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Abstract: Residues of several crops, including wheat, have a promising allelopathic effect on noxious
weed species and thus represent eco-friendly alternatives to harmful, widely applied herbicides.
The current investigation deals with the effects of wheat straw aqueous extract on the growth and
biochemical aspects of bermudagrass (Cynodon dactylon L.) as a model of harmful weeds for the
wheat crop. The prepared aqueous extract from wheat straw was subjected to high-performance
liquid chromatography (HPLC) analysis to identify and quantify phenolic and flavonoid components.
In addition, the allelopathic effect of different concentrations of the extract on the germination,
seedling growth, and biochemical aspects of bermudagrass was assessed. Our findings showed
a significant decrease in bermudagrass seed germination percentage (ranging from 29.6 to 82.4%) and
germination index (ranging from 10.07 to 32.43) in response to the extract treatments and a significant
decline in all morphological growth parameters of the seedling. HPLC analysis of the extract showed
the presence of seven phenolic acids and six flavonoids. The most prevalent phenolics included
pyrogallol (13.75 µg/g), ferulic acid (9.82 µg/g), gallic acid (8.5 µg/g), and isoferulic acid (4.47 µg/g),
while the predominant flavonoids included catechin (11.04 µg/g), luteolin (8.26 µg/g) and quercetin
(7.74 µg/g). The highest extract concentrations (75% and 100%) showed a corresponding decline in the
leaf content of chlorophylls a and b but a significant increase in the content of free amino acids, total
protein and soluble carbohydrates. Superoxide dismutase (SOD) activity exposed a concentration-
dependent reduction, while the activities of both catalase (CAT) and ascorbate peroxidase (APX) were
reduced only with the highest extract concentration. The principal component analysis (PCA) showed
a high correlation among the morphological growth parameters, indicating that these elements either
have a common ground of variance or are inter-correlated. Accordingly, our findings suggest the
possibility of combating bermudagrass weeds using the aqueous extract of wheat straw.

Keywords: allelopathy; Cynodon dactylon; oxidative enzymes; Triticum aestivum

1. Introduction

It has been reported that the loss in crop yield caused by weeds reaches up to 25% in
developing countries, which leads to the overuse of herbicides and other pesticides to pre-
vent or at least alleviate that high loss [1]. Despite the efficiency of herbicides in combating
weeds, continuous use of elevated concentrations has triggered a serious problem of weed
resistance against many herbicides [2]. Moreover, herbicides represent a danger to the
environment due to their negative impact on soil, water and air, which indirectly threatens
human health through the consequent impact on food safety [3,4]. Because of the increasing
risks from the overdependence on, and irrational use of, herbicides, much attention has
recently been devoted to their impact on human health and the surrounding environment,
in addition to investigating potential eco-friendly natural substitutes for weed control: of
these alternatives, plant extracts with allelopathic activity have been suggested as efficient,
cheap and safe substances [5,6].
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Chemicals released from plants that impose allelopathic influences are termed “alle-
lochemicals”. Allelochemicals can be present in several plant parts, which are released
into the environment by root exudation, leaching from aboveground parts, and volatiliza-
tion and/or decomposition of plant material [7]. Recently, field crops with allelopathic
activity have assumed overwhelming importance in efforts to overcome the adverse ef-
fects of chemical herbicides on the environment and the increasing resistance of weeds to
herbicides. Among the many cover crops reported for their allelopathic activity, wheat
(Triticum aestivum L.) has exhibited a vigorous allelopathic effect on a wide range of weed
species [8–12]; moreover, wheat is considered a worldwide staple food, as it contains
a crucial supply of carbohydrates and several other minerals and vitamins, and is thus, the
main ingredient in several foods. Several methods have been reported to exploit wheat’s
ability to combat weeds, including growing wheat in a crop rotation, applying its residues
as soil mulch, and exposing weeds to its aqueous extract [13,14].

There are more than 30,000 identified weed species, imposing a severe problem on
crop production through their negative impact on crop yield. The competition effect
of weeds on crop yield loss is about 45%, with wide variation between crops, ranging
from about 34% in wheat to about 90% in vegetable crops. One of the most noxious
and highly competitive weeds in the agriculture system is Cynodon dactylon, known as
bermudagrass. It is a perennial grass belonging to the family Poaceae and is distributed
throughout the tropical and subtropical regions. Bermudagrass spreads through seeds,
runners and extensive underground rhizomes, which enables it to invade almost all kinds
of crops [15]. The exact competitive potential of bermudagrass has been reported by some
previous publications; Juraimi et al. [16] reported a reduction in dry weight ranging from
44 to 52% in wheat, faba bean maize and soybean crops because of the competition with
bermudagrass. Some other reports recorded yield loss of about 55–64% in sunflower and
16 to 80% in cotton [16,17].

The common allelochemicals from crop plants are secondary metabolites such as phe-
nolics, terpenoids and alkaloids. The high allelopathic activity of wheat has been attributed
to hydroxamic acids and related compounds, together with phenolic acids [1], which have
been reported by several previous studies [18–20]. Accordingly, the efficiency of wheat
residue extracts in combating weed growth has been investigated by several authors as
an eco-friendly alternative to the chemical herbicides widely used nowadays [21]. From
an agronomic point of view, allelopathic weed management seems immediately advan-
tageous as an alternative or a supplement to other weed management practices in crop
production and thus has frequently been mentioned as environmentally favorable [18,22].
An allelopathic effect of the aqueous extract from wheat residues on some weed species,
such as Lolium rigidum [20], blackgrass [23] and Avena fatua L. [24], has been reported.
Several authors, such as Pethö [13], have also documented the discharge of allelochemicals
from living wheat plants. Therefore, the allelopathic potential of wheat can contribute to
weed management in an eco-friendly way in different cropping systems [21,25].

The current study focused on the allelopathic efficiency of the wheat straw aqueous
extract against bermudagrass (C. dactylon), one of the noxious weed species growing
in wheat crops. Thus, the study’s objectives were to prepare an aqueous extract from
wheat straw, identify its constituents from allelochemicals and elucidate the extract’s
allelopathic effect on weed control in terms of germination rate, seedling growth and
biochemical aspects.

2. Materials and Methods
2.1. Preparation of Wheat Straw Aqueous Extract

The fresh straw of common wheat (T. aestivum L.) was collected from wheat fields
in Hail region, Saudi Arabia, at the soft dough stage of maturity. The wheat straw was
transferred to the lab at the Department of Biological Sciences, Faculty of Science, King
Abdulaziz University, Saudi Arabia, where it was air-dried in shadow at room temperature
(25 ◦C) and 65% relative humidity for ten days. Afterward, it was ground into a fine
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powder and stored in air-tight plastic bags in the dark until used. An aqueous extract was
prepared from wheat straw using distilled water as per the method reported by Kaur and
Arora [26]. Fifty grams of the dried pulverized wheat straw were suspended in 1000 mL of
distilled water and shaken for 72 h by a horizontal rotary shaker (Sheldon Manufacturing
Inc., Cornelius, OR, USA) at room temperature. The macerate was strained through gauze
and filtered using Whatman filter paper. The filtered solution, referred to hereafter as
100% concentration, was further diluted appropriately with distilled water to give the
desired extract concentrations of 25%, 50% and 75%. The solutions were kept in a dark,
cool place until applied or used for further analyses. To quantify the active components in
the extract using HPLC, a part of the aqueous extract (250 mL) was freeze-dried (Telstar-
LyoQuest plus-55 lyophilizer) at 1.5 × 10−4 mbar for 48 h. The yield of the dried extract
was calculated (9.5%) relative to the wheat straw powder, and it was then stored in dark
vials at −20 ◦C until used.

2.2. HPLC Analysis of Wheat Extract

Identifying and quantifying phenolic acids and flavonoids in the wheat straw aqueous
extract was conducted using HPLC (Agilent 1100) coupled with two LC-pumps, a UV/Vis
detector, and a C18 column (125 mm × 4.60 mm, 5 µm particle size). The mobile phase
utilized to separate phenolic acids was composed of methanol (solvent A) and acetic acid
in water at a 1:25 ratio (solvent 2). The eluting phenolic compounds were detected at
a 250 nm wavelength. For flavonoids, an isocratic elution (70:30) program was applied
using a mobile phase of acetonitrile (A) and 0.2% (v/v) aqueous formic acid (B), where
a detection wavelength of 360 nm was employed. The obtained chromatograms were
analyzed using the Agilent ChemStation, and the final concentrations were expressed as
µg/g of dry wheat straw powder. The detected compounds were identified and quantified
with standard curves of authentic chemicals purchased from Sigma-Aldrich (St. Louis, MO,
USA). These included p-coumaric, caffeic, p-hydroxybenzoic, pyrogallol, gallic, isoferulic,
ferulic, quercetin, kaempferol, luteolin, hesperidin, catechin, and chrysoeriol.

2.3. Greenhouse Bioassay

The targeted weed species in the current study was Cynodon dactylon L., known as
twitch or bermudagrass. Seeds of bermudagrass were kindly provided by the Ministry of
Environment, Water and Agriculture, Saudi Arabia. A pot experiment was conducted at
the nursery of King Abdulaziz University under net greenhouse conditions (50–60% shade).
Seeds were sown in 15-cm plastic pots containing a mixture of 1:1 sand to peat moss. The
wheat aqueous extract, previously prepared at different dilutions (25%, 50%, 75%, 100%),
was used to irrigate sown seeds daily at a 50 mL/pot rate, While the pots irrigated with
distilled water served as the control. Each treatment was replicated five times, with 20 seeds
in each replicate. Seed germination was monitored daily, and the possible morphological
and biochemical parameters were estimated. The assay was terminated after 22 days when
no germination occurred for 3 consecutive days.

2.4. Determination of Morphological Parameters
2.4.1. Germination Percentage (G%)

G% was calculated as the total number of germinated seeds divided by the total
number of sown seeds and expressed as a percentage.

2.4.2. Germination Index (GI)

GI was calculated by using Equation (1), where Gi is the number of germinated seeds
in I [the time after cultivation (day)] [27–30].

GI = ∑(Gi/I) (1)
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2.4.3. The Fresh and Dry Weights of Shoots and Roots

After the termination of the experiment, seedlings were washed with distilled water
and gently dried with tissue paper before assessing the fresh weights (FW) of shoots and
roots together with their dry weights (DW) after being air-dried until the weight was
constant. At least 15 seedlings per treatment were used to determine FW and DW.

2.4.4. Shoot and Root Lengths

The average lengths of shoots and roots were measured in all 20 seedlings for
each treatment.

2.4.5. Inhibition Percentages

Germination inhibition %, inhibition % of root length, inhibition % of shoot length and inhi-
bition % of seedling growth were calculated according to Equations (2)–(5), respectively [28–30].

Germination inhibition percentage =
germination % of the treatment − germination % of the control

germination % of the control
× 100 (2)

Inhibition % of root length =
root length of the treatment − root length of the control

root length of the control
× 100 (3)

Inhibition % of shoot length =
shoot length of the treatment − shoot length of the control

shoot length of the control
× 100 (4)

Inhibition % of seedling length =
seedling length of the treatment − seedling length of the control

seedling length of the control
× 100 (5)

2.4.6. Vigor Indices

Vigor indices of shoot, root and seedling were estimated as per Equations (6)–(8),
respectively [29].

Shoot vigor index = germination percentage × shoot length (6)

Root vigor index = germination percentage × root length (7)

Seedling vigor index = germination percentage × seedling length (8)

2.5. Determination of Physiological and Biochemical Parameters
2.5.1. Chlorophyll and Carotenoid Contents

The leaf content of chlorophylls and carotenoids was determined according to the
method described by Yang et al. [31] and Braniša et al. [32]. First, a fresh leaf sample (0.05 g)
was ground in 2 mL of 80% acetone (Loba Chemie Pvt Ltd., Mumbai, India), then samples
were filtered through Whatman filter paper, and the final volume was completed to 10 mL.
The absorbance was directly measured using the UV-vis spectrophotometer (Lambda 25,
PerkinElmer, Inc., Waltham, MA, USA) at 663.6, 646.6 and 470 nm. The calculation of Chl a,
Chl b and carotenoids content (mg/g FW) was performed according to Equations (9)–(11).

Chlorophyll a (µg/mL) = 12.25 A663.6 × 2.25 A646.6 (9)

Chlorophyll b (µg/mL) = 20.31 A646.6 × 4.91 A663.6 (10)

Total carotenoids (µg/mL) =
1000 A470 − 2.27 chl a − 81.4 Chl b

227
(11)
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2.5.2. Total Soluble Carbohydrates

The soluble carbohydrates content was estimated by the colorimetric anthrone method,
where carbohydrates were dehydrated by concentrated sulfuric acid (VWR BDH CHEMI-
CALS, Fontenay-sous-Bois, France) to form furfural which condenses with anthrone reagent
(Sigma-Aldrich, Darmstadt, Germany) to form green color [33]. A mixture of 0.02 g of an-
throne, 3.0 mL of distilled water, 8 mL of absolute ethyl alcohol (VWR BDH CHEMICALS,
Fontenay-sous-Bois, France) and 100 mL of concentrated H2SO4 (D = 184) (Loba Chemie
Pvt Ltd., Mumbai, India) was prepared in a conical flask under continuous cooling in an ice
bath. In a test tube, 0.2 mL of the prepared sample extract was mixed with 4.5 mL of freshly
prepared anthrone reagent mixture. The test tube was boiled at 100 ◦C in a water bath
(Memmert GmbH, Schutzart, Schwabach, Germany) for 7 min and then directly cooled for
5 min. The absorbance of the developed blue-green color was measured at 620 nm against
a blank containing 1 mL of water and anthrone reagent mixture. Different concentrations
of glucose (Loba Chemie Pvt Ltd., Mumbai, India) were prepared and used to calculate the
concentration of total soluble carbohydrates in plant samples (n = 5).

2.5.3. Total Soluble Proteins

Soluble protein content was estimated in the shoot extract according to the Lowry
method for protein quantitation [34]. In brief, a complex-forming reagent was freshly
prepared by mixing the three following reagents in the proportion of 100:1:1, respectively:
reagent A; 2% (w/v) Na2CO3 (Riedel-de-Haen, Honeywell Specialty Chemicals GmbH,
Seelze, Germany) in distilled water, reagent B; 1% (w/v) CuSO4.5H2O (Loba Chemie Pvt
Ltd., Mumbai, India) in distilled water and reagent C; 2% (w/v) sodium potassium tartrate
(Loba Chemie Pvt Ltd., Mumbai, India) in distilled water. An aliquot of 0.1 mL of the sample
or standard (egg albumin) was hydrolyzed in 2 N NaOH (Al SAGGAF Pharma HOLY-
LAND, Riyadh, KSA) by heating in a water bath at 100 ◦C for 10 min. After cooling, 1 mL of
freshly mixed complex-forming reagent was added and left for 10 min at room temperature.
With this solution, 0.1 mL of 1 N Folin reagent (Loba Chemie Pvt Ltd., Mumbai, India)
was mixed thoroughly and left at room temperature for 30 min. The extinction against the
appropriate blank was read at 750 nm using the UV-vis spectrophotometer (Lambda 25,
PerkinElmer Inc., Richmond, CA, USA). A standard curve was plotted of the absorptions
of serial concentrations of egg albumin (Sigma-Aldrich, Steinheim, Germany) and used to
determine the concentration of total soluble proteins in plant samples (n = 5) [35].

2.5.4. Total Free Amino Acids

The total free amino acids content in the shoot extract was estimated according to
the method of Moore and Stein [36]. The employed reagents included ninhydrin reagent
(0.25 g of ninhydrin dissolved in 100 mL of ethanol), Citrate buffer (10.5 g of citric acid in
100 mL of 2 N NaOH added dropwise to adjust the pH to 5), stannous chloride reagent
(0.01 g of stannous chloride + 10 mL of citrate buffer + 10 mL of ninhydrin reagent) and
diluent solvent (a mixture of equal volumes of ethanol and distilled water). One ml
of stannous chloride reagent was added to 0.5 mL of the plant extract sample, and the
mixture was then boiled in a water bath for 20 min and then cooled. After that, 4 mL of
diluent solvent was added and mixed rapidly. The extinction of violet color was recorded
spectrophotometrically (UV-vis spectrophotometer, Lambda 25, PerkinElmer Inc., CA,
USA) at a wavelength of 570 nm against a blank containing all the above reagents and
distilled water instead of the plant sample. Alanine (Sigma-Aldrich, Steinheim, Germany)
was prepared in different concentrations and used to determine the concentration of free
amino acids in plant samples (n = 5).

2.5.5. Antioxidant Enzymes

Enzyme extraction was performed according to the method reported by Cakmak and
Marschner [37] with some modifications. Briefly, 0.1 g of plant leaves (n = 5) were ground
in a cooled mortar in liquid nitrogen, and it was then homogenized in 3 mL of 100 mM
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potassium phosphate buffer (7.8 pH), which contained 0.1 g polyvinylpyrrolidone (PVP)
and 0.1 mM of ethylenediaminetetraacetic acid (EDTA). The resulting homogenate was
transferred to a 2 mL Eppendorf tube and was centrifuged at 18,000 rpm for 10 min at
4 ◦C using an MPW-260R centrifuge (MPW Med. Instruments, Warszawa, Poland). Finally,
the upper phase (supernatant) was used to analyze antioxidant enzyme activity. Unless
otherwise stated, all chemicals and reagents used for antioxidant enzymes were purchased
from Loba Chemie Pvt Ltd., Mumbai, India, and the absorption was determined using
a UV-vis spectrophotometer (Lambda 25, PerkinElmer Inc., CA, USA).

Superoxide dismutase (SOD): The activity of SOD (EC 1.15. 1.1) was estimated ac-
cording to the spectrophotometric method cited by Misra and Fridovich [38]. A reaction
reagent was prepared of sodium carbonate buffer (25 mM, 10.2 pH) and EDTA (0.5 mM).
A volume of 2 mL of the reaction reagent was added to a cuvette, with 100 µL of the
enzyme extract and 100 µL of 15 mM epinephrine (0.03 g of epinephrine in 10 mM hy-
drochloric acid) to start the reaction. The absorbance was measured every minute for 5 min
at 480 nm, and SOD enzyme activity was calculated using the molar extinction coefficient
of 43.6 mM−l cm−1.

Ascorbate peroxidase (APX): APX activity (EC 1.11.1.11) was determined according
to Nakano and Asada’s spectrophotometric method [39]. The activity was determined by
the decreased absorption due to ascorbate oxidation at 290 nm for 5 min at one-minute
intervals. To start the reaction, a mixture was prepared of 100 µL of enzyme extract with
2.7 mL of 50 mM potassium phosphate buffer of pH 7 (PanReac AppliChem, Barcelona,
Spain), 100 µL of 5 mM H2O2, 50 µL of 0.1 mM Na2-EDTA, and 100 µL of 0.5 mM ascorbic
acid. The absorbance was measured at 290 nm, and the APX activity was calculated using
the molar extinction coefficient of 2.8 mM−1 cm−1.

Catalase (CAT): Measuring the rate of H2O2 transformation to O2 was used to deter-
mine the activity of CAT (EC 1.11.1.6) according to a modified method by Aebi [40]. 2.4 mL
of 50 mM potassium phosphate buffer (pH 7) was mixed with 500 µL of the enzyme extract
and 50 µL of 10 mM H2O2 to initiate the reaction, and then the absorption was measured at
240 nm every minute for 5 min. The enzyme activity was determined by the reduction of
absorptivity and was calculated using the extinction coefficient of 39.4 mM−l cm−1.

2.6. Statistical Analysis

One-way ANOVA was applied to detect differences between treatments (n = 5). The
means were compared using the LSD test at p value of 0.05. All data were presented as
mean ± SD. The analysis was performed using Statistix software (ver. 8.1, Analytical
Software, Tallahassee, FL, USA), and Principal Components Analysis (PCA) was performed
using Analyse-it Software (v. 5.6 for Excel).

3. Results
3.1. HPLC Analysis of Wheat Straw Aqueous Extract

HPLC was applied to screen phenolic and flavonoid components in the wheat straw
aqueous extract, which revealed the presence of seven phenolic acids (Table 1 and Figure 1a)
and six flavonoids (Table 2 and Figure 1b). The prevalent phenolic acids in the wheat
straw (calculated based on a dry weight basis) were pyrogallol (13.75 µg/g), ferulic
acid (9.82 µg/g), gallic acid (8.5 µg/g) and isoferulic acid (4.47 µg/g). In addition,
three more acids were detected in low concentrations; p-coumaric acid (1.99 µg/g), caffeic
acid (1.44 µg/g) and p-hydroxybenzoic acid (1.66 µg/g). Regarding flavonoids, catechin
(11.04 µg/g), luteolin (8.26 µg/g) and quercetin (7.74 µg/g) were the most abundant, while
hesperidin (3.88 µg/g), kaempferol (2.91 µg/g) and chrysoeriol (2.83 µg/g) were detected
in low concentrations.
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Table 1. List of phenolic acids detected and quantified by HPLC in wheat straw aqueous extract.

No Compound Retention Time
min

Concentration

µg/mL
Aqueous Extract

µg/g
Dry Extract

µg/g
Straw DW

1 p-coumaric acid 6.0 3.66 20.91 1.99
2 Caffeic acid 8.1 2.65 15.14 1.44
3 p-hydroxybenzoic acid 8.5 3.05 17.43 1.66
4 Pyrogallol 9.0 25.33 144.74 13.75
5 Gallic acid 9.8 15.66 89.49 8.50
6 Isoferulic acid 10.5 8.23 47.03 4.47
7 Ferulic acid 11.0 18.09 103.37 9.82
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Table 2. List of flavonoids detected and quantified by HPLC in wheat straw aqueous extract.

No Compound Retention Time
min

Concentration

µg/mL
Aqueous Extract

µg/g
Dry Extract

µg/g
Straw DW

1 Quercetin 7.0 14.25 81.43 7.74
2 Kaempferol 8.0 5.36 30.63 2.91
3 Luteolin 9.0 15.21 86.91 8.26
4 Hesperidin 10.0 7.14 40.80 3.88
5 Catechin 11.9 20.33 116.17 11.04
6 Chrysoeriol 15.0 5.21 29.77 2.83

3.2. Effects on Seed Germination and Seedling Growth

The growth behavior of bermudagrass subjected to the treatment with the aqueous
extract of wheat straw was traced by studying the seed germination and the morphological
traits of the sprouts. G% ranged from 29.6 to 82.4% and significantly varied among various
extract levels showing a concentration-dependent response (Figure 2a). Both the control
treatment and the lowest extract concentration (25%) induced the highest G%, which was
significantly reduced as the extract concentration was increased. Seeds irrigated with
the highest extract concentration showed the greatest decrease in G%. The germination
time was considered in calculating the germination index (GI), which showed a similar
trend to G%. A significant reduction in GI started at 50% extract concentration or higher
(75% and 100%) in a concentration-dependent manner (Figure 2b). The same extract
concentrations (50%, 75%, and 100%) significantly reduced seedlings’ fresh and dry weights
(Figure 2c,d). This was accompanied by a significant decrease in the lengths of shoots,
roots, and seedlings (Figures 3 and 4). The length of nontreated seedlings exceeded 19.0 cm
compared with 17.7, 11.6, 7.9 and 6.3 cm of those treated with 25, 50, 75 and 100 extract
concentrations, respectively.
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Figure 2. Seed germination and seedling biomass of bermudagrass subjected to the treatment with
wheat straw aqueous extract at different concentrations: (a) germination percentage; (b) germination
index; (c) fresh weight; (d) dry weight. Values are represented as the mean (n = 5) ± SD indicated by
the vertical bars. Columns denoted by similar lowercase letters indicate nonsignificant differences
between treatments tested by LSD at p ≤ 0.05.

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 20 
 

   

(a) (b) (c) 

Figure 3. Morphological responses of bermudagrass seedlings subjected to the treatment with wheat 

straw aqueous extract at different concentrations: (a) shoot length; (b) root length; (c) seedling 

length. Values are represented as the mean (n = 5) ± SD indicated by the vertical bars. Columns 

denoted by similar lowercase letters indicate nonsignificant differences between treatments tested 

by LSD at p ≤ 0.05. 

 

Figure 4. A photograph showing the morphological responses of bermudagrass seedlings subjected 

to the treatment with wheat straw aqueous extract at different concentrations. 

a

b

c

d

e

0

2

4

6

8

10

12

14

16

0 25 50 75 100

Sh
o

o
t 

le
n

gt
h

 c
m

Concentration (%) of wheat aqueous 
extract

a a

b

c c

0

1

2

3

4

5

6

0 25 50 75 100

R
o

o
t 

le
n

gt
h

 c
m

Concentration (%) of wheat aqueous 
extract

a

b

c

d

e

0

5

10

15

20

25

0 25 50 75 100

Se
ed

lin
g 

le
n

gt
h

 c
m

Concentration (%) of wheat aqueous 
extract

Figure 3. Morphological responses of bermudagrass seedlings subjected to the treatment with wheat
straw aqueous extract at different concentrations: (a) shoot length; (b) root length; (c) seedling length.
Values are represented as the mean (n = 5) ± SD indicated by the vertical bars. Columns denoted
by similar lowercase letters indicate nonsignificant differences between treatments tested by LSD
at p ≤ 0.05.



Sustainability 2022, 14, 15989 9 of 19

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 20 
 

   

(a) (b) (c) 

Figure 3. Morphological responses of bermudagrass seedlings subjected to the treatment with wheat 

straw aqueous extract at different concentrations: (a) shoot length; (b) root length; (c) seedling 

length. Values are represented as the mean (n = 5) ± SD indicated by the vertical bars. Columns 

denoted by similar lowercase letters indicate nonsignificant differences between treatments tested 

by LSD at p ≤ 0.05. 

 

Figure 4. A photograph showing the morphological responses of bermudagrass seedlings subjected 

to the treatment with wheat straw aqueous extract at different concentrations. 

a

b

c

d

e

0

2

4

6

8

10

12

14

16

0 25 50 75 100

Sh
o

o
t 

le
n

gt
h

 c
m

Concentration (%) of wheat aqueous 
extract

a a

b

c c

0

1

2

3

4

5

6

0 25 50 75 100

R
o

o
t 

le
n

gt
h

 c
m

Concentration (%) of wheat aqueous 
extract

a

b

c

d

e

0

5

10

15

20

25

0 25 50 75 100

Se
ed

lin
g 

le
n

gt
h

 c
m

Concentration (%) of wheat aqueous 
extract

Figure 4. A photograph showing the morphological responses of bermudagrass seedlings subjected
to the treatment with wheat straw aqueous extract at different concentrations.

The growth inhibition was quantified relative to the control and was expressed as rates
of germination inhibition, shoot inhibition, root inhibition and seedling growth inhibition
(Figure 5). The four parameters showed consistent responses, where the highest extract
concentration induced the most substantial adverse effect on seedling growth. When
G% values were multiplied by seedling growth traits (shoot, root, and seedling lengths),
vigor indices were obtained (Figure 6). A significant decline in the shoot, root, and seedling
indices was observed in seedlings subjected to irrigation with high extract concentrations
(50%, 70% and 100%). However, the control treatment and the lowest extract concentration
(25%) showed no significant differences.
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Figure 5. Growth inhibition/stimulation of bermudagrass subjected to the treatment with wheat
straw aqueous extract at different concentrations.
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Figure 6. Vigor indices of bermudagrass subjected to the treatment with wheat straw aqueous extract
at different concentrations: (a) shoot vigor index; (b) root vigor index; (c) seedling vigor index. Values
are represented as the mean (n = 5) ± SD indicated by the vertical bars. Columns denoted by similar
lowercase letters indicate nonsignificant differences between treatments tested by LSD at p ≤ 0.05.

3.3. Effects on Physiological and Biochemical Traits of Bermudagrass

Quantification of leaf content of photosynthetic pigments revealed an evident sig-
nificant decline in the range of chlorophylls a and b in seedlings treated with 75 and
100% concentrations. Meanwhile, fluctuated values were recorded in the control treat-
ment and the extract at 25 or 50% (Figure 7). The opposite was true for total carotenoid
content, where the extract at 50, 75 and 100% showed higher content than the control
but lower than the 25% extract concentration. Moreover, the highest two extract concen-
trations (75% and 100%) showed a significant increase in the content of free amino acids,
total soluble proteins, and soluble carbohydrates, especially with the 100% concentration
(Figure 8). The activity of the three oxidative enzymes assessed was varied, as inferred
from the data illustrated in Figure 9. Compared with SOD activity in nontreated plants
(control), the plants subjected to the 25% extract treatment showed a slight decrease, fol-
lowed by a significant reduction in response to higher extract concentrations. On the other
hand, fluctuation in CAT and APX activities was detected. Their values increased with the
50% extract concentration, followed by significant reductions with higher concentrations.
The APX also showed the highest activity in the 50% extract treatment, while the lowest
activity was recorded in the 100% extract.
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Figure 7. Photosynthetic pigments content in leaves of bermudagrass subjected to the treatment with
wheat straw aqueous extract at different concentrations: (a) chlorophyll a; (b) chlorophyll b; (c) total
carotenoids. Values are represented as the mean (n = 5) ± SD indicated by the vertical bars. Columns
denoted by similar lowercase letters indicate nonsignificant differences between treatments tested by
LSD at p ≤ 0.05.
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Figure 8. Biochemical traits of bermudagrass subjected to the treatment with wheat straw aqueous
extract at different concentrations: (a) total free amino acids; (b) soluble proteins; (c) soluble carbo-
hydrates. Values are represented as the mean (n = 5) ± SD indicated by the vertical bars. Columns
denoted by similar lowercase letters indicate nonsignificant differences between treatments tested by
LSD at p ≤ 0.05.
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Figure 9. Activity of antioxidant enzymes in bermudagrass subjected to the treatment with wheat
straw aqueous extract at different concentrations: (a) SOD; (b) CAT; (c) APX. Values are represented
as the mean (n = 5) ± SD indicated by the vertical bars. Columns denoted by similar lowercase letters
indicate nonsignificant differences between treatments tested by LSD at p ≤ 0.05.

3.4. Principal Component Analysis

PCA results illustrated in Figure 10 showed that the cumulative variance explained
by PC1 and PC2 principal components accounts for 95.7% of the total variance of the data.
Most variables were strongly represented in the plot, as was clear from the long vectors.
Vectors of all morphological growth parameters, including seedling length and weight,
vigor indices and inhibition ratios, were clustered together, indicating a strong positive
correlation. All these traits showed a strong positive correlation with G%, GI, SOD and
total carotenoid content, but medium to week correlations with Chl a, Chl b and APX and
no correlation with CAT. The three parameters of soluble proteins, free amino acids and
soluble carbohydrates negatively correlated with all the other parameters.
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Figure 10. Biplot of principal component analysis (PCA) for all traits of bermudagrass subjected to
the treatments with wheat straw aqueous extract at different concentrations. The first two principal
components (PC1 and PC2) explain 95.7% of the total variation. The circle has a perfect correlation
value (1.0), and arrows (vectors) represent the variables whose lengths are proportional to the
correlation coefficient for each variable.

4. Discussion

Allelopathic aqueous extracts have been successfully used for organic weed man-
agement by reducing weed density and biomass [41]. When applied at high concen-
trations, these allelochemicals interfere with cell division, hormone biosynthesis, min-
eral uptake and transport [42], membrane permeability [43], stomatal oscillations, photo-
synthesis [44], respiration, protein metabolism [45] and plant water relations [7], which
ultimately cause substantial growth reduction of the recipient crop or weed plant. In
agreement with these reports, the current study’s findings showed a significant decrease
in bermudagrass seed G% and GI in response to the treatment with various concentra-
tions of wheat straw aqueous extract. In addition, a significant decline in all morpho-
logical growth parameters of the seedling was observed. Our findings are supported
by the results of several previous publications, reporting a suppressive effect of wheat
aqueous extracts on the germination of different weed species; Portulaca oleracea L. and
Stellaria media L. [46], pigweed and perennial ryegrass [20,21,28,47,48], blackgrass [23],
Avena fatua L. [24], Trianthema portulcastrum [49,50], Amaranthus retroflexus, S. media and
Digitaria ciliaris [51], Eclipta prostrate L., Echinochloa crus-galli L. [52], A. fatua L. and
Sisymbrium orientale L. [53], Bromus japonicus L. and Chenopodium album L. [54] and canola [55].
The decrease in weed seed germination reported in some studies reached 86% in
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pigweed [28,47], which is quite close to our results, where germination inhibition of
bermudagrass achieved 61.7% for aqueous wheat extract. Scavo et al. [46] confirmed
the reduction in seed germination and mean germination time of P. oleracea and S. media
as a result of the application of aqueous extracts from various durum wheat landraces.
Furthermore, water extracts of wheat straw inhibited the propagule growth of the common
forest weed red raspberry (Rubus idaeus L.) by 44%, and this allelopathic effect was further
verified in field experiments [48].

The current study’s findings revealed the presence of seven phenolic acids in the
wheat straw aqueous extract: pyrogallol, ferulic, gallic and isoferulic acids were the most
prevalent, while lower levels were detected for p-coumaric, caffeic and p-hydroxybenzoic
acids. Moreover, six flavonoids were detected: catechin, luteolin and quercetin were the
most abundant, while hesperidin, kaempferol and chrysoeriol were detected at lower
levels. According to our results, the total content of the identified phenolic acids and
flavonoids was 78.3 µg/mg DW. This value is low compared with those previously re-
ported for total phenolic acids by Wu et al. [56], which varied from 93.2 to 453.8 µg/mg DW
of wheat shoots. However, great variation has been reported for the wheat straw content
of individual phenolic acids and flavonoids. In accordance with our study, Wu et al. [56]
and Salomonsson et al. [57] reported the abundance of trans-ferulic and trans-p-coumaric
acids in wheat tissues, while Lodhi et al. [58] demonstrated the superiority of ferulic over
p-coumaric acid. Moreover, Scavo et al. [46] emphasized the critical role of total phenols
and flavonoids in the allelopathic effect of the wheat extract. Ben-Hammouda et al. [59]
were not successful in frequently detecting ferulic acid in sorghum plant parts; how-
ever, p-hydroxybenzoic, syringic, and vanillic acids were the predominant acids. These
considerable variations can be understood and justified based on the differences among
plant genotypes, environmental growth conditions, plant parts and their physiological
status, together with the extraction and analytical techniques applied [56,59]. Furthermore,
Fatholahi et al. [60] and Wu et al. [56] noticed a correlation between the level of pheno-
lic acids in stems of different wheat accessions and their potential allelopathic activity
against annual ryegrass. These findings suggest a substantial contribution of phenolic
acids in the allelopathic potential of wheat accessions [61]. There is concrete evidence
that phenolic compounds are the most widespread water-soluble allelochemicals that
pose significant effects in mutual plant interactions, including allelopathy [62,63]. Like-
wise, flavonoids represent a clear example of defensive allelochemicals used by plants
to protect against UV radiation [64]. Several previous publications have demonstrated
a reduction in seed germination of different weed species in response to various pheno-
lics and flavonoids; ferulic, caffeic, p-hydroxybenzoic, cinnamic, syringic and p-coumaric
acids, hesperidin, kaempferol, catechol, vanillin, quercetin and rutin [60,63,65–68]. Fur-
thermore, high interference ability with weed growth and biochemical aspects has been
reported for p-hydroxybenzoic, caffeic and p-coumaric acids, luteolin quercetin and rutin
on the shoot and root growth [63,66,69–71], pyrogallol, gallic, protocatechuic, caffeic and p-
coumaric acids on the synthesis of chlorophyll and photosynthesis pathways [30,63,72–74],
p-hydroxybenzoic, ferulic and p-coumaric acid on biomass accumulation [65,70].

Different mechanisms have been reported for the effect of various allelochemicals on
seeding growth [75]: p-hydroxybenzoic, p-coumaric, ferulic and caffeic acids induced water
stress and stomatal closure in Glycine max [76,77], hydroxamic acid showed mitotic inter-
ference in Lactuca sativa [78] and caffeic acid inhibited cell division in Euphorbia esula [79].
Additionally, Devi and Prasad [80] attributed the inhibitory effect of ferulic acid on the
shoot and root growth of maize seedlings to its negative effect on hydrolytic enzymes;
maltase, invertase, protease and phosphatase.

Quantifying the content of photosynthetic pigments, free amino acids, total proteins
and soluble carbohydrates is another way to confirm the effect of allelochemicals on weed
seedling growth. In our study, the leaf content of chlorophylls a and b revealed a significant
decline in seedlings treated with 75% and 100% extracts. On the contrary, both extract
concentrations showed a significant increase in the contents of free amino acids, total
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proteins and soluble carbohydrates, especially with the 100% concentration. In line with
our results, Unal et al. [81] reported a concentration-dependent increase in total protein
content in white mustard leaves in response to the treatment with sunflower and wheat
root exudates. Similarly, the increase in free amino acid content has been reported in several
plant species; P. oleracea leaves after the treatment with Rumex dentatus leaf extract [82]
and R. dentatus as a result of Withania somnifera root extract treatment [83]. Unlike our
results, several previous publications have shown a decrease in protein and sugar content
with increasing extract concentration and, thus, attributed the increased free amino acid
content to the degradation of highly abundant proteins [84]. However, the increased protein
content recorded in our study could be justified according to the statement of Rakszegi [85],
indicating that drought stress results in increased protein content, yet with considerable
variation in protein composition, since the synthesis of many novel stress-specific proteins
is induced under such conditions [86]. Environmental challenges increase ROS levels and
thus activate defense pathways by accumulating proline and other amino acids [87,88].
Under mild stress conditions, photosynthesis is still partially active and, thus, disaccharides
accumulate, which have an essential role as compatible solutes under stress conditions [89].
Increased contents of soluble carbohydrates have previously been reported in A. spinosus,
Cassia tora and C. sophera treated with Eclipta alba leaf extract [90], in dodder treated with
heliotrope (Heliotropium foertherianum) aqueous leaf extract [91] and in maize in response to
leaf extracts of Acacia and Eucalyptus [92].

Several publications have reported a reduction in chlorophyll content by damaging
the thylakoid membrane as a direct result of applying allelochemicals detected in wheat
extracts; benzoic acid [93], p-coumaric, ferulic acids [94] and caffeic acid [79,95]. Inhibition
of protein synthesis has also been reported in response to several phenolic acids through
the reduction of the assimilation of specific amino acids into proteins [96]. Examples of
that include p-coumaric, vanillic and ferulic acids in Abutilon theophrasti [95], benzoic, p-
hydroxybenzoic, vanillic, cinnamic, p-coumaric and ferulic acids in soybean seedlings [93],
m-tyrosine in Arabidopsis thaliana [97]. Moreover, different studies reported the inhibition
of germination due to allelochemical-induced oxidative stress [98,99]. This further coin-
cides with our findings showing varying activity of the three assessed oxidative enzymes.
SOD activity exposed a concentration-dependent reduction. Meanwhile, only high extract
concentrations (75% and 100%) induced a significant decline in the enzymatic activities of
both CAT and APX. The stimulation of CAT and APX by the low concentrations and their
inhibition by the high ones could be explained by the hormesis phenomenon, where allelo-
chemicals induce hormesis (growth enhancement) at low doses [14,100], which is supported
by the results of Unal et al. [81], Hua et al. [101] and Hong et al. [102]. It is also commonly
believed that allelochemicals enhance the content of non-enzymatic antioxidants [103].
Ultimately, the high correlation among morphological growth parameters indicates that
these elements either have a common ground of variance or are inter-correlated. Moreover,
they are determinative characteristics for the adverse effects of the allelochemicals.

When considered comprehensively, our findings indicate the efficacy of the wheat
aqueous extract in controlling bermudagrass weeds. From the practical point of view,
preparing aqueous extracts is feasible for researchers in the lab and farmers on farms since
it is simple, economical and eco-friendly. In addition, it allows the exploitation of wheat
residues in an eco-friendly and profitable way; thus, it has environmental and economic
dimensions. Our findings, together with those of previous studies, suggest the possibility
of using aqueous wheat extracts to control various weed species that adversely affect
wheat production. Expanding the application of plant extracts as substitutes for chemical
pesticides helps to improve productivity, increase the area cultivated with a sustainable
farming system, reduce production costs and increase the product’s safety. To avoid
any harmful effect on wheat production, the autotoxicity of wheat extracts should be
considered. Previous studies have shown considerable variations in the autotoxicity of
wheat varieties [48]. Thus, more profound studies on the autotoxicity of specific varieties
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are needed before expanding the application of wheat extracts as natural herbicides in
wheat fields.

5. Conclusions

The findings of the current investigation provided evidence-based information about
the allelopathic effects of the wheat straw aqueous extract on bermudagrass weeds, which
helps safely combat weeds and dispose of bothersome wheat residues. HPLC analysis
revealed the presence of several phenolic acids and flavonoids in the extract, which con-
tributed to its inhibitory effects on various attributes of germination and seedling growth
of bermudagrass. Growth suppression was accompanied by a decline in the leaf content
of chlorophylls a and b and SOD enzyme activity, with an increase in the content of free
amino acids, total proteins and soluble carbohydrates.

Author Contributions: Conceptualization, S.A.A., A.A.A.-N. and O.H.M.I.; data curation, S.A.A.,
A.A.A.-N. and O.H.M.I.; investigation, A.A.A.-N.; methodology, S.A.A., A.A.A.-N. and O.H.M.I.;
project administration, S.A.A. and O.H.M.I.; writing—original draft, A.A.A.-N. and O.H.M.I.;
writing—review and editing, S.A.A., A.A.A.-N. and O.H.M.I. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author (O.H.M.I.).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lam, Y.; Sze, C.W.; Tong, Y.; Ng, T.B.; Tang, S.C.W.; Ho, J.C.M.; Xiang, Q.; Lin, X.; Zhang, Y. Research on the allelopathic potential

of wheat. Agric. Sci. 2012, 3, 979–985. [CrossRef]
2. Belz, R.G.; Carbonari, C.A.; Duke, S.O. The potential influence of hormesis on evolution of resistance to herbicides. Curr. Opin.

Environ. Sci. Health 2022, 27, 100360. [CrossRef]
3. Eisler, R. Handbook of Chemical Risk Assessment: Health Hazards to Humans, Plants, and Animals, Three Volume Set; CRC Press:

Boca Raton, FL, USA, 2000.
4. Macías, F.A.; Varela, R.M.; Torres, A.; Oliva, R.M.; Molinillo, J.G. Bioactive norsesquiterpenes from Helianthus annuus with

potential allelopathic activity. Phytochemistry 1998, 48, 631–636. [CrossRef]
5. Uremis, I.; Arslan, M.; Uludag, A.; Sangun, M. Allelopathic potentials of residues of 6 brassica species on johnsongrass [Sorghum

halepense (L.) Pers.]. Afr. J. Biotechnol. 2009, 8, 3497–3501.
6. Alsaadawi, I.S.; Hadwan, H.A.; Malih, H.M. Weed Management in Cowpea through Combined Application of Allelopathic

Sorghum Residues and Less Herbicide. J. Adv. Agric. Technol. 2019, 6, 205–2011. [CrossRef]
7. Rice, E.L. Allelopathy; Academic Press: London, UK, 1984.
8. Lemerle, D.; Verbeek, B.; Cousens, R.; Coombes, N. The potential for selecting wheat varieties strongly competitive against weeds.

Weed Res. 1996, 36, 505–513. [CrossRef]
9. Olofsdotter, M.; Navarez, D.; Rebulanan, M. Rice Allelopathy-Where Are We and How Far Can We Get? British Crop Protection

Council: Farnham, UK, 1997; Volume 1.
10. Weston, L.A. Utilization of allelopathy for weed management in agroecosystems. Agron. J. 1996, 88, 860–866. [CrossRef]
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98. Gniazdowska, A.; Dobrzyńska, U.; Babańczyk, T.; Bogatek, R. Breaking the apple embryo dormancy by nitric oxide involves the

stimulation of ethylene production. Planta 2007, 225, 1051–1057. [CrossRef] [PubMed]
99. Kamal, J. Impact of allelopathy of sunflower (Helianthus annuus L.) roots extract on physiology of wheat (Triticum aestivum L.).

Afr. J. Biotechnol. 2011, 10, 14465–14477.
100. Abbas, T.; Nadeem, M.A.; Tanveer, A.; Chauhan, B.S. Can hormesis of plant-released phytotoxins be used to boost and sustain

crop production? Crop Prot. 2017, 93, 69–76. [CrossRef]
101. Hua, Q.; Liu, Y.-G.; Yan, Z.-L.; Zeng, G.-M.; Liu, S.-B.; Wang, W.-J.; Tan, X.-F.; Deng, J.-Q.; Tang, X.; Wang, Q.-P. Allelopathic effect

of the rice straw aqueous extract on the growth of Microcystis aeruginosa. Ecotoxicol. Environ. Saf. 2018, 148, 953–959. [CrossRef]
102. Hong, Y.; Hu, H.-Y.; Xie, X.; Sakoda, A.; Sagehashi, M.; Li, F.-M. Gramine-induced growth inhibition, oxidative damage and

antioxidant responses in freshwater cyanobacterium Microcystis aeruginosa. Aquat. Toxicol. 2009, 91, 262–269. [CrossRef]
103. García-Sánchez, M.; Garrido, I.; Casimiro, I.d.J.; Casero, P.J.; Espinosa, F.; García-Romera, I.; Aranda, E. Defence response

of tomato seedlings to oxidative stress induced by phenolic compounds from dry olive mill residue. Chemosphere 2012, 89,
708–716. [CrossRef]

http://doi.org/10.1007/BF00993692
http://www.ncbi.nlm.nih.gov/pubmed/24248871
http://doi.org/10.1663/0006-8101(2003)069[0300:AEITP]2.0.CO;2
http://doi.org/10.1023/A:1005564315131
http://doi.org/10.1007/BF00981921
http://www.ncbi.nlm.nih.gov/pubmed/24254777
http://doi.org/10.32604/phyton.2019.08244
http://doi.org/10.1080/17429145.2022.2028915
http://doi.org/10.1590/1519-6984.263815
http://doi.org/10.1111/pce.13518
http://doi.org/10.1371/journal.pone.0211892
http://www.ncbi.nlm.nih.gov/pubmed/30721262
http://doi.org/10.1023/A:1022308229759
http://doi.org/10.1111/j.1365-3040.2009.02041.x
http://www.ncbi.nlm.nih.gov/pubmed/19712065
http://doi.org/10.1111/pce.12061
http://doi.org/10.3923/pjbs.2008.915.919
http://doi.org/10.1139/b97-047
http://doi.org/10.1007/BF00984876
http://doi.org/10.1073/pnas.0707198104
http://www.ncbi.nlm.nih.gov/pubmed/17940026
http://doi.org/10.1007/s00425-006-0384-z
http://www.ncbi.nlm.nih.gov/pubmed/17260145
http://doi.org/10.1016/j.cropro.2016.11.020
http://doi.org/10.1016/j.ecoenv.2017.11.049
http://doi.org/10.1016/j.aquatox.2008.11.014
http://doi.org/10.1016/j.chemosphere.2012.06.026

	Introduction 
	Materials and Methods 
	Preparation of Wheat Straw Aqueous Extract 
	HPLC Analysis of Wheat Extract 
	Greenhouse Bioassay 
	Determination of Morphological Parameters 
	Germination Percentage (G%) 
	Germination Index (GI) 
	The Fresh and Dry Weights of Shoots and Roots 
	Shoot and Root Lengths 
	Inhibition Percentages 
	Vigor Indices 

	Determination of Physiological and Biochemical Parameters 
	Chlorophyll and Carotenoid Contents 
	Total Soluble Carbohydrates 
	Total Soluble Proteins 
	Total Free Amino Acids 
	Antioxidant Enzymes 

	Statistical Analysis 

	Results 
	HPLC Analysis of Wheat Straw Aqueous Extract 
	Effects on Seed Germination and Seedling Growth 
	Effects on Physiological and Biochemical Traits of Bermudagrass 
	Principal Component Analysis 

	Discussion 
	Conclusions 
	References

