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a b s t r a c t

Terpenes, secondary metabolites that are present in the essential oils of aromatic plants, are
responsible for the biochemical interaction between plants, known as allelopathy. Mono-
terpenes are amajor component of essential oils. Pinene is amonoterpenewell-known for its
phytotoxic action, but little is known about the allelopathic effect of its isomers. The aim of
this study is to determine the effect of pinene’s structural isomers and enantioisomers
[(�)-a-pinene; (þ)-a-pinene; (�)-b-pinene and (þ)-b-pinene] at 0.16 mM, on certain
physiological parameters (growth, dryweight, phenol, photosynthetic pigments and abscisic
acid content) in both the germination and growth of maize (Zea mays L.). In germination
bioassays, neither of the a-pinene stereoisomers showed change when compared to the
control with respect to seed vigour; but root growthwas increased, while b-pinene (racemic
mixture) inhibited germination and plant length. In the growth bioassay, all of the pinene
isomers decreased the plant length. In general, b-pinene terpene was more phytotoxic than
a-pinene in both bioassays. Differences in germination and growth ofmaize treatedwith the
pinene isomers can be attributed to different actionmechanismswhich depends both on the
growth phases of maize and on the particular pinene isomers.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Allelopathy is a phenomenon whereby secondary metabolites synthesized by fungi, viruses, microorganisms and plants
influence biological and agricultural systems (Farooq et al., 2011).

These allelochemicals are released into the environment and thus affect the growth of adjacent plants (Rice, 1984). The
terpenoids are considered to have the greatest potential as naturally occurring allelochemicals (Zunino and Zygadlo, 2004;
Barney et al., 2005).

Monoterpenes, the main constituents of essential oils, constitute a group of compounds with a diverse range of different
functional groups as well as optic isomers of specific compounds. These isomers may exhibit differential properties. For
example, Romagni et al. (2000) suggested that two isomers of cineole appear to have different modes of action. Moreover,
synergistic and antagonistic actions have been observed between enantiomers in bacteria, seedlings, and insects (Vokou et al.,
2003) and more recently in model membranes (Zunino et al., 2011).
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Pinenes are abundant in the atmosphere surrounding forests and occur in a wide range of species including tropical,
Mediterranean and coniferous species. The genera Eucaliptus, Pinus and Quercus are known to release high amounts of this
terpene (Singh et al., 2006a). Pinene has structural isomers (a and b) and left- and right-handed stereoisomers (� and þ,
respectively).

In general, pinene and other terpenes are involved in allelopathic interactions, which inhibit the germination and growth
of other plants (Zunino and Zygadlo, 2004; Singh et al., 2006a). The mechanisms by which these compounds produce in-
hibition are not fully understood. It is well-known, for example, that a-pinene produces a decrease in the mitochondrial
respiration in soybean cotyledons and strongly inhibits mitochondrial ATP production in maize seedlings (Abrahim et al.,
2003). It also causes oxidative damage in the root tissue through the enhanced generation of reactive oxygen species
(ROS) (Singh et al., 2006a; Ishii-Iwamoto et al., 2012).

The objectives of this study are (1) to evaluate in vitro the impact of pinene isomers on germination, biomass and growth of
maize seeds, (2) to determine the allelopatic effect of pinene isomers on the morphological aspect, growth, photosynthetic
pigments, phenol and abscisic acid (ABA) content of maize seedlings.

2. Materials and methods

2.1. Materials

All pinene isomers were of analytical grade and obtained from Aldrich Chemical Company.
Pinenes used: (1S,5S)-6,6-dimethyl-2-methylidenebicyclo [3.1.1]heptane [(�)-b-pinene]; (1R,5R)-6,6-dimethyl-2-

methylidenebicyclo [3.1.1]heptane [(þ)-b-pinene]; (1S,5S)-4,7,7-trimethylbicyclo [3.1.1]hept-3-ene [(�)-a-pinene]; (1R,5R)-
4,7,7-trimethylbicyclo [3.1.1]hept-3-ene [(þ)-a-pinene].

All other chemicals used in this study were of technical grade and procured from Anedra Company.
Healthy seeds of maize (Zea mays L.) were purchased from the local market.

2.2. Seed germination bioassay

The seeds of maize were sterilized with 2% sodium hypochlorite for 5 min. They were then rinsed with abundant distilled
water. Two filter papers were placed on the bottom of each Petri dish (8 cm diameter) and 7 seeds of maizewere placed on the
filter papers. Then, 5 mL of distilled water was added to each Petri dish. Aluminium paper of 2 cm diameter was placed in the
centre of the Petri dish and the corresponding pinenewas spotted onto the piece of aluminium paper (volatile source) or none
(control). Concentrations in the airspace within the Petri dish (0.16 mM) were calculated assuming that the spotted com-
pounds volatilize completely without any loss due to adsorption or leakage. This concentration of pinene is environmentally
relevant and comparable to those reported by previous workers under natural conditions (Vokou et al., 2003). The Petri dishes
were closed and sealed with adhesive tape to prevent the volatile oils from escaping. All Petri dishes were placed in a growth
chamber maintained at 27 � 2 �C temperature during 6 days. The assays were arranged in a completely randomized design
with five replications including controls. Germination counts were made daily during the first three days. Germination was
considered when the radical protruded 2 mm. After 6 days, the number of germinated seeds was counted and the root and
shoot lengths and the seedling dry weight of the germinated seeds were determined. The rate of germination (seed vigour)
was calculated by using the equation:

P
(n$d�1), where n¼ number of seeds germinated on each day and d¼ number of days

from the beginning of the test.

2.3. Growth bioassay

This bioassaywas carried out according to Zunino and Zygadlo (2004). After the scrolled seeds were germinated for 3 days,
they were placed in 3 L desiccator’s flasks on Whatman No. 1 filter paper wetted with 15 mL of distilled water, and a 5-mL
glass beaker was placed in the center. A sample of each pinene (volatile source) reaching concentration of 0.16mMwas added
to the glass beaker. Then, the plants were harvested, the root and shoot lengths were determined and the different exper-
imental parameters measured. The central beakers were left empty in the controls.

2.4. Dry weight/fresh weight ratio

The dry weight/fresh weight (DW/FW) ratio of the samples was determined by drying 1 g of fresh material at 60 � 2 �C
until a constant weight was achieved. The results were expressed in g DW g�1 FW.

2.5. Morphological observation of foliar epidermis

Cellular images of the leaf cells were observed by optical microscopy Karl Zeiss II and capturedwith a Nikon Coolpix S3200
camera. The upper parts of the leaves were stripped and residues of mesophyll carefully removed .The leaf samples were then
stained with safranin and mounted with 50% glycerol (D0 Ambrogio De Argüeso, 1986).
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2.6. Determination of total phenolic content

The total phenolic content of the seedlings of maize was determined using a modified Folin–Ciocalteu colourimetric method.
Aliquots (0.5 mL) of the seedling aqueous extract [100 mg plant material (fresh weight) in 5 mL of distilled water] were added to
8mL of deionizedwater and 0.5mL of the Folin–Ciocalteu reagent. Themixturewas shaken and allowed to stand for 5min, before
adding 1 mL of saturated Na2CO3 solution. After incubation for 60 min at room temperature (25 �C), the absorbance was read at
760 nm versus prepared blank. The content of soluble phenols was calculated from a standard curve obtained with different
concentrations of gallic acid.

2.7. Photosynthetic pigments content

Photosynthetic pigments were determined according to Pignata et al. (2002), with minor modification. Chlorophyll was
extracted from 500 mg of tissue (FW) in 10 mL EtOH 96% v/v afterwards; HCl (1 mL, 0.06 M) was added to clear chlorophyll
extract (5 mL) to produce phaeophytin. Absorption of chlorophylls and phaeophytins alone (after addition of HCl) were
measured with a spectrophotometer (UV–Vis. Perkin Elmer).

2.8. Abscisic acid (ABA) extraction and analysis

ABA extraction from the maize seedlings was carried out according to Shindy and Smith (1975). The tissue was weighed, ho-
mogenized in80%(v/v)methyl alcohol (20mLmethylalcoholg�1 freshweightof tissue)at4 �C, transferred toa250-mLErlenmeyer
flask, and stored for 24 h at 0 �C. The extract was filtered through an S & S N� 595 filter paper and the methyl alcohol evaporated
under vacuum. The aqueous phasewas adjusted to pH 8.6with 1% NaOH solution and thenpartitionedwith ethyl acetate 3 times.
After removal of the ethyl acetate phase, thepHof the aqueous phasewas adjusted to 2.8with 1%HCl. The solutionwaspartitioned
with ethyl acetate 3 times, and thenpassed through anhydrous sodiumsulphate. After that the ethyl acetate phasewas evaporated
under vacuum and the dry residue containing hormoneswas dissolved in 2.0mL ofmethyl alcohol and purified by TLC (thin layer
chromatography)using silicaGel60Gandchloroform:methyl alcohol: aceticacid (80:15:5) asmobilephase. The compoundswere
visualized under UV light. The purified extract was then analysed by HPLC. The HPLC separations were accomplished at room
temperature with a Perkin–Elmer liquid chromatograph system (Series 200) using a Phenomenex Luna C18 column
(150mm� 4.6mm ID). Themobile phasewas distilledwater adjusted to pH2.6with phosphoric acid in reservoir n� 1, andmethyl
alcohol in reservoir n� 2. A linear gradient elutionwas runwith a rate of 5%min-1 solvent composition change, starting with 100%
reservoirn� 1and in20minendingwithpuremethyl alcohol. The columnwas runat aflowrateof 0.8mLmin�1. The retention time
for ABA was approximately 16–17 min. The ABA of the sample was calculated from peak heights measurements as related to a
standard ABA run (�cis, trans, Sigma).

2.9. Statistical analysis

Experimental values are means � SE of the number of experiments indicated in the legends. Data were analysed using
parametric ANOVA, where variance heterogeneity was rejected (Levene test). Significance (at P � 0.05) was assessed using
DGC multiple range test (Di Rienzo et al., 2002) or Duncan multiple range test. Cases with heterogeneous variances were
analysed with the Kruskal–Wallis test. All the statistical analysis was performed using InfoStat software version 2011p.

3. Results and discussion

3.1. Germination bioassay

Data from the germination trials treatedwith pinene isomers are shown in Table 1. This study also determined the effect of
racemic mixtures (�) of each isomer a- and b-pinene. The germination of Z. mays was delayed by (�) a-pinene, by (�) b-
pinene and by the racemic mixture of b-pinene on the first day of treatment. Then, on the second day, the racemic mixture of
both pinenes significantly affected in major grade the germination, followed by (þ) a-pinene and (�) b-pinene (data not
shown). Thereafter, all the treatments, except (�) b-pinene, reached the control values. This allows for the conclusion that
seed vigour (a measure of germination speed) is affected by (�) b-pinene (Table 1). These data are consistent with Chowhan
et al. (2011), who showed that b-pinene reduced the speed of rice seed germination. In our case, (�) b-pinene and specially
(�) b-pinene were those that most affected germination.

Regarding seedling length and dry weight of maize, b-pinene significantly reduced shoot length while only (�) b-pinene
reduced root length. Dry weight of these tissues, however, was not affected. These results suggest that the inhibition of shoot
length could be attributed to problems in cell elongation due to shoot cells grow in length not only by mitosis (increase in
biomass) but also by cell elongation through water uptake. In contrast, a-pinene showed different results: they did not affect
the shoot, but instead increased length and dry weight of the root (Table 1). Seigler (1996) determined that certain mono-
terpenes, at low concentrations, are able to stimulate germination and early seedling growth of the target plant. This phe-
nomenon which is known as “low dose stimulation – high-dose inhibition” or “hormesis” has been gradually supported by



Table 1
Effect of pinenes (0.16 mM) on seed vigoura, root and shoot lengthb and dry weighta of maize seedlings measured six days after germination (seed
germination bioassay).

Treatment Seed vigour (%) Root length (%) Shoot length (%) Dry weight (mg)

Root Shoot

Control 100 (2.9) 100 100 154 (9) 104 (6)
(þ) a pinene 96.8 (4.6) 138.5* 105.4 206 (17)* 104 (12)
(�) a pinene 93.8 (4.6) 142.3* 108.1 185 (17)* 108 (12)
(�) a pinene 92.7 (4.6) 115.3 89.5 191 (17)* 115 (12)
(þ) b pinene 110.5 (4.1) 102.0 78.8* 140 (13) 84 (9)
(�) b pinene 91.2 (4.1) 91.4 78.2* 194 (15)* 105 (10)
(�) b pinene 82.5 (4.1)* 74.3* 79.5* 136 (13) 96 (9)

*Denotes significant differences between treatment and control according to DGC multiple range test at P � 0.05.
a Values are means (�SE) of five replicates of 7 seeds each.
b Data are presented as percentage of growth with respect to control.
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field observations and experiments with essential oil and terpene application (Rolim de Almeida et al., 2010; Rentzsch et al.,
2012). A difference between a-pinene and b-pinene on seedling growth was also observed by Barney et al. (2005).

To generalize, in the germination bioassay, b-pinene was more phytotoxic than a-pinene. These results agree with the
work of Nishida et al. (2005). The results of the racemic sample of b-pinene could represent a synergism between the two
stereoisomers, which would enhance their allelopathic effect.

Pinenes are non-polar substances and possess a high affinity for the lipidic phase of membranes. It has been found that
both b-pinene and a-pinene cause disturbances in membranes (Abrahim et al., 2003; Singh et al., 2006b). In a previous work,
using large unilamellar vesicles of dipalmitoylphosphatidylcholine as a membrane model, we reported that (�) b-pinene
enhanced a disordering effect at low concentrations compared to single enantiomers (Zunino et al., 2011). This would explain
the higher phytotoxicity of this racemic mixture in comparison to single enantioisomers.

3.2. Growth bioassay

3.2.1. Effect on growth
All pinenes inhibited plant growth. Both roots and shoots were inhibited compared to the control (Table 2). Roots of (�) b-

pinene treated seedlingswere themost inhibitedandbrittle. However, the shoot:root length ratio varied among the treatments
(Table 2). It is commonly accepted that the ratio of shoot to root growth can vary widely between species, as well as, change
betweenphases of plant development, andbemodifiedbyexternal conditions (Wilson,1988). The shoot:root length ratioof (þ)
a-pinene and (�) b-pinenewerehigher than the control and the other treatments. This increase in the length ratio could bedue
to the higher inhibition of root growth in comparison to the shoot.Moreover, the dryweight/freshweight (DW/FW) ratio of the
seedlings of these two treatment [(þ) a-pinene and (�) b-pinene] did not exhibit differences with control seedlings, while (�)
a-pinene and (þ) b-pinene treatments displayed a decrease in this ratio (Table 2). It is thus thought that the decrease in length
relative to the control in seedlings under (þ)a-pinene and (�)b-pinene treatments could bedue toproblems in themechanism
of cell elongation,while the inhibitionof seedling length in (�)a-pinene and (þ)b-pinene treatments could bedue toproblems
in mitosis mechanism. This last effect has been previously shown in plants treated with terpenes (Nishida et al., 2005; Singh
et al., 2006b). These results demand further research and are beyond the scope of this present work.

3.2.2. Effect on morphology of foliar epidermis
To show changes in cell shape shoot epidermis, the morphological alterations of maize seedlings treated with pinene

isomers were visualized using optical microscopy. These results were then compared to untreated controls. This study reveals
Table 2
Effect of pinenes (0.16 mM) on: root and shoot growth; shoot:root length ratio; dry weight (DW)/fresh weight (FW) ratio and abscisic acid (ABA) content of
three day-old maize seedlings after 96 h of treatment (growth bioassay).

Treatment Root growth (cm)a Shoot growth (cm)a Shoot:Root length ratiob DW/FW (g/g FW)c ABA content (mg/g DW)d

Control 8.3 (0.9)c 6.0 (0.5)b 0.75 (0.06)a 0.121 (0.005)b 0.44 (0.22)a
(þ) a pinene 3.6 (0.4)ab 3.8 (0.4)a 1.05 (0.07)b 0.130 (0.005)b 0.44 (0.16)a
(�) a pinene 5.6 (0.5)b 4.3 (0.5)a 0.78 (0.05)a 0.108 (0.005)a 0.61 (0.22)a
(þ) b pinene 5.1 (0.7)b 4.2 (0.5)a 0.88 (0.12)a 0.106 (0.005)a 1.37 (0.49)b
(�) b pinene 2.9 (0.8)a 3.2 (0.3)a 1.27 (0.22)b 0.125 (0.004)b 0.24 (0.05)a

Values are means (�SE).
a Within root and shoot growth means followed by a common letter are not significantly different at the 5% level by Duncan multiple-range test. Each

value is the mean of seven replicates of 20 seedlings.
b Means followed by a common letter are not significantly different at the 5% level by DGC’s multiple-range test. Each value is themean of seven replicates

of 20 seedlings.
c Means followed by a common letter are not significantly different at the 5% level by DGC’s multiple-range test. Each value is the mean of eight replicates

of 20 seedlings.
d Means followed by a common letter are not significantly different at the 5% level by DGC’s multiple-range test (n ¼ 4).
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several morphological alterations compared to the control plants, especially in cell shape (Fig. 1). Ordinary epidermal cells in
pinenes treated plants exhibit a nearly straight radial walls, in contrast to the control cells, which are sinuous and tend to be
shorter. In a-pinene treatments, ordinary epidermal cells arewider than the rest (Fig. 1B and C). In stomata, wider and shorter
guard cells were observed in seedlings treated with (þ) a-pinene compared to the control, losing the characteristic bone
shape (Fig. 1B). In (�) b-pinene treated seedlings, the guard cells lengthen and subsidiary cells are rectangular (Fig. 1E).

These changes in cell shape could be related to the penetration of these hydrocarbon monoterpenes into the membrane
(Witzke et al., 2010; Zunino et al., 2011 and references therein).

3.2.3. Effect on total phenolic content
Phenolic compounds are widespread secondary metabolites in plants. They play a role in herbivore/pathogen protection and

are stress indicators in terrestrial plants (Migliore et al., 2007; Khatun et al., 2008). Previouswork has shown that allelochemicals
generate an increase in the content of phenols (Djanaguiraman et al., 2005). However, in this study, the concentration of phenols
in all treatmentswas lower than in the control (Table 3). Particularly, difference between enantiomers of b-pinenewas observed.
On the other hand, (�) b-pinene and (þ) a-pinene showed the lowest values. A tentative explanation for these results could be
that pinene isomers are altering the metabolic pathway that leads to the production of such compounds.

3.2.4. Effect on photosynthetic pigment content
Regarding the content of photosynthetic pigments, the results show decreases in both chlorophyll a and pheophytin a in

plants treated with (�) b-pinene, while other treatments and the remaining pigments did not show differences from the
control (Table 3). There were no significant differences between the control and pinene isomers in carotenoid content (data
not shown). In their analysis, Romagni et al. (2000) did not find significant differences in chlorophyll content between the
control and either cineole isomers. However, other previous studies have found a reduction in the concentration of chlo-
rophyll in plants treated with different allelochemicals including essential oils and pure terpenes (Poonpaiboonpipat et al.,
2013 and references therein). Kaur et al. (2011) and Chowhan et al. (2011) found that a-pinene and, b-pinene respectively
Fig. 1. Effect of pinenes (0.16 mM) on maize shoot abaxial epidermis cells after 96 hs of exposure. (A) control and (B–E) pinenes treated (0.16 mM). (B): (þ) a-
pinene; (C): (�) a-pinene; (D): (þ) b-pinene; (E): (�) b-pinene. Arrows indicate wall and cell sharp modifications. Bar ¼ 40 mm.



Table 3
Effect of pinenes (0.16 mM) on phenols and photosynthetic pigments content of maize seedling (growth bioassay).

Treatment Phenol (mg g�1 DW) Chl a (mg g�1 DW) Chl b (mg g�1 DW) Pheoph a (mg g�1 DW) Pheoph b (mg g�1 DW)

Control 453.6 (23.2)c 11.5 (1.3)b 5.2 (0.5)ab 11.2 (1.0)b 5.2 (0.5)ab
(þ) a pinene 114.1 (13.0)a 11.0 (1.6)ab 6.0 (0.6)b 11.1 (1.1)b 6.2 (0.7)b
(�) a pinene 167.9 (20.3)ab 10.7 (0.8)ab 5.3 (0.5)ab 11.7 (0.6)b 5.7 (0.8)b
(þ) b pinene 201.2 (22.7)b 12.2 (1.4)b 5.7 (0.5)ab 12.6 (1.0)b 5.9 (0.5)b
(�) b pinene 135.5 (17.4)a 7.4 (0.9)a 4.1 (0.7)a 6.6 (0.7)a 3.9 (0.6)a

Values are means (�SE), (n ¼ 9). Means followed by a common letter are not significantly different at the 5% level by Duncan multiple-range test.
Chl: chlorophyll content, Pheoph: pheophytin content.
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reduced total chlorophyll content in the evaluated plants. In this study, chlorophyll a and pheophytin a content were reduced
in the range of >35% only with (�) b-pinene treatment. The relationship pheophytin a/chlorophyll a is cited as a useful
parameter for detecting chlorophyll degradation by contaminants because chlorophyll a is degraded to pheophytin a, an
intermediate in chlorophyll degradation (Aiamla-or et al., 2012). In this study, pheophytin a/chlorophyll a ratio was not
significantly affected by the treatments (data not shown). It is thus suspected that the reduction of chlorophyll in plants
treated with (�) b-pinene would be due to a decreased synthesis of this pigment and not by an increase in degradation.

3.2.5. Effect on abscisic acid (ABA) content
TheABAconcentration ofmaize seedlings is shown inTable 2. An increase in the content of this hormonewasonly observed in

the (þ)b-pinenetreatment.Abscisicacid (ABA) is aplanthormonethatplays important rolesduringmanyphasesof theplant’s life
and can fluctuate dramatically in response to both environmental stresses and oxidative stress (Bogatek andGniazdowska, 2007;
Bauer et al., 2013). In previous works where the effect of allelochemicals on ABA content was evaluated, an increase in this hor-
monewas shown (Bogatek and Gniazdowska, 2007). During water stress there is an increase in cytosolic ABA that rapidly limits
water loss through transpiration, by inducing closure of the stomatal aperture. (þ) b-pinene treated seedlings showedhigherABA
andwater content (seeDW/FWratio inTable2) than controls. Higherwater contentmaybea resultof closureof stomata, however
thevisualizationof foliarepidermis for (þ)b-pinene treated seedlings showednostomatal changes compared to controls (Fig.1D).
Furthermore, (�)a-pinene treated seedlings also showedhighwater content relative to controls, andyet did not showan increase
in ABA content. Reactive oxygen species (ROS) have been implicated as second messengers in plant hormone responses (Kwak
et al., 2006) and similarly correlate well with an increased in lipid peroxidation. Oxygenated monoterpenes and (�) a-pinene
induced lipid peroxidation and enhanced malondialdehyde (MDA) level in seedlings (Zunino and Zygadlo, 2004; Singh et al.,
2006a). In this work, MDA and conjugated dienes of maize seedlings treated with pinene isomers were also measured (data
not shown). The average values of MDA in (�) a-pinene (43.2 � 11.1 nmol/g DW) and (þ) b-pinene (35.2 � 9 nmol/g DW)
treatmentswerehigher than in the control (32.2�4.6 nmol/gDW), but did not showstatistically significant differences.Note that
in thework of Singh et al. (2006a), (�) a-pinenewas applied at higher concentrations than in this study.We can therefore assume
thatpinenesat0.16mMdonot induce lipidperoxidation,but thatROScouldbe increasedand implicated inthesignallingpathway.
Except for seedlings treated with (þ) b-pinene, in which ABA increases, other pinene isomer treated seedlings would not act
through the ABA signalling pathway. These results remain to be studied.

The results of this study show that in pinenes application, the response of the target plant differs in accordance to its
ontogenetic stage (germination and growth bioassays). In the germination bioassay, structural isomers of pinenes produced
different results in seedlings. In general, a-pinenes generated a stimulating effect on growth rates, while b-pinenes inhibited
growth. In the growth bioassay, all isomers inhibited plant growth. This inhibited growth could be caused by pinene isomers,
which could damage the plasma membrane structure and therefore cellular processes. Results have shown a significant
difference among specific pinene isomers, most importantly in b-pinene stereoisomers.

b-pinene was found to be more phytotoxic than a-pinene in both bioassays, while (�) b-pinene was more phytotoxic than
(þ)b-pinene. This couldbebecauseb-pinenehas ahigher “membranematrix/air partition coefficient” (logKMxa) thana-pinene
(Platts andAbraham, 2000). In a previouswork,we showed that (�) b-pinenewasmore active in disruptingmodelmembranes
than (þ) b-pinene (Zunino et al., 2011). Moreover, b-pinene stereoisomers show different effects on the target seedlings in the
following parameters: growth, dry weight, phenols, chlorophyll a and pheophytin a content, and ABA concentration. This
suggests a stereospecificity and differentmodes of action byeach of these isomers. However, a clear relationshipwas not found
between the structures and physicochemical properties of these isomers and their biological effects.

This work underlines the importance of the isomerism of the essential oil components in allelopathy. From an ecological
standpoint, the pinene isomers compounds could act on soil seed banks at very low levels, mainly the (�) b-pinene. In
general, those plants emitting the four pinene isomers would affect more than one active site in the target plant, affecting
different physiological processes.
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