.0001), which was also the case in the
presence of ACC (P = 0.007; Fig. 2). Surprisingly, ACC
supplementation did not signiWcantly (t = 1.518, P2-tailed =
0.137) inhibit the root growth of WT receivers in the
presence of WT emitters (Fig. 2), although the emission of
ethylene by the emitter seedlings was signiWcantly
enhanced from 38.18 § 19.09 nl/15 seedlings/cuvette to
993.8 § 217.2 nl/15 seedlings/cuvette (P < 0.0001; Supple-
mentary Figure 2a).

KMnO4 signiWcantly enhanced the root growth (» 38%)
of WT receivers grown in the presence of WT emitters
(t = ¡3.333, P2-tailed = 0.002) compared to the root growth
of WT receivers grown in the presence of WT emitters
without KMnO4 (Fig. 2). KMnO4 reduced the ethylene con-
centration to 21.42 § 9.22 nl/15 seedlings/cuvette (Supple-
mentary Figure 2b). The eVectiveness of the KMnO4

treatment was further demonstrated by its ability to reverse
the growth inhibition of receiver roots observed when WT
emitters were grown on medium supplemented with ACC
(Supplementary Figure 3).

Natural ethylene emissions from emitter seedlings 
are suYcient to inXuence the root growth of receivers

In the previous experiments, the relatively small reductions
in ethylene concentrations associated with the KMnO4

treatment had a stronger eVect on the root growth of
receiver seedlings than the large increases in ethylene that

Fig. 1 Regression analysis of root length (cm) of wild-type (WT)
Nicotiana attenuata receivers (y = ¡0.017x + 2.14, R2 = 0.219,
P < 0.001) with a Wxed density of Wve seedlings grown with an increas-
ing number of 0, 5, 15, 30 and 45 seedlings of WT emitters. Inset:
Mean (+SE) ethylene emission (nl/cuvette) from 0, 5, 15, 30 and 45
WT seedlings. Shared letters indicate no signiWcant diVerences among
means as determined by ANOVA with density as Wxed variable, and
post-ANOVA Tukey tests (P < 0.001)
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Fig. 2 Mean (+SE) cm root length of wild-type (WT) Nicotiana atten-
uata receiver seedlings that were grown on media supplemented with
1-aminocyclopropane-1-carboxylic acid (ACC) or in the presence of
ethylene scrubbing KMnO4 beads. Five WT receiver seedlings were
grown in growth arenas and shared the headspace with 15 WT emitter
seedlings. Shared letters indicate no signiWcant diVerences between
means as determined by t-test, P < 0.05
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resulted from ACC supplementation. To understand
whether or not the growth promotion by KMnO4 could be
attributed to a reduction in ethylene, we used ir-aco seed-
lings as emitters and receivers in the analysis. Interestingly,
the root growth of WT receivers did not diVer in the pres-
ence of WT or ir-aco emitters (WT, P = 0.003; ir-aco,
P = 0.032) but the growth of ir-aco receiver roots was
inhibited in the presence of WT emitters (P = 0.001) but
not in the presence of ir-aco emitters (P = 0.239) (Fig. 3).
These diVerences correlated with signiWcantly higher ethyl-
ene emission of WT plants compared to ethylene emitted
from ir-aco plants (P = 0.048; Fig. 3, inset) and suggested a
greater sensitivity of ir-aco plants to exogenous ethylene.

Reduced ethylene production renders plants more sensitive 
to the ethylene emissions of neighbors

To further explore the sensitivity of ir-aco seedlings, we
combined the use of diVerent genotypes and ACC
supplementation treatments. ACC supplementation of the
growth medium of WT emitter seedling signiWcantly
reduced (» 44%) the root length of ir-aco receivers
(t = 5.88, P2-tailed < 0.0001; Fig. 4) but not of WT receivers
(Fig. 2). As expected of plants silenced in ACO, ACC
supplementation of ir-aco emitters did not have signiWcant
(t = 1.574, P2-tailed = 0.127) eVects on the root growth of
ir-aco receivers (Fig. 4). Furthermore, WT emitters signiW-
cantly inhibited root growth of ir-aco receivers (P = 0.011)
compared to that of ir-aco receivers grown without any

emitters but not with ir-aco emitters (P = 0.764; Fig. 4). No
signiWcant (t = 0.733, P2-tailed = 0.467) diVerence was
observed between root growth of ir-aco receiver grown
with WT emitters and KMnO4 and root growth of ir-aco
receivers grown with WT emitters but without KMnO4

(Fig. 4).

Discussion

Ethylene has been studied as a volatile phytohormone in
experiments using exogenous applications (Lill et al. 1979;
Locke et al. 2000; reviewed by Pierik et al. 2006); here
with experiments using WT and transgenic N. attenuata
seedlings that lack the ability to produce ethylene, we
establish that the natural release of ethylene inXuences the
root growth of neighbors. This is the Wrst report demon-
strating that the natural release of a volatile chemical inhib-
its the growth of neighboring siblings, a process called
allelopathy. N. attenuata is a Wre-chaser that germinates in
the Wrst growing season after a Wre from long-lived seed-
banks and therefore frequently initiates growth in dense
seedling populations where intense intra-speciWc competi-
tion is the main determinant of Darwinian Wtness (Preston
and Baldwin 2000). Because of the close proximity of com-
petitors during seedling growth, the demographic impor-
tance of seedlings and their sensitivity to naturally released
phytohormones, seedling growth is a commonly used
parameter for evaluating growth-suppressing activities of
phytohormones (Locke et al. 2000). The positive correla-
tion observed between root growth inhibition of WT receiv-
ers, the number of WT emitter seedlings that shared the
common headspace, and the ethylene levels in the common

Fig. 3 Mean (+SE) cm root length of wild-type Nicotiana attenuata
(WT) and ethylene-silenced ir-aco seedlings. Five receiver seedlings
shared the headspace with either no, 15 WT or 15 ir-aco emitter
seedlings. Shared letters of the same case indicate no signiWcant diVer-
ences among means (ANOVA, P < 0.05). Inset: Mean (+SE) of ethyl-
ene emission (nl/cuvette) from WT and ir-aco seedlings which diVered
at P < 0.05
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headspace (Fig. 1) is consistent with the hypothesis that the
release of ethylene from WT emitters inhibits the root
growth of WT receivers. Ethylene accumulation in Petri
dishes by N. attenuata seedlings is reported to reduce root
growth of its seedlings (Hummel et al. 2008). It has also
been observed that ethylene, at low, physiologically rele-
vant concentrations, tends to stimulate growth (reviewed in
Pierik et al. 2006). However, some studies have shown that
ethylene inhibits elongation, but stimulates radial swelling,
of roots thereby improving their mechanical strength in
resistant soil (Clarke et al. 2003).

Ir-aco emitters produce signiWcantly less ethylene than
do WT plants (Fig. 3, inset; von Dahl et al. 2007). We found
that WT emitters, which released signiWcantly more ethyl-
ene into the headspace, had a much stronger eVect on ir-aco
receiver seedlings than ir-aco emitters (Fig. 3). The pro-
nounced growth response of ir-aco receivers is consistent
with the hypothesized greater ethylene sensitivity of ethyl-
ene-silenced ir-aco plants (von Dahl et al. 2007). However,
in the absence of any emitter seedlings we did not observe
any signiWcant (t = 1.783, P2-tailed = 0.081) diVerences
between root length of ir-aco and WT seedlings (Fig. 3),
which is likely due to the fact that ethylene emitted by Wve
WT seedlings (11.62 § 2.4 nl/cuvette) was not signiWcantly
(t = 1.172, P2-tailed = 0.280) diVerent from background emis-
sion (7.87 § 1.73 nl/cuvette), thus did not have signiWcant
(P < 0.001) impact on root growth of WT receivers (see
Fig. 1). Furthermore, it is likely that ir-aco plants adapt to
their endogenous ethylene concentrations and are able to
grow normally in the absence of exogenous ethylene. Rela-
tive growth rates of ethylene-insensitive genotypes of Ara-
bidopsis thaliana, Petunia hybrida and Nicotiana tabacum
were similar to those of WT growth rates under near opti-
mal growth conditions (Tholen et al. 2004), suggesting that
these ethylene-insensitive plants adjusted their growth “nor-
mally” in a stress-free environment. Although root lengths
of WT receiver was not signiWcantly diVerent when the
emitter was WT or ir-aco, the root lengths of WT receivers
grown with WT emitters were signiWcantly reduced when
compared to no-emitter treatment (Fig. 3). This observation
in conjunction with the reduced root lengths of ir-aco
receivers grown with WT emitters discussed above estab-
lishes that WT emitters inXuence root growth of receivers
(WT or ir-aco) by emitting higher amounts of ethylene
compared to ir-aco emitters (Fig. 3, inset). The relative
weak silencing of ethylene emission in ir-aco plants, how-
ever, may not always have been suYcient to signiWcantly to
signiWcantly inXuence the growth of WT receivers.

The exogenous manipulation of the ethylene concentra-
tions by ACC supplementation and by ethylene scrubbing
using KMnO4 only partially supported our hypothesis of
ethylene-mediated growth inhibition of WT receivers.
Although ACC supplementation of the growth media of

WT emitters resulted in a large ethylene emission (993.8 §
217.2 nl/cuvette; Supplementary Figure 2a), only negligible
eVects on the root growth of WT receiver seedlings was
observed (Fig. 2). However, hardly any ethylene was detected
from the media (38.2 § 19.1 nl/cuvette) or WT seedlings
grown in the presence KMnO4 (21.4 § 9.2 nl/cuvette; Sup-
plementary Figure 2a), and here scrubbing of ethylene by
KMnO4 restored the root growth of WT receivers regard-
less of the presence of WT emitter seedlings (Fig. 2). Sur-
prisingly the eVects on ir-aco receivers by these exogenous
applications were the opposite and supplementing the
growth media of WT emitter seedlings with ACC inhibited
the root growth of ir-aco receivers (Fig. 4). These observa-
tions reXect the challenges of meaningfully interpreting the
eVects of high concentration ethylene treatments.

Though various mechanisms for ethylene-mediated root
growth suppression are possible, its diVusion through the
air from emitters and subsequently through the receiver
plant to its root system appears most likely. Root systems
are known to be sensitive to volatile and non-volatile chem-
icals (Inderjit et al. 2005), and ethylene could as well travel
through the medium or soil system. A striking example of
this sensitivity occurred in the second half of the 20th
century when many trees in or near the major cities of
Germany died apparently as a result of ethylene leaking
from subterranean pipelines (Grümmer 1955).

A series of experiments with cultivated tobacco analyzed
the role of ethylene in competition for light and nutrients
using transgenic plants over expressing a mutant ethylene
receptor (etr1-1) from Arabidopsis thaliana that rendered
the plants ethylene insensitive (Pierik et al. 2003, 2004,
2006). These studies elegantly demonstrate that ethylene
signaling was required for cultivated tobacco to compete
with its neighbors (Pierik et al. 2003), speciWcally due to its
function in the shade-avoidance response of plants (Pierik
et al. 2004). However, the responses of the Tetr-1 plants and
the WT plants were compared and therefore the experiments
could not diVerentiate between the eVects of endogenous
ethylene and the potential eVects of exogenous ethylene
from neighboring plants. In these studies ethylene levels in
the air of densely grown cultivated tobacco stands were
suYcient to induce growth responses in neighbors. Our
study speciWcally aimed to exclude other factors such as
resource competition and shade-avoidance eVects and con-
centrated on the eVects of exogenous ethylene. Procedures
commonly used in allelopathy research do not isolate the
eVects of chemicals from other processes that could inhibit
the growth of neighbors (Inderjit and Weiner 2001; Lau
et al. 2008) and this problem could be resolved by the use of
plants that lack the ability to produce a particular chemical.

Transgenics that do not produce a putative allelochemi-
cal are excellent tools to determine whether an allelopathic
transgenic crop could suppress unwanted neighbors by the
123
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release of allelochemicals. For example, sorgoleone and
m-tyrosine have been suggested as promising candidates
for the construction of transgenic allelopathic crops (Bearson
et al. 2008; Duke 2007) but conclusive evidence for the
allelopathic potential of these compounds in natural envi-
ronments is lacking. It is important to establish their allelo-
pathic potential before commercializing allelopathic
transgenic crops, and we believe that the approach
presented in this study can be used to achieve this end.

Conclusion

Consistent with the hypothesis of ethylene-mediated
growth suppression, we found that: (1) headspace ethylene
levels were positively correlated with emitter density and
negatively correlated with the root growth of receiver seed-
lings and (2) the inhibition of root growth of WT or ir-aco
seedlings by WT emitters was eliminated in the presence of
the ethylene scrubber KMnO4 (Jayaraman and Raju 1992)
and enhanced by ACC supplementation. From these results,
we conclude that the release of a volatile phytohormone or
chemical by one plant can inXuence the growth and estab-
lishment of a neighboring conspeciWc under laboratory con-
ditions. Whether the growth-suppressing activity of
ethylene occurs under Weld situations depends upon the
density of the emitter, the accumulation of volatiles at bio-
active concentrations and/or climatic conditions.
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