v UNIVERSITY OF
WOLVERHAMPTON

The allelopathic activity of Festuca arundinacea Shreb.
rhizospheric soil is exacerbated under drought stress

ltem Type Journal article

Authors Motalebnejad, Masuod;Karimmojeni, Hassan;Baldwin,
Timothy;Majidi, Mohammad Mahdi

Citation Motalebnejad, M., Karimmojeni, H., Baldwin, T.C. et al. The
Allelopathic Activity of Festuca arundinacea Shreb. Rhizospheric
Soil Is Exacerbated Under Drought Stress. Journal of Soil Science
and Plant Nutrition, 23, 5495-5512 (2023). https://doi.org/10.1007/
s42729-023-01417-x

DOI 10.1007/s42729-023-01417-x

Publisher Springer

Journal Journal of Soil Science and Plant Nutrition

Download date

2026-05-19 04:06:01

Link to Item

http://hdl.handle.net/2436/625283



http://dx.doi.org/10.1007/s42729-023-01417-x
http://hdl.handle.net/2436/625283

Journal of Soil Science and Plant Nutrition
The allelopathic activity of Festuca arundinacea Shreb. rhizospheric soil is exacerbated

Manuscript Number:

Full Title:

Article Type:
Funding Information:

Abstract:

Corresponding Author:

Corresponding Author Secondary
Information:

Corresponding Author's Institution:

Corresponding Author's Secondary
Institution:

First Author:
First Author Secondary Information:
Order of Authors:

Order of Authors Secondary Information:
Author Comments:

Response to Reviewers:

under drought stress
--Manuscript Draft--

JSSP-D-23-00486R2

The allelopathic activity of Festuca arundinacea Shreb. rhizospheric soil is exacerbated
under drought stress

Original Paper

The aims of the current study were to (i) investigate the allelopathic activity of 16
F.arundinacea genotypes and identify the genotypes with the greatest inhibitory effect
(i) to evaluate the allelopathic activity of the rhizospheric soil of F.arundinacea, under
conditions of normal irrigation and severe drought stress, as well as investigating the
allelopathic activity of F.arundinacea shoot residues of in the soil (iii) the identification
of the allelopathic phenolic compounds present in the soil, directly caused by the
activity of the roots or released from the shoots residues of F.arundinacea. The results
obtained showed that the genotype, extract concentration and the application of
drought stress all significantly reduced the germination of L. sativa. As the
concentration of the extract increased, a corresponding decrease was observed in the
seed germination and growth of the L. sativa seedlings. The highest concentration of
the extract (100%) caused the greatest decrease in germination percentage (85%),
shootlet length (72.9%), rootlet length (77.04%) and seedling dry weight (63.7%).
Drought stress was shown to produce a marked increase in the allelopathic activity of
the extracts. The extract obtained from the 23M genotype was shown to exhibit the
most inhibitory effect upon the growth of L. sativa. HPLC analysis, showed the
presence of phenolic compounds in both the rhizosphere and F.arundinacea residues.
The identified compounds included p-coumaric acid, apigenin acid, ferulic acid, 4-
hydroxybenzoic acid, gallic acid, syringic acid, caffeic acid, vanillic acid, and
chlorogenic acid. The results show the presence of more phenolic compounds in the
F.arundinacea plant residues compared to the rhizosphere. These data demonstrate
the considerable diversity in allelopathic activity of the F.arundinacea genotypes
tested, and that it may be feasible to select and breed this species for the purpose of
allelopathic weed management.
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Abstract

The aims of the current study were to (i) investigate the allelopathic activity of aqueous extracts
obtained from the shoots of 16 F.arundinacea genotypes and to identify those with the greatest
inhibitory effect (ii) to evaluate the allelopathic activity of the rhizospheric soil of F.arundinacea,
under conditions of normal irrigation and severe drought stress, as well as investigating the
allelopathic activity of F.arundinacea shoot residues in the soil (iii) the identification of the
allelopathic phenolic compounds present in the soil, directly caused by the activity of the roots or
released from the shoots residues of F.arundinacea. The results obtained showed that the
genotype, extract concentration and the application of drought stress all significantly reduced the
germination of Lactuca sativa. As the concentration of the extract increased, a corresponding
decrease was observed in the seed germination and growth of the L. sativa seedlings. The highest
concentration of the extract (100%) caused the greatest decrease in germination percentage (85%),
shootlet length (72.9%), rootlet length (77.04%) and seedling dry weight (63.7%). Drought stress
was shown to produce a marked increase in the allelopathic activity of the extracts. The extract
obtained from the 23M genotype was shown to exhibit the most inhibitory effect upon the growth
of L. sativa. HPLC analysis showed the presence of phenolic compounds in both the rhizosphere
and F.arundinacea shoot residues. The identified compounds included p-coumaric acid, apigenin
acid, ferulic acid, 4-hydroxybenzoic acid, gallic acid, syringic acid, caffeic acid, vanillic acid, and
chlorogenic acid. The results show the presence of more phenolic compounds in the F.arundinacea
plant residues compared to the rhizosphere. These data demonstrate the considerable diversity in
allelopathic activity of the F.arundinacea genotypes tested, and that it may be feasible to select

and breed this species for the purpose of allelopathic weed management.

Keywords: allelopathy, secondary metabolites, phenolic compounds, abiotic stress, plant residues

1 Introduction

Allelopathy refers to processes involving secondary metabolites produced by plants,
microorganisms and fungi, that affect the growth and development of agricultural and biological
systems, including both positive and negative effects (Rice 1984). Allelochemicals from plants,
are released into the environment by leaching from roots, stems and leaves, or by the

decomposition of plant material (Lovett and Ryuntyu 1992; Rice 1984; Rizvi and Rizvi 1992;
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Scavo et al. 2018; Singh et al. 2021). In recent decades, this subject has become the focus of
numerous studies in the field of sustainable agriculture (Callaway and Maron 2006; Jovanovi¢ et
al. 2010; Khamare et al. 2022; Sahrir et al. 2022). Allelopathy affects plant communities and alters
interspecies interactions, either through direct effects upon plant growth and development, or
through indirect effects on soil fertility and beneficial soil microorganisms (Hierro and Callaway
2021; Inderjit et al. 2011; Kaur et al. 2009; Wu et al. 2022). Some plants suppress the growth of
neighbouring plants through physical, chemical, and biological inhibition, i.e., resource and light
competition, weed life cycle disruption and, most importantly, the release of allelochemicals (Xiao
et al. 2019). When allelochemicals are released into the soil, they affect the soil environment,
causing simultaneous and continuous allelopathic activity, which subsequently affect the
germination and seedling establishment of target plants (Gerhards and Schappert 2020; Xu et al.
2019). When allelochemicals are released into the soil, they interact with the soil's organic and
inorganic phases, as well as with soil associated microorganisms (Aldrich 1984; Inderjit and
Weiner 2001; Scavo et al. 2019).

The degree of phytotoxicity is influenced by the chemical, physical and biological properties of
the soil environment, which exert multiple effects upon the retention, transport and transformation
processes of allelochemicals within the soil (Blum 2006; Cheng 1992; Dao 1987). As is the case
with herbicides, allelochemicals are continuously removed and/or immobilised from soil solutions,
by leaching, microbial degradation, adsorption to soil particles, and plant uptake (Cheng 1994;
Inderjit et al. 2001; Weidenhamer 1996). However, the behaviour of allelochemicals in the soil is
more complex than herbicides, as the former are continuously released by the donor plant with
significant differences in relation to the target plant organs and developmental stage of the target
plant species (Abu-Romman 2016; Aslam et al. 2016; Igbal et al. 2002; Suksungworn et al. 2016).
Allelopathic crops can be used to manage weeds in agro-ecosystems by including them in
rotational sequences or intercropping in close proximity to a cash crop, cover cropping as living
or dead mulches, incorporation of crop residues into the soil, or by using their allelochemicals as
bioherbicides (Jabran et al. 2015; Khanh et al. 2005; Scavo and Mauromicale 2021). Allelopathy
of cover plants and their residues, especially Poaceae species, has been demonstrated to be an
effective means of biological weed management (Hammermeister 2016). Managing weed growth
in this manner, is therefore a sustainable solution in agricultural systems, in order to reduce the

chemical pollution caused by the application of herbicides (EI-Metwally et al. 2022; Ojija et al.
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2019; Xiao et al. 2017). Recent research has shown that Festuca species -as an important cover
species- can be used in this manner to suppress weed growth in an agricultural setting (Lipinska et
al. 2019).

Festuca arundinacea Shreb. (tall fescue) is a cool-season, perennial, C3 grass native to Europe,
that is widely recognized as an important forage and cover crop (Ahmed and Escobar-Gutiérrez
2022). This species belongs to the genus Festuca, family Poeae (Festuceae), subfamily Pooidea
Festucoideae and class Poaceae grass and is used to produce fodder, for soil conservation and the
development of ornamental lawns (Carrow and Duncan 2003; Cougnon et al. 2014; Ge and Wang
2015; Hand et al. 2012). Tall fescue is also known to exhibit allelopathic activity (Peters and Luu,
1985; Buta and Spalding, 1989: De Bertoldi et al. 2012a). F. arundinacea root secretions as well
as the compounds present in the shoots, have been shown to exhibit strong allelopathic properties
(Hammermeister 2016).

F. arundinacea is known to tolerate both heat and drought stress better than the majority of cold-
season forage grass species (Amini et al. 2011; Kosmala et al. 2012; Taleb et al. 2023). Plants
under stress also exhibit protective systems to overcome oxidative damage, by the synthesis of
secondary metabolites such as phenolics and flavonoids (Blokhina 2003; Makaure et al. 2022;
Misra et al. 2023; Romani et al. 2002; Yang et al. 2018). The accumulation of phenolic compounds
is crucial for plants to physiologically adapt to the harmful effects of drought stress. The main
factor which seems to influence differences in the total phenolic content of plants grown under
drought stress conditions, is related to the differences between genotypes (Wagay et al. 2023).
Amaranthus retroflexus L. is a common weed species which affects many agricultural regions of
the globe. A. retroflexus is a C4, annual weed, that originated in tropical America and has
subsequently become widely distributed, worldwide (Evon et al. 2019; Sheibany et al. 2009;
Hamidzadeh Moghadam et al. 2023). With its phenotypic flexibility and high genetic diversity,
this species is able to survive in a wide variety of agricultural settings, as well as in the presence
of other weeds (Hamidzadeh Moghadam et al. 2023; Orlowski and Czarnecka 2009). The
physiological characteristics of A. retroflexus have made it widely recognised as a troublesome
weed species in a variety of agricultural settings; and it has recently been reported to exhibit
herbicide resistance (Brankov et al. 2022).

The most common method of commercial weed control is the use of herbicides. However, the

disadvantages of this traditional method of weed management are well established
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(Bagavathiannan et al. 2014; Poudyal and Cregg 2019). The accumulation of chemical herbicides
has been shown to cause both environmental pollution and damage to the biological food chain.
Residues of chemical herbicides seep into the ground, which can lead to the pollution of
groundwater (Dar et al. 2019; Eevers et al. 2017; Kughur 2012). Moreover, the more herbicides
are used, the more herbicide resistant the weeds become (Hulme 2023; Pifiar Fuentes et al. 2021).
For the reasons mentioned above, it is widely recognised that it is would be environmentally
beneficial to produce natural herbicides, with low toxicity and high efficiency which are also
biodegradable (Batish et al. 2006; Scavo et al. 2020a; Scavo and Mauromicale 2021). For example,
nanoencapsulated DiS-NH2 bioherbicide mimics have been shown to exhibit significant weed-
suppressive ability (WSA) in weeds commonly associated with the cultivation of wheat, at three
different sites. Also, both broadleaf weeds and grasses were controlled by the DiS-NH2
bioherbicide mimic, allowing broad-spectrum weed control (Scavo et al. 2023). In addition to
WSA, the DiS-NH2 bioherbicide mimic had no phytotoxic effects on the wheat plants after its
application (by visual assessment), but also had beneficial effects on wheat plant production
(Sabella et al. 2020). Another recent study found that polymeric nanoparticles of disulfide acted
as potent inhibitors of Plantago lanceolata L. seed germination (Macias et al. 2019). Furthermore,
a study of seven aminophenoxazinone derivatives showed a significant reduction in root length of
the weed P. oleracea with phytotoxicity equal to, or greater than, that of the herbicide
pendimethalin (Diaz-Franco et al. 2023).

Research into the field of allelopathy is therefore of major significance in order to develop a more
sustainable and ecologically friendly approach to agricultural practices. To date, relatively little
research has been conducted on the allelopathic activity of F.arundinacea. In light of which, the
aims of the current study were to (i) investigate the allelopathic activity of 16 F.arundinacea
genotypes and identify the genotypes with the greatest inhibitory effect (ii) to evaluate the
allelopathic activity of the rhizospheric soil of F.arundinacea, under conditions of normal
irrigation and severe drought stress, as well as investigating the allelopathic activity of
F.arundinacea shoot residues of in the soil (iii) the identification of the allelopathic phenolic
compounds present in the soil, directly caused by the activity of the roots or released from shoot

residues of F.arundinacea.

2 Materials and methods
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2.1 Plant material and its preparation

The tall fescue (F.arundinacea) genotypes (Table 1), were cultivated under two environmental
conditions, namely normal irrigation (control) and severe drought stress (90% soil moisture
depletion) at the research farm of Isfahan University of Technology, located in Lavark, Najafabad,
Iran (40 km south west of Isfahan, 32° 32 'N, 51° 23 'E and 1630 meters above sea level) (Majidi
et al. 2009). Fresh samples of F.arundinacea from three replicates were collected for the two
irrigation treatments (control and severe drought stress) in the late spring and at the flowering stage
of plant development in 2020. In each plot consisted of three cultivated rows. Five plants from the
middle row were randomly selected and were manually separated from the soil. The plant samples
were then dried at room temperature, ground in a pestle and mortar and stored in closed plastic
bags, at room temperature, prior to use. Under control conditions, irrigation was non-restrictive,
and plants were irrigated when 50% of the total water available from the root zone was depleted.
Severe drought stress irrigation was performed when 90% of the total available water was depleted
from the root zone (Allen and Pereira 1998). Water stress was applied alternately during the
growing season from the first of May to the first of October. The irrigation intervals between the
two irrigation treatments during the growing season varied depending on the weather conditions.
The irrigation interval was 5-9 days in control conditions and 14-28 days under conditions of
severe drought stress. To determine the gravimetric soil-water content, three soil samples were
taken from each plot at the depth of 0-20, 20-40, and 40-60 cm for both treatments of water
conditions. The irrigation depth was determined using the following equation:
I=[(0_FC-6/100)]D=B

where I is the irrigation depth (cm), 0 FC is soil gravimetric moisture percent at field capacity, 0
is soil gravimetric moisture percentage at irrigating time, D is the root zone depth, and B is the
root zone soil bulk density (1.4 g/cm3).

Water was applied via a basin irrigation system. The field was supplied with water via a pump
station and polyethylene pipes. The volume of water applied to each treatment was measured with
a volumetric counter.

The seeds of L. sativa and the weed species A. retroflexus, were used as the target species for the
study. Commercial seeds of L. sativa were obtained from Pakan Bazr Co., Isfahan. L. sativa is
considered as a biological indicator species due to its sensitivity to chemical growth inhibitors and

promoters, it has been used in many previous allelopathic studies, as it displays rapid seed
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germination and uniform initial seedling growth, both of which were favorable traits for the current
study (Reigosa et al. 2013). Seed of the weed species A. retroflexus, were collected from Lavark
Farm, Department of Agriculture, Isfahan University of Technology, and their germination
percentage and dormancy were tested under Petri-dish conditions in a growth chamber.

2.2 Preparation of agueous shoot extracts of F. arundinacea genotypes and seed germination
experiments

To prepare the aqueous extracts, shoots of the selected F. arundinacea genotypes were harvested
at the flowering stage of development. Prior to extraction, the samples were air-dried. The method
of Bali et al. (2017) was then used to prepare the aqueous extract.

First, the samples were ground in a pestle and mortar and 12.5, 25, 50, 75 and 100 grams of the
ground sample added into 100 ml of deionized water and incubated for 24 hours, at a temperature
of 25°C. The extracts were then passed through a three-layer muslin fabric once, and thrice through
Whatman #1 filter paper, then centrifuged (3000 rpm, 20 minutes) and the obtained solution was
passed through filter paper once more and the resultant aqueous extracts were stored at 4°C until
use.

The initial allelopathy experiment was performed in a factorial manner, in the form of a completely
randomized design, in 3 replications, in a Petri dish with a diameter of 9 cm, in a growth chamber
with the seed of L. sativa used as the target species. The L. sativa seeds were first surface sterilized
with a 10% sodium hypochlorite solution for 10 minutes, then washed with sterile distilled water
for 10 minutes and then rinsed in deionized water for 5 minutes.

Fifty seeds were placed on a filter paper in a petri dish. The seeds were then irrigated with the
prepared extracts (10 ml for each Petri dish) and the Petri dishes placed in a growth chamber at a
temperature of 25°C, with 12 hours of light radiation. Irrigation with distilled water was used as a
control. According to the percentage of seed germination, root length, stem length and dry weight
of the target plant, the genotype that produced the most inhibitory effect upon the growth of the
target plant was selected and used for the subsequent test of allelopathic activity of the rhizospheric

soil.

2.3 Sampling of the rhizospheric soil and measurement of the growth of the target species
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The main objective of this set of experiments was to evaluate the allelopathic effect of rhizospheric
soil and to identify the phenolic allelochemicals present in rhizosphere of the genotype 23M, which
had displayed the highest level of allelopathic activity in the previous screening experiment.

The soil samples were taken according to (Xu et al. 2009). Five different soil samples were
collected from a depth of approximately 30 cm around the root of genotype 23M; in plants
cultivated both under the control and severe drought stress treatments. Then, a sieve (2 mm mesh)
was used to remove the root tissue. The resultant rhizosphere soil samples, were then air-dried and
stored in polyethylene containers at 4°C.

The RSM (Rhizosphere Soil Method), proposed by (Fujii et al. (2005), and (Karmegam et al.
(2014), was used to determine the presence of allelochemicals isolated from the root system in the
rhizospheric soil. This experiment was performed in factorial manner, with a completely
randomized design, with six replications. The culture medium treatments include pots (with a
capacity of 100 grams of soil), containing farm soil in which F. arundinacea did not grow (as a
control), pots containing rhizospheric soil of F. arundinacea under control (normal) irrigation
conditions, pots containing rhizospheric soil under severe drought stress conditions and the pots
containing 50 wt.% mixture of F. arundinacea plant powder and 50% control soil (leaf powder
amended soil). These pots were moistened with 120cc of distilled water (Bhowmik and Doll 1982).
The test seeds were surface sterilized with 10% sodium hypochlorite for 10 minutes, and washed
3 times with sterile, distilled water. Twenty-five seeds of L. sativa and A. retroflexus were planted
in pots. The pots were then transferred to a plant growth chamber at a temperature of 25°C and
incubated for 30 days. The percentage seed germination, root length and stem length were
recorded. To calculate the dry weight of seedlings, the samples were dried in an oven at 70°C for

48 hours and then weighed (Fragasso et al. 2012).

2.4 Measurement of total phenolic content

The total concentration of phenols and flavonoids, present in plant shoots and rhizospheric soil,
were estimated using gallic acid as a standard and the Folin—Ciocalteu colorimetric method as
detailed in Alinian et al. (2016). The results were expressed in gallic acid equivalents (GAES).
To summarize the methodology used, 3 grams of air-dried sample (leaf powder and soil samples)
were extracted with 10 ml 80% (v/v) methanol using an orbital shaker incubator (Jaltajhiz, Iran,
Karaj, JTSL20) (110 rpm) at 25°C for 24 h. A 0.5 ml aliquot of the methanol extract was then
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filtered and combined with 2.5 ml of the Folin—Ciocalteu reagent (diluted with 1:10 amount of
distilled water) and 2 ml sodium carbonate at 7.5% (v/v). It was heated at 45°C for 15 minutes and
the absorbance was measured at 765nm against a blank, by spectrophotometry (HITAGHI-Japan
model U-1800). The phenolic content of shoots was recorded as gallic acid equivalents per 1 g of

shoot dry matter, and for soils, as gallic acid equivalents per 1 g of dry soil.

2.5 Phenolic compound content of rhizospheric soil samples

Soil samples were extracted with 80% (v/v) methanol. A polar solvent, HPLC-grade methanol,
was used to extract the free phenolic acids from the soil due to its high extraction efficiency for
these compounds (Kong et al. 2006). In addition, methanol has a protective function as it can
prevent phenolic compounds from being oxidized by enzymes such as phenol oxidase (Proestos et
al. 2006). 100 grams of each oven-dried soil sample was extracted with 300 ml of methanol 80%
(HPLC grade, Merck) (agitation, 25°C for 48 hours, centrifugation, 1200 x g for 15 minutes). The
extract was then concentrated on a rotary evaporator (40°C.) and the residue dissolved in HPLC
grade methanol. Extracts were analyzed on an HPLC system (model Agilent 1090). The instrument
consisted of an Agilent 1100 HPLC, diode detector, and mass spectrometer (MSD, SL mode)
(Agilent Technologies, Palo Alto, CA, USA).

Filtration of the extract was performed using a 0.22 pum nylon Acrodisc filter and injection onto
the analytical column was performed using 20 pl of the filtered extract. HPLC grade methanol was
used as the solvent for dissolving the standards.

The stationary phase consisted of a 250 mm x 4.6 mm (5 um) Symmetric C18 column (Waters
Crop., Milford, MA, USA) (10 mm x 4 mm ID) and the mobile phase was formic acid (0.1 %).
Acetonitrile (99.8%) was used at a flow rate of 0.8 mL/min and the wavelength was set between
200 and 400 nm. Implementation of gradient conditions was characterized by the following
specifications: 10 to 26% solvent B (v/v) for 40 min, 65% solvent B for 70 min, and finally 100%
solvent B for 75 minutes. The DAD was set at 350, 310, 270, and 520 nm, extreme peaks were
read in real time, and determination of soil constituents was achieved by continuous recording of
the entire spectrum (190-650 nm) (Lin and Harnly 2010). Analysis of allelopathic compounds was
repeated three times using triplicate extracts for each sample.

2.6 Statistical analyses
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Prior to carrying out an analysis of variance (ANOVA), the Kolmogorov-Smirnov test was
performed to examine the normality of the distribution of the data. Subsequent to which, data from
the first bioassay, i.e. the total phenolic content in 3 independent replicates, and the second
bioassay in 6 independent replicates, were subjected to ANOVA using SAS 9.4. Means were
compared individually with the least significant difference (LSD) test, tested with a probability of
5%. Principle component analysis (PCA) was conducted based on the correlation matrix of

measured traits using XLSTAT software version 2019.2.2.

3 Results

3.1 Germination percentage

The results of the first experiment, indicate that all three factors namely genotype, extract
concentration and drought stress, as well as the interaction between the three, have a significant
effect upon the germination percentage of L. sativa seed (Table 2). The largest decrease in
germination percentage was observed at the highest extract concentration (-85.3%) and using
extracts from plants grown under drought stress conditions (-24.84%) compared to the control
(Tables 3). The PCA analysis showed that the aqueous extracts obtained from genotypes 6L, 11M,
4E, 20L, 23M had the greatest inhibitory effect upon the target species, of which the 23M genotype
showed the highest inhibition percentage (-51.51) (Figure 1 and Table 4,5,6).

The findings of the second phase of the study, indicated that the percentage seed germination is
strongly influenced by the target species and the culture medium, and that the effect of these two
factors on the germination rate is significant at the 1% level. Also, the interaction between these
two factors has an effect upon the germination percentage at the 1% level (Table 7). The highest
decrease in seed germination percentage in comparison with the control for both L. sativa and A.
retroflexus (-33.82%, -14.82%) was recorded for the soil amended with plant powder from the
23M genotype. The smallest decrease in percentage seed germination was recorded for the culture
medium containing plant material from plants grown under severe drought stress the decrease in
germination percentages relative to the control for which were L. sativa (0.15%) and for A.
retroflexus (0.54%) respectively. (Table 8).

3.2 Shoot length

The first experiment showed that all three factors, genotype, extract concentration and severe

drought stress, as well as the interaction of these three factors, significantly affected the length of
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the L. sativa shoot (Table 2). The largest decrease in shoot length, was observed at the highest
extract concentration (100% concentration) (-72.9%) with extracts from plants grown under severe
drought stress conditions (-23.89%) (Tables 3). The aqueous extract obtained from 23M genotype
produced the greatest reduction on shoot length (-48.41%) (Table 4,5,6).

According to the results obtained from the second study, the effect of two factors, the target species
and the culture medium, as well as the interaction of the two, on the shoot length, is significant at
the level of 1% (Table 7). This means that the shoot length in each plant is not only influenced by
the vigour of the plant, but also by the culture medium. Based on the results of mean comparison
of interactions, the greatest decrease in shoot length compared to the control, was observed in the
presence of plant residues in L. sativa and A. retroflexus (-31.18%, -26.25%) respectively (Table
8). Meanwhile, the culture medium containing the rhizospheric soil from plants grown under
drought stress, produced the least reduction of the stem length in L. sativa and A. retroflexus
respectively (-0.49%, -0.11%) (Table 8).

3.3 Root length

In the first experiment, it was found that the effect of all three factors, genotype, plant extract
concentration, severe drought stress and the interaction of these three factors, on L. sativa root
length, is significant at the 1% level (Table 2). The use of extract at the 100% concentration caused
the greatest decrease in root length (77.04%) compared to the control. In addition, the extracts
obtained from plants grown under severe drought stress caused a 25.37% decrease in root growth
compared to those grown under control conditions (Tables 3). The aqueous extract obtained from
the 23M genotype was shown to produce the greatest inhibitory effect on L. sativa root length
(-48.68%) (Table 4,5,6).

In the second experiment, the effect of two factors, the target species, and the culture medium, as
well as the interaction of these two factors on root length, is significant at the 1% level (Table 7).
The highest decrease in root length compared to the control, was observed in the soil amended
with plant powder (23M genotype) for L. sativa and A. retroflexus plants (-31.09%, -21.27%),
respectively (Table 8). Meanwhile, the culture medium containing rhizospheric soil under severe
stress had the least effect on the reduction of root length in the target species L. sativa and A.
retroflexus (-1.69%, -0.58%) (Table 8).

3.4 Seedling dry weight
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The first experiment showed that all three factors of genotype, extract concentration and drought
stress and the interaction of these three factors have a significant effect (at the 1% level) on L.
sativa seedling biomass (Table 2). The greatest decrease in the dry weight of seedlings (-63.7%)
was observed in the presence of the highest extract concentration (100%) and in plants grown
under drought stress conditions (-19.9%) (Table 3). Also, the aqueous extract obtained from the
23M genotype caused the largest reduction in dry weight of the L. sativa seedlings (-44.38%)
(Tables 4,5,6).

The results of the second study showed that in addition to the effect of two factors, the target
species and the culture medium, the interaction of these two factors on the dry weight of L. sativa
and A. retroflexus seedlings was significant at the 1% level (Table 7). The results of the mean
comparison of interaction, show that the treatment of soil mixed with plant residues led to the
greatest decrease in the dry weight of seedlings in L. sativa and A. retroflexus respectively
(-40.61%, -31.79%). Moreover, the culture medium containing the rhizosphere soil under severe
drought stress caused the lowest decrease in the dry weight of seedlings in L. sativa and A.
retroflexus respectively (-0.59%, -0.21%) (Table 8).

Figure 1 shows the principal component analysis (PCA) of the data obtained in the initial phase of
the study. The results show that two components contributed to more than 97% of the total
variation in control conditions and severe drought stress. The genotypes were divided into two
groups: 1) a group of genotypes that displayed a small inhibitory effect on the studied traits and
showed high germination percentage, root length, shoot length and dry weight (group a). These
genotypes included 12L, 3M, 21M, 14E, 9E, 22M, 17M, 3E, 1M, 10E, 1E. 2) genotypes 6L, 11M,
4E, 20L, 23M, which had a significant inhibitory effect upon the traits studied and thereby caused
a significant decrease in germination percentage, root length, shoot length and seedling dry weight,
which indicates the allelopathic activity of these genotypes (group b). The PCA of control
conditions and severe drought stress were similar to each other and showed that the genotypes that
had higher allelopathic activity under control conditions, also had a higher allelopathic activity
than the genotypes of the first group grown under conditions of severe drought stress. Moreover,
the genotypes that had weak allelopathic activity under normal conditions, were also weak
genotypes in terms of their allelopathic activity when grown under severe drought stress. Based
on the results obtained, the genotype with the high allelopathic activity (genotype 23M) and its’
rhizospheric soil was selected for further study. The origin of the genotypes is shown in Table 1.
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3.5 Phenolic compounds

The results indicate the presence of phenolic compounds in the shoots as well as the rhizospheric
soil of genotype 23M (Table 9, Figure 2). The mean comparison data showed that the shoots of
genotype 23M grown under drought stress conditions, have more phenolic compounds than in
plants grown under control conditions (Figure 2). In addition, the total phenolic content of the
rhizospheric soil from plants grown under drought stress was significantly lower than that from
plants grown under control irrigation conditions (Table 9).

The results of HPLC analysis show the presence of phenolic compounds in the rhizospheric soil
(Table 10). As mentioned above, in plants grown under conditions of severe drought stress, the
total phenolic content of the rhizospheric soil was significantly lower than present in the
rhizosphere of plants grown under normal conditions. Furthermore, the type and quantity of
phenolic compounds detected in the control soil (farm soil in which F. arundinacea was not
grown) and soil from plants grown under severe drought stress, were lower than the rhizospheric
soil from plants grown under normal irrigation conditions (absence of drought stress) and soil
mixed with plant powder (soil amended with powder 23M genotype). The results of HPLC show
the highest quantity and number of phenolic compounds in soil mixed with F. arundinacea plant
powder (Table 10).

4 Discussion

The results of the study presented, demonstrate that aqueous extracts of the F. arundinacea
genotypes can significantly inhibit seed germination, root length, shoot length and dry weight of
L. sativa and A. retroflexus seedlings, especially at a high dosage, but that the inhibitory effect of
the F. arundinacea extract upon seed germination and seedling growth was dependent upon the
genotype, extract concentration, irrigation conditions and their interaction (Tables 2,5,6). These
data are in agreement with previous studies. For example, Smith and colleagues reported that
aqueous extracts of both Cynodon dactylon (L.) Pers. and F. arundinacea reduced the leaf area
index, leaf dry weight and total plant dry weight of Carya illinoinensis when compared to the
control (Smith et al. 2001). In a more recent study, Wang and co-workers evaluated the effect of
an aqueous leaf extract of Cinnamomum migao at a variety of different concentrations on seed

germination and seedling growth of Liquidambar formosana (Wang et al. 2019b). These authors
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demonstrated that the extract inhibited the germination of L. formosana seeds at high
concentrations.

The current study has also shown the effect of the presence of F. arundinacea residues in the soil
upon the reduction of seed germination, shoot length, root length and biomass reduction in two
test species, L. sativa and A. retroflexus (Table 8). Several previous studies have also shown that
plant residues can also display allelopathic and growth inhibition properties (Shehata et al. 2022).
Previous studies have also demonstrated that incorporation of F. arundinacea shoot residues into
soil resulted in effective control of weed species (de Bertoldi et al. 2012). Furthermore, Bertin and
colleagues studied 78 F. arundinacea genotypes and subsequently reported that 4 of them were
highly allelopathic with potential for use as a biological control to suppress weed growth (Bertin
et al. 2007). In another study, conducted by Sahoo and co-workers, it was found that when
sunflower (Helianthus annuus L.) residues were added to the soil, the allelopathic potential
increased due to the increase in the concentration of phenolic compounds, and as a result, the
germination of rice (Oryza sativa L.) seeds was decreased (Sahoo et al. 2023). Powdered plant
residue obtained from rat's-tail fescue (Vulpia myuros) was shown to inhibit root and shoot growth
in Lepidium sativum (Yamamoto and Kato-Noguchi 2015). These authors reported that the degree
of inhibition varied according to the amount of powder added to the soil, or the concentration of
the extract. In general, the release of phytotoxins present in plant residues, into the soil surrounding
the roots, may result in the release of significant quantities of phenolic containing compounds into
the rhizosphere and thus have an inhibitory effect upon plant growth (Brady and Weil 2002;
Castells et al. 2005; Raihan et al. 2018).

According to the results of our study, the rhizospheric soil also possessed an allelopathic and
inhibitory effect upon seed germination, root and shoot growth and the dry weight of L. sativa and
A. retroflexus seedlings (Tables 7 and 8). In other studies, researchers have also demonstrated the
effect of root allelopathy, for example, Wang and colleagues stated that Medicago truncatula root
secretions decreased the fresh weight and dry weight of M. truncatula and M. sativa plants (Wang
et al. 2022a). In another recent study by Lipinska, it was found that plant cultivation in soils
containing tall fescue residues significantly reduced plant growth (Lipinska et al. 2019).

It has also been reported that a rhizospheric soil extract of Glycyrrhiza uralensis had a phytotoxic
activity on seedlings of Lactuca sativa L. In addition, six allelopathic compounds were identified

to be present in the rhizosphere of this species (Ren et al. 2017).
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According to the results obtained in our study, among the selected test plant species, the highest
inhibition of seed germination, root and shoot growth and dry weight was observed to occur in L.
sativa (Table 8). This species is known to be highly sensitive to allelopathic compounds and is
therefore widely used as a bioindicator species (Reigosa et al. 2013). Several hypotheses have been
proposed to explain why some species are more sensitive to allelopathic chemicals than others.
Both L. sativa and A. retroflexus are known to produce small size seeds. Small-seeded plants have
a greater root length per unit root mass, which provides a larger surface area for allelochemical
uptake (Leishman et al. 2000; Maskova and Weiser 2019). Species with larger seeds, contain more
endosperm reserves, which are positively correlated with seed size. Therefore, large seeds are less
susceptible to allelopathic substances due to better seedling respiration in conditions of carbon
deficiency caused by stress (Simpson et al. 2021; Westoby et al. 2002). The species with more
seed reserves are therefore better adapted to tolerate and detoxify allelopathic chemicals (Liebman
and Sundberg 2006; Zubay et al. 2021).

Our data are consistent with those presented in the literature, for example, the study of Wang and
colleagues investigated the allelopathic effects of aqueous extracts of three species namely
Chnatherum splendens, Artemisia frigida , Stellera chamaejasme on L. sativa and demonstrated
that increasing the concentration of the extract significantly reduced seed germination and seedling
growth (He et al. 2020; Wang et al. 2022b). In general, allochemicals are known to have a toxic
effect on small seeds, prevent the absorption of water and nutrients, and stop the growth and
development of seedlings (Cheng et al. 2021).

Another interesting data set obtained from our investigation, was the effect of drought stress on
the allelopathic properties of aqueous extracts obtained from the shoots of F. arundinacea. The
extracts obtained from the genotypes grown under conditions of drought stress, were shown to
possess more allelopathic activity, and as a result, caused a marked decrease in seedling growth
(Tables 2 and 3).

Plant species have been shown to protect their photosynthetic apparatus against excessive stress,
by activating different defense mechanisms, including the synthesis of phenolic antioxidants
(Dumanovic¢ et al. 2021; Hura et al. 2008).

Studies have shown that production of these phenolic compounds is increased under conditions of
drought stress, and that the up regulation of these compounds occurs predominantly in drought-

resistant cultivars (Qaderi et al. 2023; Rezayian et al. 2020). F. arundinacea is known to be a
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relatively drought tolerant grass species (Fariaszewska et al. 2017), and the observed increase in
phenolic compounds therefore correlates with the protective role of, these compounds in drought
stressed plants (Wagay et al. 2023).

Drought stress has been shown to lead to an increase in the content of phenolic acid and flavonoids
in nine varieties of five grass species (Lolium perenne, Lolium multiflorum, Festuca pratensis,
Festuca arundinacea and Festulolium braunii) (Fariaszewska et al. 2017). In a study using
aqueous extracts of leaves of Rhus typhina and Sapindus mukorossi grown under drought stress,
on the grown and development of L. sativa, it was observed that all of these plant extracts had an
allelopathic effect on seed germination and the growth of L. sativa seedlings, and drought stress
increased the allelopathy of R. typhina and S. mukorossi (Zhong et al. 2023). Similarly, Sarker and
colleagues stated that the concentration of phenolic acids and flavonoids in Amaranthus tricolor
grown under conditions of drought stress were increased in comparison to those cultivated under
control conditions (Sarker and Oba 2018). Plant allelopathic behaviour is modulated by abiotic
and biotic stressors, which influence the quantity of allelochemicals released by the donor plant
and the effect of these chemicals upon the target plant (Scavo et al. 2018, Scavo et al, 2020b). In
our study, abiotic stress (drought stress) was shown to increase the quantity of allelopathic
compounds produced in tall fescue.

In the current study, it was found that the rhizospheric soil of genotype 23M, produced the highest
quantity of phenolic compounds and, as a result, produced the largest degree of growth inhibition
of L. sativa and A. retroflexus seedlings in severe drought stress and non-stress conditions (Table
9). The rhizospheric soil of plants grown under control conditions had more allelopathic properties
and reduced the seed germination and growth of the seedlings, while the rhizospheric soil of plants
grown in the conditions of severe drought stress, did not display an inhibitory effect upon the
growth and development of the indicator species. HPLC analysis of these soils revealed that they
differ both in terms of the type, and quantity of phenolic compounds present (Table 10).

Two phenolic compounds, gallic acid and syringic acid were detected in the rhizosphere of
genotype 23M cultivated under severe drought stress conditions. In soil harvested from plants
grown under control conditions, five phenolic compounds were identified namely, coumaric acid,
apigenin acid, ferulic acid, 4-hydroxybenzoic acid and gallic acid. However, since the highest total
phenolic content was observed in the control soil mixed with plant powder, the HPLC analysis of

the extract of this soil also showed the highest quantity of compounds and phenolic acid amounts.
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This soil contained 9 phenolic compounds namely, syringic acid, caffeic acid, coumaric acid,
apigenin acid, ferulic acid, vanillic acid, 4-hydroxybenzoic acid, chlorogenic acid and gallic acid.
The increase in the type and quantity of phenolic compounds in this treatment is due to the presence
of plant powder in the soil, which introduced allelopathic compounds into the soil during
decomposition.

Different results were observed in terms of total phenol in the shoots and the rhizospheric soil of
F. arundinacea grown under normal conditions and severe drought stress (Tables 10 and Figure
2). While the results of the total phenolic and HPLC analyses showed the presence of small
amounts of phenolic compounds in the soil from plants grown under severe drought stress (Table
10), the quantity of phenolic compounds in the leaves of F. arundinacea from plants cultivated
under severe drought stress conditions showed a significant increase compared to those from plants
grown under control conditions (Figure 2).

The most important factor in determining the phytotoxicity of allelochemicals, is their
concentration in soil water (Kobayashi 2004). When allelochemicals are released through root
exudation, they enter complex plant-soil systems, where various factors influence their availability
and thus their effective impact on target species (Blum et al. 1999; Kruse et al. 2000). In addition
to the chemical nature of the allelochemicals produced, the phytotoxic activity of allelochemicals
in soil is influenced by climatic conditions (e.g. temperature, solar radiation, rainfall), soil factors
(e.g. texture, pH, moisture content, ion exchange capacity, nutrient dynamics, organic matter
content and microbial ecology) and plant factors of both the donor and target plants (e.g. species,
growth stages, plant parts, botanical variety) (De Albuquerque et al. 2011; Rice 1984; Scavo et al.
2018).

Exudation from plant roots appears to decrease under severe drought stress, perhaps because the
plants divert resources to essential processes under drought stress conditions, and the plant's
defense mechanisms for survival are activated. For example, changes in osmotic regulation, cause
the accumulation of solutes such as amino acids and saccharides in the leaves and roots of stressed
plants, which helps to maintain cell turgor and reduce water loss from cells in which root secretions
in the soil area are greatly reduced (Ahmed et al. 2014; Good and Zaplachinski 1994; Jones et al.
2009; Wu et al. 2016).

In a study of two herbaceous species nhamely Holcus lanatus and Alopecurus pratensis, contrasting

metabolic responses to drought stress were observed between shoots and roots. While the roots

17



527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557

remained active and produced high amounts of primary metabolites, the leaves showed a decrease
in primary metabolites and an increase in some secondary metabolites (such as organic acids,
terpenes, and phenols) (Gargallo-Garriga et al. 2014, 2015).

In our data, the allelopathic effect of phenolic compounds was clearly observed (Table 10).
Phenolic compounds can lead to increased cell membrane permeability and also increase lipid
peroxidation, which finally, leads to reduced growth or death of plant tissue. In addition, phenolic
allelochemicals can prevent plants from absorbing nutrients from the environment and thereby
adversely affect their growth and development (Adeboye et al. 2014; Li et al. 2010; Politycka
1997). It has been shown that phenolic allelochemicals can prevent plant root elongation, cell
division, change cell structure and disturb the normal growth and development of the plant (Li et
al. 2010). Phenolic acids such as p-coumaric acid, ferulic acid, p-hydroxybenzoic acid and oxalic
acid, which are produced after the decomposition of rice residues (Lin et al. 2013), can be stored
in the rhizosphere and prevent the growth of rice seedlings and weeds (Chou 1989; Chou et al.
1981; Li et al. 2020; Rice 1985). This strongly supports the hypothesis that phenolic acids are
allelochemicals. Previous studies have shown that plant allelopathy is a complex, biological
process of the rhizosphere, performed by allelochemicals (secondary metabolites) secreted by
plant roots (Schandry and Becker 2020; Wenxiong et al. 2017). An experiment that investigated
the rhizospheric soil of wild oats, determined that they produce allelopathic compounds (lannucci
et al. 2013). HPLC analysis showed seven phenolic compounds in wild oat rhizospheric soil:
syringic acid, vanillin, 4-hydroxybenzoic acid, syringaldehyde, ferulic acid, p-coumaric acid and
vanillic acid. These compounds are a group of the most important and common plant

allelochemicals in the ecosystem (Li et al. 2010).

5 Conclusions

The present study has demonstrated that Festuca arundinacea possesses allelopathic chemical
compounds in its shoot and root tissues. The results of the study presented also demonstrate that
there is a significant difference in the level and type of phenolic compounds present in the shoots
and rhizospheric soil of plants cultivated under control and drought stressed conditions. In
summary, based upon the data presented and previous studies, the use of forage grasses such as F.
arundinacea as a means of biological weed management, via the production of allelochemicals

toxic to the target weed species is clearly worthy of further study. These future studies may provide
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the basis for the commercial use of plant allelopathy as a component of a more ecologically

friendly and sustainable approach to agriculture.
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Table 1 Background information on the tall fescue genotypes selected for the production of the aqueous shoot

Click here to access/download;Table;table final.docx 2

extracts

Origin Variety Genotype code
Iran, Kohkiluye, Yasuj 3Moderate-Half Sib 3M-HS
Hungary, unknown 11 Moderate -Half Sib 11M-HS
Iran, Isfahan, Fozve 17 Moderate -Half Sib 17M-HS
Iran, Kohkiluye, Yasuj 3Early-Half Sib 3E-HS
Iran, Isfahan, Mobarake 4Early-Half Sib 4E-HS
Poland, unknown 22Moderate-Half Sib 22M-HS
Iran, Isfahan, Fozve 9Early-Half Sib 9E-HS
Iran, Isfahan, Yazdabad 1Moderate-Half Sib 1M-HS
Iran, Kohkiluye, Yasuj 6Late-Half Sib 6L-HS
USA, New Jersey 10Early-Half Sib 10E-HS
Hungary, Csesznek 14Early-Half Sib 14E-HS
Poland, unknown 23 Moderate -Half Sib 23M-HS
Iran, Isfahan, Yazdabad 1Early-Half Sib 1E-HS
Hungary, unknown 12L ate-Half Sib 12L-HS
Iran, Isfahan, Fozve 20Late-Half Sib 20L-HS
Iran, Isfahan, Fozve 21 Moderate -Half Sib 21M-HS

The genotype highlighted in bold (23M) was assessed for the allelopathic activity of its rhizospheric soil, as well as

its aqueous shoot extract.

Table 2 Analysis of variance of the effect of the tall fescue genotypes, irrigation conditions and extract concentrations
upon the germination indices of Lactuca sativa L.

Source of variation df Mean square
Germination  Hypocotyl Radicle Dry weight

Genotypes 15 230™ 719" 56.7" 17.5™
Irrigation conditions 1 33321™ 20043 2234™ 7.56™
Extract concentrations 5 93179™ 35814™ 3823 360"
Genotypes x Irrigation conditions 15 25.2* 435" 517" 0.523"
Genotypes x Extract concentrations 75 67.5™ 127 8.39" 2.78™
Irrigation conditions x Extract concentrations 5 2208™ 1123" 165" 4.32"
Genotypes x Irrigation conditions x Extract concentrations 75 23.8" 30.2° 2.65™ 0.611"
Error 384 24 191 0.2 0.06
Coefficient of variation 15.6 12.8 13.2 18.4

*=significant at 5% level of probability. **=significant at 1% level of probability.
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Table 3 Mean comparison for seed germination indices of Lactuca sativa L.
irrigation conditions of the tall fescue genotypes

affected by the extract concentration and

Germination Hypocotyl Radicle Dry weight
(%) (mm) (mm) (mg plant™)
Extract concentration
Control 88.27 £ 0.17° 68.43 + 0.272 21.30 + 0.092 8.02 £ 0.05%
125 82.74 + 0.66° 58.34 + 1.07° 18.72 £ 0.33° 7.54 +£0.08°
25 70.61+0.82¢ 52.18 + 0.95¢ 15.52 + 0.37¢ 6.51 + 0.06°
50 39.31 + 1.43¢ 36.24 £ 0.704 12.84 + 0.31¢ 5.86 + 0.05¢
75 27.95 + 1.45¢ 26.95 + 1.20° 7.78 £ 0.30¢ 442 +0.15°
100 12.90 + 0.90f 18.54 + 1.16f 4.89 + 0.28" 2.91+0.16
LSD(%5) 0.447 0.393 0.124 0.071
Irrigation conditions
Control 61.26 + 1.56° 49.34 +1.10° 15.49 +£ 0.372 6.64 +0.112
stress 46.04 + 1.85° 3755+ 1.13° 11.56 + 0.35° 5.32+0.12°
LSD(%5) 0.253 0.221 0.071 0.042

In each column, the values which have similar letters do not have significant difference based on LSD test. (data
were reported as mean + standard error)



Table 4 Mean comparison of the seed germination indices of Lactuca sativa L. affected by the interaction effects of
the tall fescue genotypes and the irrigation conditions

Irrigation Genotypes Germination Hypocotyl Radicle Dry weight
conditions (%) (mm) (mm) (mg plant-1)
3M 61.77 £5.98 51.99 + 3.69 16.01+£1.33 6.59+0.36

11M 61.72 +5.96 40.49 £ 4.46 13.42+£1.26 5.38+0.39

17M 62.55 + 6.09 52.68 +3.79 16.43+£1.43 6.72+0.38

3E 62.77 £ 6.13 52.77 +3.79 16.54 £ 1.41 6.74 +0.38

4E 60.61 + 6.02 42.81+£4.13 15.06 + 1.38 6.11+0.31

22M 62.44 + 6.08 52.57 +3.77 16.37 £1.39 6.69+0.38

9E 62.38 £ 6.56 52.40 £ 3.75 16.28 £ 1.37 6.66 £ 0.37

M 62.77 £ 6.13 52.88 + 3.81 16.63+£1.43 6.76 + 0.39

Control 6L 61.61+£5.96 40.50 +3.71 12.69 £ 1.53 4.81£0.59
10E 62.83 £ 6.14 53.02 + 3.83 16.72 £ 1.44 6.78 £ 0.39

14E 62.27 £ 6.06 52.25 +3.72 16.19+£1.36 6.65 £ 0.37

23M 50.50+9.11 39.84+7.11 12.43+222 4.63+0.81

1E 63.22 +6.20 53.50 + 3.89 16.83 £ 1.45 6.26 + 0.29

121 63.00 + 6.18 53.24 + 3.86 1572 +£1.22 6.65+ 0.36

20L 57.72 +7.50 46.43 £5.75 14.48 +1.82 5.83+0.67

21M 61.94 + 6.02 52.16 + 3.71 16.10 £ 1.35 6.62 + 0.37

LSD(%5) 1.08 1.09 0.34 0.20

3M 46.33+7.37 39.07 £ 4.09 11.64 +£1.27 5.84 +0.37

11M 44,83 £7.79 33.93+4.79 10.00 £ 1.57 4.41 %053

17M 4722 +7.43 39.97 £ 4.16 12.20£1.34 5.97 £ 0.39

3E 47.27 £ 7.45 40.12 + 4.17 12.31+1.35 5.98 + 0.39

4E 46.27 £7.27 32.50 + 4.45 12.08 £1.38 5.53+0.40

22M 47.16 £7.42 39.81 +4.15 12.09+£1.32 5.94 £+ 0.39

Drought 9E 46.88 +7.43 39.67+4.14 11.99 +1.30 5.92+0.38
stress M 47.33 +7.46 40.32+£4.19 12.43+1.36 6.00+£0.40
6L 44,72 + 7.67 32.51+5.50 10.53 £ 1.56 429 +0.56

10E 47.38 +7.47 40.44 £ 4.19 1253 +1.38 6.02+0.40

14E 46.77 £ 7.40 39.48 +4.12 11.88+1.29 5.91+0.38

23M 41.11 +8.48 30.90 £5.93 9.16 £1.79 4.26 £0.75

1E 47.72 £7.50 40.82 + 4.24 12.66 + 1.39 5.9+0.36

12L 47.66 + 7.49 40.60 + 4.22 12.32£1.26 5.97 £ 0.38

20L 41.38 +8.51 31.36 £5.99 931+1.81 4.43+0.78

21M 46.66 + 7.37 39.24 +4.10 11.75+1.28 5.89+0.38

LSD(%5) 0.96 0.67 0.23 0.14

LSD at P = 0.05 level. (data were reported as mean + standard error)



Table 5 Mean comparison of the seed germination percentages of Lactuca sativa L. affected by the interaction

effects of the tall fescue genotypes, irrigation conditions and extract concentrations.

Irrigation Genotypes Extract
conditions concentrations
Control 12.5% 25% 50% 75% 100%
88.74
3M 88 + 0.57 78.23 +0.88 52.61 % 0.66 42.12 +0.56 22.31+0.34
11M 87.63 +0.81 75.19 +0.64 50.56 + 0.59 40.09 +0.45 19.04 £0.19
17M 89.12 +0.88 79+1.03 54+1.11 42.27 +0.50 21.86 +0.37
3E 89.67 +0.85 76.31 +0.90 54.20 +1.27 42.11 +0.48 22.37 +0.46
4E 86.57 +2.11 74.93 £2.23 50 +0.18 38.95+0.72 18.32 £0.16
22M 89.29 +0.90 79 +0.99 53.55 + 1.22 42 +0.44 21.62 +0.29
9E 89.41 +0.82 79.09 +1.12 53.30 + 1.45 42.17 +0.58 22.41 +0.35
M 89.71 + 0.85 79.25 +0.91 54.35 + 1.16 4223 £0.33 21.93 +0.25
Control 6L 87.22 +1.20 76.04 +0.88 52.27 +0.78 39.38 + 0.57 19.01+0.11
10E 88.78 £ 0.57 79.87 £0.76 54.53 + 1.51 42.46 +0.88 22.53 +0.41
14E 89 +0.64 79 +1.07 53.18 +1.38 42.01+0.60 22.81+0.44
23M 87 +1.50 70.42 +0.33 48.74 +0.95 0+0 0+0
1E 89.07 + 1.07 79.11 £0.92 55 +1.11 43.21 £0.66 22.93£0.50
12L 89.35 + 0.90? 79.25 +0.92 54.42 +1.34 42.75 +0.64 22.70 +0.37
20L 87.5+1.18 75.57 +0.66 49.83 +0.88 38+0.55 0£0
2lM 89 +0.55 78.17+0.74 52.46 + 0.64 41.97£0.58 22.03+0.28
Control 12.5% 25% 50% 75% 100%
88.74
3M 76.29 +1.33 62.31 +0.69 25.75 + 0.64 18.68 £ 0.15 7.73+0.17
11M 75.25 + 1.30 61.15+0.58 23.20+0.38 17.08 +0.04 0+0
17M 77.59 +1.20 63.37 £0.33 25.71 +0.44 19.21 £0.07 7.63+0.07
3E 77.62 £1.16 63.24 +0.33 26.08 +0.57 18.93 £0.19 8.75+0.09
4E 73.31+2.04 59.74 + 0.09 23.86 +0.74 16.92 +0.04 5.25 +0.08
22M 76.93+1.18 63.40 +0.29 26.11+0.55 19.23+0.16 8.58 + 0.06
9E 78.18 + 1.37 62.95 + 0.52 25.54 + 0.89 20 +0.29 7.91+0.11
Drought Y 7758 +1.24 63.70 +0.31 25.89 +0.57 18.78 £ 0.17 8.51 +0.09
stress 6L 75.50 + 1.66 61.19 +0.59 23.33+0.36 16.02 £0.13 0+0
10E 77.47 +1.20 64.22 +0.11 26.07  0.59 17.90 + 0.05 8.68 +0.19
14E 77+1.48 62.59 +0.45 25.24 +0.91 18.32 +0.23 8.40 + 0.06
23M 74.32 +1.54 58.47 +0.77 19.87 +0.40 0£0 0£0
1E 78.17 + 1.50 64.32 +0.30 25.98 + 0.62 19.41 +0.09 8.74+0.11
121 78.09 + 1.52 64.19 +0.34 26.45 + 0.68 18.94+0.11 8.68 + 0.09
20L 7543+ 185 62 +0.60 22,51 +0.50 0+0 0+0
2lM 76.49 + 1.48 63 +0.62 25.30 + 0.84 18.78+0.08 7.84+0.08

LSD at P = 0.05 level for germination percentage = 0.72. (data were reported as mean + standard error)



Table 6 Mean comparison for the dry weight of Lactuca sativa L. affected by the interaction effects of the tall fescue
genotypes, irrigation conditions and extract concentrations

Irrigation Genotypes Extract
conditions concentrations
Control 12.5% 25% 50% 75% 100%
8.46
3M 8.36 £ 0.19 7.39+£0.15 6.32 +£0.19 5.41+0.13 419+0.11
11M 7.05 £ 0.02 6.04 £ 0.02 5.42 +0.01 4.73+0.29 242 £0.31
17M 8.64 £0.18 7.49 £0.16 6.44 £ 0.20 5.38 +£0.12 4.21+0.10
3E 8.68 £ 0.19 7.22+0.18 6.37 £0.21 5.47 +£0.17 4.30+0.12
4E 757 £0.21 6.30 £ 0.19 6.08 £ 0.04 4.90 +0.06 3.13£0.05
22M 8.58 £ 0.14 7.18 £0.15 6.43+0.21 5.42 +£0.12 4.20+0.11
9E 8.55 + 0.16 7.35+0.11 6.38 £ 0.20 5.28 +0.11 416 +0.14
1M 8.71+0.18 7.24+0.18 6.47 +£0.19 5.53+0.13 4.25+0.08
Control 6L 7.07 +0.07 6.14 + 0.02 5.02 + 0.34 4.04 +0.09 0+0
10E 8.74 +0.19 7.25+0.17 6.36 + 0.19 5.52 +0.14 4.28 +0.08
14E 8.50 +0.18 7.13+0.13 6.29 + 0.18 5.45 + 0.16 4.15+0.17
23M 7.25+0.25 6.18 £0.18 478 +0.14 00 00
1E 8.50 £ 0.20 6.97 £0.18 6.50 £ 0.16 5.39 £ 0.12 4.32+0.09
12L 8.37 £0.35 7.26 £0.17 6.51+0.17 5.43+0.11 417 +0.15
20L 8.24£0.17 7.02+0.14 6.27 £0.18 4.84+0.14 00
21M 8.43+0.18 7.42 +0.19 6.35 + 0.15 5.37+£0.10 4.19+0.10
Control 12.5% 25% 50% 75% 100%
8.46
3Mm 6.88 +0.01 6.30 £ 0.04 5.67 +0.06 4.69+0.15 3.36 £ 0.02
11M 6.69 + 0.34 5.57 +0.01 5.02 +0.01 3.72+0.32 00
17M 7.14 +0.04 6.42 +0.03 5.73+0.05 4.70+0.14 3.59 + 0.04
3E 7.19 £0.08 6.44 £ 0.05 5.75 £ 0.04 470+0.16 3.40 £ 0.06
4E 6.35 £ 0.05 6.01 £ 0.02 5.06 + 0.01 3.71+0.02 2.08 £0.01
22M 7.10 £0.07 6.39 £ 0.07 5.73 +0.07 4.64+0.13 3.38+0.07
Drought 9E 7.08 £ 0.06 6.28 £ 0.03 5.59 + 0.05 456 +0.11 2.92 £0.03
siress Y 7.20 £0.07 6.46 + 0.04 5.81 +0.04 4.79+0.16 3.47 £0.05
6L 6.27 +£0.33 5.56 + 0.02 4.42 +0.02 2.52 +0.33 00
10E 7.25 +0.09 6.49 + 0.06 5.78 + 0.04 4.67 +0.18 3.50 + 0.04
14E 7.06 + 0.06 6.35 + 0.08 5.71+0.05 453+0.14 3.32+0.05
23M 6.19 + 0.03 5.04 +0.29 3.67 +0.03 00 00
1E 7.41 +0.05 6.53 + 0.07 5.80 + 0.08 458 +0.12 3.41+0.03
12L 7.28 £0.10 6.48 £ 0.02 5.63 £ 0.04 4.65+0.17 3.25+0.02
20L 6.73 £0.02 5.72 +£0.03 5.59 + 0.03 00 00
21IM 6.99 + 0.05 6.32 +0.01 5.70 £ 0.05 4.78 £0.15 3.52+0.02

LSD at P = 0.05 level for dry weight = 0.17. (data were reported as mean + standard error)



Table 7 Analysis of variance for the effect of target species (Lactuca sativa L. and Amaranthus retroflexus L.) and
culture medium (rhizospheric soil of tall fescue genotype 23M) on seed germination indices in the pot experiments

Source of variation Degree of Germination ~ Hypocotyl Radicle Dry weight
freedom length length
Target species 1 658.74™ 5658™ 15.7™ 5.07™
Culture medium 3 1505.2™ 546 ™ 57.3" 19.71
Target species x Culture medium 3 337.72™ 48.2™ 1.54™ 0.147™
Experimental error 40 0.079 0.006 0.01 0.004
CV% 154 11.2 131 13.8

*=Significant at 5 % level of probability. **=Significant at 1 % level of probability.

Table 8 Mean comparison for seed germination indices of Lactuca sativa L. and Amaranthus retroflexus L. affected
by the interaction effects of target species and culture medium (rhizospheric soil of tall fescue genotype 23M).

Target species Culture medium Germination  Hypocotyl length Radicle length Dry weight
(%) (mm) (mm) (mg plant-1)
Soil (control) 98.67 + 0.252 44.41 +0.32¢ 21.87 £ 0.09° 8.42 + 0.06°
Soil (drought stress) 98.52 + 0.51° 44.19 + 1.07¢ 21.50 £0.07° 8.37 £ 0.09°
Lactuca sativa L. Soil (normal) 77.42 £0.63¢ 40.13 £ 0.96° 17.92 + 0.26¢ 7.19 + 0.03¢
Soil amended with plant powder ~ 65.29 + 0.95f 30.56 + 1.80° 15.07 £ 0.41¢ 5.11+0.13f
Soil (control) 82.42 +0.23" 69.47 + 0.292 22.23 +0.05? 9.12 +0.05°
Soil (drought stress) 81.97 + 0.86° 69.39 £ 0.66° 22.10 £ 0.07% 9.1+0.05

Amaranthus
retroflexus L. Soil (normal) 75.49 +0.21¢ 60.04 + 0.57° 19.38 £ 0.22° 8.62 +0.04°
Soil amended with plant powder  70.14 + 0.95¢ 51.23 £ 0.82¢ 17.50 + 0.35° 6.22 +0.11¢

In each column, the values which have similar letters do not have significant difference. soil control= farm soil in
which F. arundinacea did not grow, soil drought stress= rhizospheric soil of F. arundinacea (genotype 23M) under
severe drought stress conditions, soil normal= rhizospheric soil of F. arundinacea (genotype 23M) under normal
irrigation conditions, soil amended with plant powder= 50 wt.% mixture of F. arundinacea (genotype 23M) plant
powder and 50% soil control. (data were reported as mean + standard error)



Table 9 Total phenolic content of aqueous extracts from culture medium (rhizospheric soil of tall fescue genotype

23M)
Culture medium Total phenol
(mg GAE g soil dry matter)
Soil (control) 0.06 + 0.01¢
Soil (drought stress) 0.62 +0.03°
Soil (normal) 2.19 +0.15°
Soil amended with plant powder 5.15+0.178
LSD(%5) 0.38

In each column, the values which have similar letters do not have significant difference based on LSD test. soil
control= farm soil in which F. arundinacea did not grow, soil drought stress= rhizospheric soil of F. arundinacea
(genotype 23M) under severe drought stress conditions, soil normal= rhizospheric soil of F. arundinacea (genotype
23M) under normal irrigation conditions, soil amended with plant powder= 50 wt.% mixture of F. arundinacea
(genotype 23M) plant powder and 50% soil control. (data were reported as mean + standard error)

Table 10 The phenolic acid compound composition of aqueous extracts from culture medium (rhizospheric soil of tall

fescue genotype 23M)
Phenolic acids compound  Soil (control) Soil (drought stress) Soil (normal) Soil amended with
plant powder
Gallic acid 13.6 12.6 28.6 22.2
Chlorogenic acid nd nd nd 61.1
Caffeic acid nd nd nd 224.5
p-Cumaric acid nd nd 134.8 112.7
Ferulic acid nd nd 90.3 108.2
Apigenin acid nd nd 104.9 1111
Vanillic acid nd nd nd 98.3
Syringic acid nd 198.6 nd 255.4
4- Hydroxybenzoic acid nd nd 79 77.8
Total 13.6 211.2 437.6 1071.3

(nd): Not detected. The values are expressed in pg g soil dry matter. soil control= farm soil in which F. arundinacea
did not grow, soil drought stress= rhizospheric soil of F. arundinacea (genotype 23M) under severe drought stress
conditions, soil normal= rhizospheric soil of F. arundinacea (genotype 23M) under normal irrigation conditions, soil
amended with plant powder= 50 wt.% mixture of F. arundinacea (genotype 23M) plant powder and 50% soil control.
(data were reported as mean * standard error)
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Fig. 1 Principal component analysis (PCA) of seed germination indices in 16 tall fescue genotypes under both control

and drought stress conditions. GP: germination percentage, HL: hypocotyl length, RL: radicle length, DW: dry weight.

The blue and red dots indicate the genotypes and trait vectors (arrows), respectively. The two components contributed

to more than 97% of the total variation in both the control conditions and severe drought stress. The PCA categorized

the genotypes into two groups, group a and group b. Group a included the genotypes 12L, 3M, 21M, 14E, 9E, 22M,

17M, 3E, 1M, 10E, 1E that all displayed a small inhibitory effect on the studied traits. Group b comprised of genotypes

6L, 11M, 4E, 20L, 23M, which had a significant inhibitory effect upon the traits studied. From group b, genotype

23M was selected for further study due to its strong allelopathic activity. The origin of the genotypes is shown in

Table 1.
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Fig. 2 Comparison of the mean total phenolic content
of aqueous extracts from the 23M genotype of tall
fescue, cultivated under (a) drought stress and (b)
control irrigation conditions. The vertical bars
indicate the standard error. LSD=0.23
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