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Abstract: Allelopathic interactions between crops in an intercropping system can directly affect crop
yields. Faba beans may release allelochemicals to the cropping system. However, the allelopathic
effects in the faba bean-maize relay intercropping system are still unclear. Maize seeds and seedlings
were treated witha 50 mL of 100 g L~ faba bean leaf extract (L1),150 g L~ faba bean leaf extract (L2),
100 g L~ faba bean stem extract (S1), or 150 g L~ faba bean stem extract (S2) and sterile water (CK)
to study the allelopathic effects of faba bean extracts on maize seed germination and seedling growth.
The o-amylase activities, antioxidant enzyme activities, phytohormones and allelochemical content in
maize seeds were determined to evaluate the allelopathic effects of faba bean extracts on maize seed
germination. The agronomic traits, photosynthetic parameters and nutrient absorption characteristics
of maize seedlings were determined to explore the allelopathic effects of faba bean extracts on maize
seedling growth. High-concentration (150 g L~!) faba bean stem extracts released allelochemicals,
such as 4-hydroxybenzoic acid, hydrocinnamic acid, trans-cinnamic acid, and benzoic acid. These
allelochemicals entered the interior of maize seeds and increased the abscisic acid, salicylic acid and
indole-3-acetic acid content in maize seeds but decreased the aminocyclopropane carboxylic acid
in maize seeds. High-concentration (150 g L~1) faba bean stem extracts increased the superoxide
dismutase and peroxidase activity and decreased the x-amylase activity in maize seeds at germination
(36 h). Faba bean extracts released nitrogen, potassium and phosphorus and increased nitrogen
content, phosphorus content, potassium content and photosynthesis of maize seedling. In summary,
faba bean extracts released allelochemicals that inhibited the germination of maize seeds but released
nutrients and promoted the growth and development of maize seedlings. The research results provide
a basis for improving the Faba bean—-maize relay strip intercropping.
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1. Introduction

Faba bean (Vicia faba L.)-maize (Zea mays L.) relay strip intercropping is a common
cropping system in the lower reaches of the Yangtze river in China [1,2]. This system is
an efficient management tool to control weeds, especially when no appropriate herbicide
is available or where herbicides cannot be used, such as in organic farming systems [1].
Faba bean/maize intercropping systems increase the Ny fixation of faba beans under inter-
cropping due to interactions with micro-organisms [3]. Faba bean/maize intercropping
including relay intercropping could increase the yield, biomass and nutrient accumula-
tion of faba beans and maize [4-6]. Faba beans can fix up to 200 kg N ha~!, while the
incorporation of legume residues into the soil improves soil properties, such as organic
matter content, bulk density, porosity and field capacity [7-9]. Faba beans are often used
as a cover crop, mulch, or green manure after harvest [10-12]. However, faba beans may
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release a large number of allelochemicals, such as benzoic, p-hydroxybenzoic, vanillic,
adipic, succinic, malic, glycolic, and p-hydroxyphenylacetic acids, into the soil solution
immediately after incorporation as green manure [10,13]. Allelochemicals released from
crops could affect the germination, growth and yield of other crops or the same crop [14,15].
However, there are relatively few research reports on the effects of allelochemicals released
from faba bean substances on maize growth.

Allelopathy refers to the phenomenon in which chemicals released by plants affect
themselves or other populations [16]. Allelopathy plays an important role in agricultural
production [16,17]. Allelochemicals mainly affect the seed germination, growth and yield
of crops [14,15,18]. They mostly inhibit seed germination and the growth of crops [19]. Seed
germination and seedling growth are the basis for ensuring crop yields [20]. However, there
is limited research on the allelopathic effects of faba bean extract on maize seed germination
and seedling growth.

In the present study, the activities of superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT) and a-amylase, malondialdehyde (MDA), hormone and allelochemical
content in maize seeds were determined, and transcriptome differences in maize seeds
were analyzed to evaluate the allelopathic effects of faba bean leaf and stem extracts on
maize seed germination. We investigated the effects of faba bean extracts on the agronomic
traits, nutrient accumulation, photosynthesis and gene expression of maize seedlings to
study the allelopathic effects of faba bean extracts on maize seedling growth. The results
provide a basis to investigate the mechanism of the allelopathic effect on seed germination
and seedling growth. The results are also important for the development of strategies to
further improve faba bean—-maize relay intercropping cultivation methods.

2. Material and Methods
2.1. Preparation of Faba Bean Stem and Leaf Extracts

Faba bean ‘“Tongcanxian 7’ plants were provided by the Jiangsu Yanjiang Institute of
Agricultural Sciences (Nantong, China). Faba bean plants planted on 30 October 2022 were
selected during the harvest period on 18 May 2023. The plants were gently washed with
tap water and then with deionised water, then air dried at approximately 25 °C for 24 h
to dry the water used for cleaning plants, and divided into stems and leaves. The 100 g
and 150 g fresh weight stems and leaves were cut into about 1 cm pieces, which were then
soaked in 1 L sterile distilled water at 25 °C for 48 h [21,22]. The leaf extract and the stem
extract were each filtered and stored at 4 °C until use.

2.2. Experiment 1: Experimental Design to Determine Allelopathic Effects of Faba Bean Extracts
on Maize Seed Germination

The maize variety is ‘Suyunuo 14’, and the seeds were provided by the Jiangsu
Yanjiang Institute of Agricultural Sciences (Nantong, China). Fifty maize seeds of similar
size were placed in a germination box (19 cm length x 13 cm width x 12 cm height) lined
with filter paper. Then, 50 mL of 100 g L~ faba bean leaf extract (L1), 150 g L~ faba bean
leaf extract (L2), 100 g L~! faba bean stem extract (S1), or 150 g L~! faba bean stem extract
(52) was added. Sterile water was added in the control (CK) [23]. Each treatment contained
150 maize seeds and was replicated three times. The germination boxes were placed in an
incubator at 20 °C for 7 d with 12 h of illumination (8000 1x) and 12 h of shading over 1 d.
The maize seeds were sampled at 36 h to determine the activities of SOD, CAT, POD and
x-amylase, the MDA content and allelochemical content.

2.2.1. Antioxidant Enzyme Activities and MDA Assay

The SOD, CAT and POD activities and MDA content in the maize seeds were
measured by using assay kits (Keming, Suzhou, China) following the manufacturer’s
instructions [24,25].
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2.2.2. a-Amylase Activity Assay

The activity of a-amylase was measured by using biochemical kits from Suzhou
Comin Biotechnology Co., Ltd. (Suzhou, China; http:/ /www.cominbio.com/, accessed on
20 June 2023). The samples were measured following the manufacturer’s instructions [26].

2.2.3. Microstructure Observation of Maize Seeds

Maize seeds were sampled and sectioned into 2 mm thick slices using a clean razor
blade. The slices were promptly immersed in 2.5% glutaraldehyde, prepared by diluting
25% glutaraldehyde in pH 7.2 phosphate buffer and fixed for 48 h at 4 °C. Following
fixation, the samples were rinsed three times with phosphate buffer, each lasting 10 min.
The samples were subsequently dehydrated in graded ethanol concentrations of 20%, 40%,
60%, 70%, 80%, 90%, 95%, and 100% and then infiltrated with propylene oxide and Spurr
low-viscosity resin. Polymerization occurred in a 70 °C incubator for 12 h. The polymerized
samples were cut into 1 pm semi-thin sections using an ultramicrotome (Leica Ultracut R
Laika Company, Wetzlar, Germany) and a glass knife. The sections were stained with 0.5%
methyl violet and examined under an optical microscope (DMLS, Leica, Wetzlar, Germany)
equipped with a camera. Each sample was analyzed in triplicate.

2.2.4. Determination of Phytohormones Content in Maize Seeds

Maize seeds were collected and subjected to extraction using 1 mL of cold 50% ace-
tonitrile (ACN) aqueous solution (vol/vol) at germination (36 h). The extraction process
involved sonication at 4 °C for a duration of 3 min, followed by centrifugation at 15 rpm
and 4 °C for 30 min. Subsequent to centrifugation for 10 min at 12,000 rpm and 4 °C, the
supernatant was carefully transferred to a clean plastic microtube. All samples underwent
purification and equilibration prior to analysis. The resultant extracts were analyzed with
a UPLC-Orbitrap-MS system, comprising a Vanquish UPLC and a Q Exactive hybrid
Q-Orbitrap mass spectrometer. The analytical method employed the following parameters:
For UPLC, a Waters ACQUITY UPLC HSS T3 column (1.8 um, 2.1 mm x 50 mm) was
maintained at 40 °C with a flow rate of 0.3 mL/min and an injection volume of 2 pL. The
solvent system consisted of water (0.1% acetic acid) and acetonitrile (0.1% acetic acid)
with the gradient program set to 90:10 (v/v) at 0 min, sustained at 90:10 (v/v) until 1 min,
transitioning to 10:90 (v/v) at 5 min, maintaining this ratio until 7 min, and reverting to
90:10 (v/v) by 7.1 min, which was held until 9 min. High-resolution mass spectrometry
(HRMS) data were acquired using the Q Exactive mass spectrometer equipped with a
heated electrospray ionization (ESI) source (Thermo Fisher Scientific, Waltham, MA, USA),
following selected ion monitoring (SIM) acquisition methods. The parameters for the ESI
source were optimized as follows: spray voltage at 3.0 kV, sheath gas pressure at 40 arb,
auxiliary gas pressure at 10 arb, sweep gas pressure at 0 arb, capillary temperature at
320 °C, and auxiliary gas heater temperature at 350 °C [27].

2.2.5. Detection of Allelochemicals in Faba Bean Stem Extracts and Maize Seeds

Samples were treated with 2 mL of 4 M aqueous NaOH. The mixed solution was
hydrolyzed at 40 °C for 2 h in a gas bath with shaking and protection from light. The pH
value was adjusted to 2 by adding 4 M aqueous HCl. The mixture was shaken with 2 mL
of n-hexane at room temperature for 20 min to remove the n-hexane layer. Ethyl acetate
(2 x 2mL) was used to extract the aqueous layer, and the mixed extracts were concentrated
to nearly dry on a rotary evaporator at 35 °C under reduced pressure. Before analysis,
the residue was dissolved in 200 uL of 50% methanol/water and transferred to insert-
equipped vials. The sample extracts were subjected to analysis using a UPLC-Orbitrap mass
spectrometry system (Thermo Fisher Scientific, Waltham, MA, USA), specifically a Vanquish
UPLC coupled with a Q Exactive mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). The analytical parameters for the UPLC were as follows: A Waters ACQUITY
UPLC HSS T3 column (1.8 um, 2.1 mm x 50 mm) was maintained at a temperature of
40 °C, with a flow rate of 0.3 mL/min and an injection volume of 2 pL. The solvent system
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consisted of water with 0.1% acetic acid and acetonitrile with 0.1% acetic acid, employing
a gradient program that started at 90:10 (v/v) at 0 min, remained at 90:10 (v/v) until
2.0 min, transitioned to 40:60 (v/v) at 6.0 min, maintained this ratio until 8.0 min, and
then returned to 90:10 (v/v) at 8.1 min, sustaining this composition until 12.0 min. High-
resolution mass spectrometry (HRMS) data were collected using the Q Exactive hybrid
Q-Orbitrap mass spectrometer equipped with a heated electrospray ionization (ESI) source
(Thermo Fisher Scientific), utilizing full MS acquisition methods. The ESI source parameters
were configured as follows: spray voltage set to —2.8 kV, sheath gas pressure at 40 arb,
auxiliary gas pressure at 10 arb, sweep gas pressure at 0 arb, capillary temperature at
320 °C, and auxiliary gas heater temperature at 350 °C. Data acquisition was performed
on the Q Exactive using Xcalibur version 4.1 (Thermo Scientific, Waltham, MA, USA)
and subsequently processed with TraceFinder™ version 4.1 Clinical (Thermo Scientific,
Waltham, MA, USA). The experiment was quantified using the external standard method,
and fitting curves were prepared using standard samples of different concentrations. The
standard products mainly come from Sigma company (Sigma Chemical Co., St. Louis, MO,
USA). The quantified results were exported in Excel format [28].

2.3. Experiment 2: Experimental Design to Determine Allelopathic Effects of Faba Bean Extracts
on Maize Seedling Growth

The allelopathic effect of faba bean extract on maize seedling growth was studied by
using sand cultivation experiment. First, 20 germinating maize seeds were sown in each
box (19 cm length x 13 cm width x 12 cm height) placed with 300 g sand passed through
a 50-80 mesh. Then, 50 mL of 100 g L~ faba bean leaf extract (L1),150 g L~ faba bean
leaf extract (L2), 100 g L~ faba bean stem extract (S1), or 150 g L~! faba bean stem extract
(S2) with sterile water (CK) was added. When maize seedlings grew for 21 days, they were
collected to measure the SPAD value, plant height and fresh weight. Photosynthetic traits
and nutrient contents of maize seedlings were determined at growth 21 d (Figure 1).

Figure 1. Maize seedlings in control (CK) and (L2) treatment (150 g L~ faba bean leaf extract) at 21 d.
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2.3.1. Determination of Nutrient Contents in Plants and Faba Bean Extracts

At the 21-day mark of their development, maize seedlings were collected from the
incubation chambers. The collected specimens underwent an initial drying phase at a
temperature of 105 degrees Celsius for a duration of 30 min, followed by a secondary
drying process to achieve a stable weight at 80 degrees Celsius. Once the samples reached
a constant weight, they were pulverized into a fine powder to facilitate the quantification
of nitrogen, phosphorus and potassium levels. The nitrogen concentration in the maize
seedlings was ascertained through the micro-Kjeldahl digestion technique; the phosphorus
levels were determined by colorimetric analysis employing the vanado-molybdate proce-
dure; and the potassium levels were assessed via flame photometry [29]. In the case of faba
bean extracts, the nitrogen content was quantified using the potassium persulfate oxidation
method coupled with ultraviolet spectrophotometry. The phosphorus content within the
faba bean extracts was evaluated by the potassium persulfate oxidation-molybdenum blue
colorimetric assay. Lastly, the potassium content in the faba bean extracts was analyzed
using inductively coupled plasma mass spectrometry (ICP-MS).

2.3.2. Determination of Photosynthetic Traits

At the 21-day growth stage, a suite of photosynthetic parameters was quantified
employing a Li-6800 portable photosynthesis system, a device manufactured by LI-COR
Inc., Lincoln, NE, USA. The parameters assessed included the rate of photosynthesis
(Pn), the rate of transpiration (Tr), stomatal conductance (Gs), and the concentration of
CO, within the intercellular spaces (Ci) [6]. The leaf chamber uses a red-blue light source
(1 cm x 3 cm). The light intensity is set to 1500 umol-m~2-s~1. The CO, concentration is set
to 400 pmol-mol~!. Photosynthetic parameters were measured after 21 d seedling growth.

2.3.3. RNA Extraction and Sequencing

Maize seeds undergoing germination from the L2 treatment group and the control
group (CK) were collected at 36 h post-application of the extract. After a growth period
of 21 days, the maize samples from both the L2 treatment and the control group were
harvested. Total RNA was isolated from these samples using the RNAprep Pure Plant Kit
(catalog number DP432, Tiangen, Beijing, China). RNA purification, reverse transcription,
library construction and sequencing were performed at Shanghai Majorbio Bio-pharm
Biotechnology Co., Ltd. (Shanghai, China) according to the manufacturer’s instructions
(IIlumina, San Diego, CA, USA)

2.3.4. Transcriptome Data Analysis

Quality control procedures were implemented to evaluate the suitability of raw se-
quencing reads for further analytical processes. The transcript abundance for each unique
gene was quantified employing the fragments per kilobase of transcript per million mapped
reads (FPKM) approach. Genes were classified as differentially expressed when comparing
the L2 and CK samples based on stringent criteria: a fold change of at least 2.0 and a
p-value less than 0.05. To elucidate the molecular roles, cellular locations, biological pro-
cesses and metabolic pathways associated with the differentially expressed genes (DEGs),
a significant enrichment analysis of Gene Ontology (GO) terms and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways was conducted. The GO and KEGG enrich-
ment analyses were conducted using the Goatool (https://geneontology.org/, accessed on
12 September 2023) [30]. In total, 45,634,375 and 45,922,781 raw reads were obtained from
the CK and 52 maize seed treatments at germination (36 h), respectively. From the CK and
52 treatment raw reads, 44,886,758 and 45,157,799 clean reads, respectively, were retained
for further analysis, of which 86.38% and 87.63%, respectively, were mapped. At maize
seedling growth for 21 d, 61,267,373 and 59,404,195 raw reads were obtained from CK and
L2, respectively. In total, 60,248,475 and 58,299,177 clean reads were obtained for CK and
L2, respectively, and 89.37% and 88.03% of the clean reads were successfully mapped to the
reference genome.
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2.4. Statistical Analysis

The experiments were conducted in a completely randomized design. Each treatment
has 3 replicates, and each replicate is sampled for measurement. All data are presented as
means. SPSS version 19.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical
analysis including Fisher’s test.

3. Results
3.1. Effects of Faba Bean Extracts on the Allelochemicals and Phytohormones Content in
Maize Seeds

Allelochemicals, such as 4-hydroxybenzoic acid, trans-ferulic acid, hydrocinnamic acid,
benzoic acid, vanillin, gallic acid, trans-cinnamic acid, vanillic acid, protocatechualdehyde,
salicylic acid, sinapic acid, caffeic acid, 3,4-dihydroxybenzoic acid, and syringic acid, were
detected in faba bean stem extracts (Table 1). Among them, the content of hydrocinnamic
acid, benzoic acid,4-hydroxybenzoic acid, trans-cinnamic acid, protocatechualdehyde,
salicylic acid, 3,4-dihydroxybenzoic acid in maize seeds treated by faba bean stem extracts
was higher than these in CK. Faba bean stem extracts increased the abscisic acid, salicylic
acid and indole-3-acetic acid content in maize seeds at germination (36 h) (Figure 2AE,I)
but decreased aminocyclopropane carboxylic acid in maize seeds at germination (36 h)
(Figure 2B).
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Figure 2. The phytohormones content in maize seeds treated by faba bean extracts. (A) Abscisic acid,
(B) aminocyclopropane carboxylic acid, (C) brassinolide, (D) gibberellin A1, (E) indole-3-acetic acid,
(F) methyl jasmonate, (G) N6-(delta2-Isopentenyl) adenine, (H) N6-(delta2-Isopentenyl) adenosine,
(I) salicylic acid. S2 maize seeds treated by 150 g L~! of faba bean stem extracts; CK, maize seeds
treated by sterile water. Lowercase letters above the bar indicate significant differences (p < 0.05).



Agronomy 2024, 14, 2857 7 of 16

Table 1. Allelochemicals in faba bean stem extracts and maize seeds.

Maize Seeds

Allelochemicals Faba Bean Stem Extracts
CK (ng/g) S2 (ng/g)
Trans-Ferulic acid + 277,268.10 a 268,762.80 a
4-Hydroxybenzoic acid + 1023.00 b 1237.30 a
Hydrocinnamic acid + 3.60b 25.80 a
Trans-Cinnamic acid + 1933 b 263.00 a
Vanillic acid + 2302.10 a 2375.90 a
Vanillin + 2485.70 a 2292.70 a
Gallic acid + 29.20 a 31.00a
Benzoic acid + 1163.30 b 1393.70 a
Protocatechualdehyde + 3240b 67.50 a
3,4-Dihydroxybenzoic acid + 264.50 b 358.20 a
Caffeic acid + 2406.40 a 2054.90 a
Syringic acid + 6228.80 a 6730.10 a
Sinapic Acid + 33,547.80 a 34,293.70 a
Salicylic acid + 247.60 b 396.20 a

S2 maize seeds treated by 150 g L~ of faba bean stem extracts; CK, maize seeds treated by sterile water. Data
were shown as means (n = 3), and different lowercase letters in the same column indicate significant difference
(p < 0.05). Detected (+).

3.2. Effects of Faba Bean Extracts on the Germination Rate and a-Amylase Activity, SOD, CAT,
POD, and MDA in Maize Seeds

Compared with CK, faba bean extracts decreased the germination rate by 10.24-1.81%
(Figure 3A). There was no significant difference during L1, L2, S1, and S2. Faba bean
extracts increased the SOD activity and POD activity in maize seeds during germination for
36 h (Figure 3B,C). Faba bean extracts also increased the CAT activity in maize seeds during
germination at 36 h (Figure 3E) and increased the MDA content in maize seeds treated
at germination (36 h) (Figure 3F). However, faba bean extracts decreased the x-amylase
activity in maize seeds during germination for 36 h (Figure 3D).
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Figure 3. The germination rate, x-amylase activity, SOD, CAT, POD activity and MDA content in
maize seeds treated by faba bean extracts. (A) Germination rate of maize seeds treated by faba bean
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extracts, (B) SOD activity, (C) CAT activity, (D) a-amylase, (E) CAT activity, (F) MDA content. L1,
maize seeds treated by 100 g L™! faba bean leaf extracts; L2, maize seeds treated by 150 g L~! faba
bean leaf extracts; S1, maize seeds treated by 100 g L1 faba bean stem extracts; S2 maize seeds
treated by 150 g L~! faba bean stem extracts; CK, maize seeds treated by sterile water. Lowercase
letters above the bar indicate significant differences (p < 0.05).

3.3. Effects of Faba Bean Extracts on Microstructure of Maize Seeds

Figure 4A,B show the morphology of maize seed germination at 36 h. The CK
had faster germination of caryopsis and larger volume compared with L2 (Figure 4A,B).
Figure 4C-F show the amyloplast degradation. The amyloplasts were degraded in the
endosperm cells, and the endosperm structure was relatively loose at 36 h after germination
(Figure 4C,E). The degradation degree of amyloplasts in the maize endosperm treated with
150 g L~! faba bean stem extracts was lower than those treated with water (Figure 4D,E).

Figure 4. Maize seed structure and amylolytic degradation in maize endosperm cells. (A,C,E) CK,
(B,D,F) maize seeds treated by faba bean stem extracts (S2); AL, aleurone layer; Em, embryo; SG,
starch granules; SE, starch endosperm; (C,D) structure in the central position of the endosperm;
(E,F) structure in the surface powder layer.
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3.4. Effects of Faba Bean Extracts on Photosynthesis, SPAD Value, Plant Height, and Fresh Weight
of Maize Seedlings

The SPAD value, plant height, and fresh weight of maize seedlings are presented
in Table 2. When the maize seedlings grew for 21 d, the treatments except L2 had no
significant difference, and the SPAD value of L2 was 7.89% higher than CK at 21 d. The
plant height of L1, L2 and S2 was higher than CK when maize seedlings grew for 21 d.
The fresh weight of maize seedlings treated with faba bean extracts was higher than CK
when maize seedlings grew for 21 d. The fresh weight of L2 was 8.53% higher than that of
L1 when maize seedlings grew for 21 d. The fresh weight of L2 was higher than S2 when
maize seedlings grew for 21 d.

Table 2. The impact of faba bean extracts treatments on photosynthetic parameters and seedling
growth of maize.

Treatment Tr Pn Ci Gs SPAD Plant Fresh
mmolm2s 1 umolm2s ! pmolmol™? mmolm 251 Height (cm)  Weight (g)

L1 1.19a 9.74 ab 110.96 b 55.32b 29.76 b 19.33 a 1.29b

L2 123 a 10.00 a 133.99 a 66.13 a 3116 a 19.44 a 1l4a

S1 1.00b 9.23b 112.41b 54.99b 28.89b 17.65b 1.24b

S2 121a 9.35b 127.37 a 55.93 b 29.98 b 18.78 a 1.26b

CK 0.89 ¢ 6.28 ¢ 106.65 b 42.02 ¢ 28.88b 17.44 Db 113 ¢

L1, maize seedlings treated by 100 g L~! faba bean leaf extracts; L2, maize seedlings treated by 150 g L~! faba
bean leaf extracts; S1, maize seedlings treated by 100 g L~! faba bean stem extracts; S2 maize seedlings treated by
150 g L~! faba bean stem extracts; CK, maize seeds treated by sterile water. Data were shown as means (n = 3),
and different lowercase letters in the same column indicate significant difference (p < 0.05).

3.5. Effects of Faba Bean Extracts on Nutrient Absorption of Maize Seedlings

The nitrogen, potassium and phosphorus were detected in faba bean extracts
(Figure 5D,E,F). The nitrogen and phosphorus contents in faba bean leaf extracts were
higher than those in stem extracts. The nitrogen, phosphorus and potassium contents
in maize seedlings treated with faba bean extracts are shown in Figure 5. The nitrogen
and phosphorus contents were significantly higher in L2 than in the other treatments,
significantly higher in L2 than in L1. The nitrogen, potassium and phosphorus contents of
CK were lower than in the other treatments (Figure 5D,E,F).

3.6. Transcriptome Comparison Results

The Venn diagrams presented in Figure 6A,B represent the sample-specific and gene
overlap among CK, S2, and L2. At germination after 36 h, 587 and 724 specific genes
were expressed in CK and S2, respectively, and a total of 23,153 overlap genes (i.e., genes
expressed in both CK and 52) were expressed at this stage. At growth after 21 d, 1869 and
693 specific genes were expressed in CK and L2, respectively, and the number of overlap
genes was 20,440.

To verify the effect of faba bean extracts on the antioxidant enzyme activity and o-
amylase activity in maize seeds, several related genes were selected, as listed in Table 3.
Several genes with Gene id from Zm00001d038652 to Zm00001d028815 in Table 3 were
related to antioxidant enzyme activity. As seen in the heat map of DEGs in Figure 6C,
most of the genes related to antioxidant enzymes (Zm00001d028815, Zm00001d013629,
Zm00001d029279, Zm00001d047830, Zm00001d038652) were upregulated. The genes with
Gene ids of Zm00001d039394 and Zm00001d043411 related to gibberellin were downreg-
ulated (Figure 6C). To confirm the effect of faba bean extracts on the photosynthesis and
nutrient absorption of maize seedlings, several genes were selected, as listed in Table 3.
Several genes with Gene ids from ZemaCp052 to Zm00001d046928 in Table 3 were re-
lated to photosynthesis and were upregulated (Figure 6D). The gene with a Gene id of
Zm00001d040125 related to phosphorus absorb was upregulated (Figure 6D). The genes
with Gene ids Zm00001d038412, Zm00001d034782 and Zm00001d025831 related to nitrogen
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absorb were upregulated (Figure 6D). The gene with a Gene id of Zm00001d033068 related
to potassium absorption was upregulated (Figure 6D).
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Figure 5. Nitrogen, phosphorus and potassium content in maize seedling and faba bean extracts.
(A) Nitrogen content in maize seedling, (B) phosphorus content in maize seedling, (C) potassium
content in maize seedling. (D) Nitrogen content in faba bean extracts, (E) pohosphorus content in faba
bean extracts, (F) potassium content in faba bean extracts. L1, maize seedlings treated by 100 g L1
faba bean leaf extracts; L2, maize seedlings treated by 150 g L~ faba bean leaf extracts; S1, maize
seedlings treated by 100 g L~! faba bean stem extracts; S2 maize seedlings treated by 150 g L~ faba
bean stem extracts; CK, maize seeds treated by sterile water. Lowercase letters above the bar indicate
significant differences (p < 0.05).
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Figure 6. Venn diagrams, heat map of genes and GO enrichment analysis of differentially expressed
genes. (A) Venn diagrams of CK and L2 at germination 36 h, (B) Venn diagrams of CK and L2 at
growth 21 d. Numbers in a single-shaded region indicate sample-specific genes, while those in a
double-shaded region show the overlap genes. (C) Heat map of genes related to antioxidant enzymes,
gibberellin in CK and S2, (D) heat map of genes photosynthesis and nutrient absorption in CK and L2.

Table 3. Some related genes enriched in the KEGG pathway.

Treatment Gene_id Gene Description

Zm00001d038652 Thioredoxin H4
Zm00001d013629 cytochrome P450 family 87 subfamily A polypeptide 2
Zm00001d047830 kaurenoic acid oxidase2

2 /CK Zm00001d038652 Thioredoxin H4

s2/¢ Zm00001d029279 Peroxidase 64

Zm00001d028815 Pathogenesis-related protein 10
Zm00001d039394 gibberellin 2-oxidase13

Zm00001d043411 gibberellin 2-oxidase3
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Table 3. Cont.
Treatment Gene_id Gene Description

ZemaCp052 petB

ZemaCp053 petD
Zm00001d052316 Ferritin-1%2C chloroplastic

ZemaCp022 psaB
Zm00001d042482 bHLH-transcription factor 132
Zm00001d046928 histidine kinase5

L2/CK Zm00001d014611 Phosphate import ATP-binding protein pstB 1

Zm00001d020702 Mitochondrial phosphate carrier protein 2 mitochondrial
Zm00001d040125 phosphate transporter 1
Zm00001d038412 Ammonium transporter 2
Zm00001d034782 Ammonium transporter 2
Zm00001d025831 ammonium transporter 1
Zm00001d033068 Potassium transporter 5

S2 maize seeds treated by 150 g L~! faba bean stem extracts; L2, maize seedlings treated by 150 g L~ faba bean
leaf extracts; Gene description was annotated from the KOG (https://ftp.ncbinih.gov/pub/COG/, accessed on
12 September 2023) database.

4. Discussion
4.1. Allelopathic Effects of Faba Bean Extracts on Maize Seed Germination

Benzoic, p-hydroxybenzoic, vanillic, adipic, succinic, malic, glycolic, and
p-hydroxyphenylacetic acids were detected in the root exudates of faba beans [10]. Various
common allelochemicals were also detected in this study (Table 1). However, there are
more allelochemicals in the faba bean extract than these, and the types and contents of alle-
lochemicals in faba bean extract still need to be further studied for widespread application
in agricultural production worldwide.

Allelochemicals” most pronounced effects are the inhibition of seed germination and
growth of neighboring plants [19]. In the present study, faba bean stem extracts increased
the content of allelochemicals, including hydrocinnamic acid, 4-hydroxybenzoic acid,
protocatechualdehyde,trans-cinnamic acid, benzoic acid, 3,4-dihydroxybenzoic acid and sal-
icylic acid in maize seeds. The 4-hydroxybenzoic, hydrocinnamic acid, trans-cinnamic acid,
protocatechualdehyde could inhibit seed germination [31-33]. The allelochemicals released
from faba bean extracts enter the interior of the seed and inhibit maize seed germination.

Reactive oxygen species (ROS) is an important signal molecule that plays a critical
role in seed germination [34]. Excessive ROS accumulates in the cell. This condition affects
the cellular structure and inhibits seed germination [35,36]. The GO enrichment analysis
results showed that genes related to the ROS metabolic process (Zm00001d029279) were
upregulated (Table 3, Figure 6C). Genes related to the response to toxic substances were
expressed differently. This showed that faba bean extracts are poisonous to maize seed
germination. The faba bean extracts increased the SOD, POD and CAT activity levels upon
maize seed germination at 36 h. Maize seeds increased the antioxidant enzyme activity in
response to the effects of allelochemicals on seed germination.

During seed germination, x-amylase decomposes starch into small-molecule sugars
such as dextrin and maltose, which can be absorbed and utilized by cells to provide energy
and nutrients for seed germination [37,38]. In this study, faba bean extracts decreased
the a-amylase activity in maize seeds during germination for 12 h to 48 h (Figure 2D).
The degradation degree of amyloplasts in the maize endosperm treated with 150 g L1
faba bean stem extracts was lower than that in maize endosperms treated with water
(Figure 4). Allelochemicals released from faba bean extracts could inhibit amylase activity
and reduce the conversion and utilization efficiency of starch in seeds, thereby inhibiting
plant seed germination.

Phytohormones regulate seed germination [39]. In this study, high-concentration
(150 g L~1) faba bean stem extracts increased the abscisic acid (ABA), salicylic acid and
indole-3-acetic acid content and decreased aminocyclopropane carboxylic acid in maize
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seeds at germination (36 h). Abscisic acid (ABA) negatively regulates seed germina-
tion [40,41]. Indole-3-acetic acid, salicylic acid, and aminocyclopropane carboxylic acid
could promote seed germination [42—44]. The results of this experiment showed an in-
hibitory effect, which may be due to the stronger effect of abscisic acid than salicylic acid,
indole-3-acetic acid in this experiment. ABA levels have been observed as a response to
exposure to environmental stresses [45]. In this study, the abscisic acid content in maize
seeds was significantly increased by high-concentration faba bean stem extracts. This also
indirectly shows that the faba bean extract has an inhibitory effect on seed germination.
The myrigalone interferes with gibberellin metabolism and affects the ratio of GA to ABA,
thereby inhibiting Lepidium sativum seed germination [46]. The high-concentration faba
bean stem extracts increased the concentration of abscisic acid and had no significant
effect on the concentration of gibberellins. This showed that high-concentration faba bean
stem extracts also affect the balance between ABA and GA. The GO enrichment analysis
results showed that genes related to the gibberellin biosynthetic process, amylase activity,
regulation of hormone levels, hormone metabolic process and response to stimulus were
expressed differently (Figure 6B). The allelochemicals released from faba bean extracts have
a toxic effect on seeds and affect gibberellin synthesis, thereby inhibiting seed germination.
The allelochemicals released from faba bean extracts into seeds affect gene expression
related to seed germination, thus affecting ABA synthesis and reducing o-amylase activity,
thereby inhibiting seed germination (Figure 7).
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Figure 7. Proposed model of faba bean extracts inhibited germination of maize seeds.

4.2. Allelopathic Effects of Faba Bean Extracts on Maize Seedling Growth

Many allelochemicals affect nutrient absorption in plants [47]. Allelochemicals can
inhibit the activities of ATPase involved in the absorption and transport of ions at the cell
plasma membrane, which suppresses the cellular absorption of ions [48]. However, the faba
bean extracts increased nitrogen, phosphorus and potassium contents in maize seedlings in
this study. The nitrogen, potassium and phosphorus were detected in faba bean extracts.
The main reason for improving the absorption of nutrient elements in maize seedlings
may be the release of nutrients from faba bean extracts. Moreover, the released nutrients
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have a greater promoting effect on the absorption of nutrients by maize seedlings than the
inhibitory effect of allelochemical release from faba bean extracts. Several genes related to
ammonium, phosphate and potassium transporters were upregulated (Figure 6D). The faba
bean extracts may release nitrogen, phosphorus and potassium nutrients, which promotes
the absorption of the nutrient elements of maize seedlings and improves the growth and
development of the seedlings.

Most studies have shown that allelochemicals have an inhibitory effect on photosyn-
thesis [47]. However, faba bean extracts promoted the photosynthesis of maize seedlings in
this study (Table 3). The faba bean extracts increased nitrogen, phosphorus and potassium
contents in maize seedlings. A best-fit positive linear relationship existed between the
leaf chlorophyll and leaf nitrogen content [49]. The nutrients released from faba bean
extracts may promote the development of chloroplasts, thereby enhancing the photosyn-
thesis of maize and promoting the growth and development of maize seedlings. Several
photosynthesis-related genes were also upregulated (Figure 6D).

This study found that faba bean extracts could promote the growth of maize seedlings.
The fresh weight of maize seedlings treated with faba bean extracts was higher than those
of CK at seedling growth after 14 and 21 d (Table 2). In the present study, faba bean extracts
inhibited maize seed germination but promoted maize seedling growth. This condition may
be because the seeds consume the stored nutrients first during the germination period and
the endosperm provides the germination energy. The seedlings mainly absorb the nutrients
needed for growth from the outside through the root system and accumulate substances
through photosynthesis. The nitrogen, potassium and phosphorus were detected in faba
bean extracts. Faba bean extracts released nutrients to promote maize seedling growth.

In this study, we detected common allelochemicals in faba bean extracts (Table 1).
However, the number of allelochemicals in faba bean extracts is higher than these com-
pounds. The isolation and identification of allelochemicals in faba bean stalks are yet to
be studied. Although the faba bean extract inhibited the germination of maize seeds, the
extract stimulated the growth and development of maize seedlings. Faba bean—-maize relay
strip intercropping is a common cropping system in China, where the growing season is
too short for double cropping. Faba beans can be used as green manure to reduce the use of
chemical fertilizers. In production, increasing the sowing amount could help in coping with
the inhibitory allelopathic effect of faba beans on maize seed germination, improving the
utilization of faba bean green manure to alleviate the inhibitory effect on seed germination

5. Conclusion

Faba bean extracts release allelochemicals, such as 4-hydroxybenzoic acid, trans-ferulic
acid, hydrocinnamic acid, gallic acid, vanillic acid, trans-cinnamic acid, vanillin, benzoic
acid, protocatechualdehyde, caffeic acid, 3,4-dihydroxybenzoic acid, salicylic acid, syringic
acid and sinapic acid. Allelochemicals entered the interior of maize seeds and increased the
abscisic acid content and antioxidant enzyme activity and decreased the o-amylase activity
in maize seeds, ultimately leading to an inhibitory effect on maize seed germination.

Faba bean extracts release nutrients and promote nitrogen, phosphorus and potassium
absorption of maize seedlings, while promoting photosynthesis and the fresh weight of
maize seedlings. The research results provide a basis for improving faba bean-maize relay
strip intercropping.

Author Contributions: Software, E.Z. and Y.Z.; Formal analysis, B.L., X.W. and K.W.; Investigation,
B.L.; Data curation, B.L., E.Z., Y.Z. and K.W.; Writing—original draft, B.L.; Writing—review & editing,
B.L., X.W. and K.W. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Jiangsu Seed Industry, which Unveiled the List and Com-
manded the Project (JBGS[2021]056).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.



Agronomy 2024, 14, 2857 15 of 16

Conflicts of Interest: The authors declare that they have no conflicts of interest. No conflicts of
interest exit in the submission of this manuscript, and the manuscript was approved by all authors
for publication. The work described was original research that has not been published previously
and is not under consideration for publication elsewhere, in whole or in part. All authors listed have
approved the manuscript. This article does not contain any studies with animals performed by any
of the authors.

References

1.  Hauggaard, N.H,; Jornsgaard, B.; Kinane, ].; Jensen, E.S. Grain legume—cereal intercropping: The practical application of diversity,
competition and facilitation in arable and organic cropping systems. Renew. Agric. Food Syst. 2008, 23, 3—12. [CrossRef]

2. Yan,S.; Du, X.Q.; Wu, E; Li, L,; Li, C.Y. Proteomics insights into the basis of interspecific facilitation for maize (Zea mays) in faba
bean (Vicia faba) / maize intercropping. J. Proteorm. 2014, 109, 111-124. [CrossRef] [PubMed]

3.  Hu, YH,;Li, H; Hao, M.M,; Ren, Y.N. Nitrogen fixation and crop productivity enhancements codriven by intercrop root exudates
and key rhizosphere bacteria. J. Appl. Ecol. 2021, 58, 2243-2255. [CrossRef]

4. Zhang, D.S,; Lyu, Y,; Li, H.B,; Tang, X.Y.; Hu, R. Neighbouring plants modify maize root foraging for phosphorus: Coupling
nutrients and neighbours for improved nutrient-use efficiency. New Phytolt 2020, 226, 244-253. [CrossRef] [PubMed]

5. Stoltz, E.; Nadeau, E. Effects of intercropping on yield, weed incidence, forage quality and soil residual n in organically grown
forage maize (Zea mays L.) and faba bean (Vicia faba L.). Field Crop Res. 2014, 169, 21-29. [CrossRef]

6. Li, B.; Liu,J,; Shi, X,; Han, X,; Chen, X.; Wei, Y.; Xiong, F. Effects of belowground interactions on crop yields and nutrient uptake
in maize-faba bean relay intercropping systems. Arch. Agron. Soil Sci. 2023, 69, 314-325. [CrossRef]

7. Neugschwandtner, R.; Ziegler, K.; Kriegner, S.; Wagentristl, H.; Kaul, H.P. Nitrogen yield and nitrogen fixation of winter faba
beans. Acta Agric. Scand. Sect. B Soil Plant Sci. 2015, 65, 658-666. [CrossRef]

8. Adekiya, A.O.; Agbede, TM.; Aboyeji, C.M.; Dunsin, O.; Ugbe, J.O. Green manures and NPK fertilizer effects on soil properties,
growth, yield, mineral and vitamin C composition of okra (Abelmoschus esculentus (L.) Moench). J. Saudi Soc. Agric. Sci. 2019,
18, 218-223. [CrossRef]

9.  Salahin, N.; Alam, M.D,; Islam, M.D.; Naher, L.; Majid, N.M. Effects of green manure crops and tillage practice on maize and rice
yields and soil properties. Aust. J. Crop Sci. 2013, 7, 1901-1911.

10. Asaduzzaman, M.; Asao, T. Autotoxicity in beans and their allelochemicals. Sci. Hortic. 2012, 134, 26-31. [CrossRef]

11. Alvarez—lglesias, L.; Puig, C.G.; Revilla, P.; Reigosa, M.].; Pedrol, N.; Bourdét, G. Faba bean as green manure for field weed control
in maize. Weed Res. 2018, 58, 437—-449. [CrossRef]

12.  Jensen, E.S.; People, M.B.; Hauggaard-nielsen, H. Faba bean in cropping systems. Field Crops Res. 2010, 115, 203-216. [CrossRef]

13.  Ulrich, K.; Nemecek, T. Ecological services of faba bean. Field Crops Res. 2010, 115, 217-233.

14. Djurdjevic, L.; Dinic, A.; Pavlovic, P.; Mitrovic, M.; Karadzic, B.; Tesevic, V. Allelopathic potential of Allium ursinum L. Biochem.
Syst. Ecol. 2004, 32, 533-544. [CrossRef]

15. Batish, D.R; Singh, H.P,; Kohli, R.K.; Kaur, S. Crop allelopathy and its role in ecological agriculture. ]. Crop Prod. 2001, 4, 121-161.
[CrossRef]

16. Inderjit; Wardle, D.A.; Karban, R.; Callaway, R.M. The ecosystem and evolutionary contexts of allelopathy. Trends Ecol. Evol. 2011,
26, 655-662. [CrossRef] [PubMed]

17.  Singh, H.P; Kohli, R.K,; Batish, D.R. Allelopathy in agroecosystems: An overview. J. Crop Prod. 2001, 4, 1-41. [CrossRef]

18.  Oueslati, O. Allelopathy in two durum wheat (Triticum durum L.) varieties. Agric. Ecosyst. Environ. 2003, 96, 161-163. [CrossRef]

19. Oln, K;; Klemeni, M.; Koce, J.D. Plant cell responses to allelopathy: From oxidative stress to programmed cell death. Protoplasma
2022, 259, 1111-1124.

20. Wang, X.; Alvarez, M.; Donohue, K. Elevation filters seed traits and germination strategies in the eastern Tibetan Plateau.
Ecography 2020, 44, 242-254. [CrossRef]

21. Terlizzi, D.E.; Ferrier, M.D.; Armbrester, E.A.; Anlauf, K.A. Inhibition of dinoflagellate growth by extracts of barley straw (Hordeum
vulgare). J. Appl. Phycol. 2002, 14, 275-280. [CrossRef]

22. Li, B; Wu, W,; Shen, W.; Xiong, F.; Wang, K. Allelochemicals Released from Rice Straw In-hibit Wheat Seed Germination
andSeedling Growth. Agronomy 2024, 14, 2376. [CrossRef]

23. Huang, Y.Q.; Han, L.S,; Yang, J.E; Wang, Y.; Han, X.R. Autotoxicity of aqueous extracts from plant, soil of peanut and identification
of autotoxic substances in rhizospheric soil. Acta Ecol. Sin. 2012, 32, 6023-6032. [CrossRef]

24. Yuan,].;Sheng, S.; Liu, R.; Wang, X. Effects of cadmium on physiological characteristics and metabolic profiles of Salviamiltiorrhiza
Bunge. Plant Sci. . 2022, 40, 408-417.

25. Zhang, W.X,; Ding, Y.Q.; Jiang, Y.M. Hyperoxic storage increases the content of the active components in the post-harvest
ganoderma lucidum fruiting body. Postharvest Biol. Technol. 2023, 202, 112389. [CrossRef]

26. Hu, Y, Liu,J; Lin, Y;; Xu, X; Xia, Y;; Bai, ].; Yu, Y.; Xiao, E; Ding, Y.; Ding, C.; et al. Sucrose nonfermenting-1-related protein kinase
1 regulates sheath-to-panicle transport of nonstructural carbohydrates during rice grain filling. Plant Physiol. 2022, 189, 1694-1714.
[CrossRef]

27. Sun,Y.; Zhang, F; Wei, J. Phosphate Transporter OsPT4, Ubiquitinated by E3 Ligase OsAIRP2, Plays a Crucial Role in Phosphorus

and Nitrogen Translocation and Consumption in Germinating Seed. Rice 2003, 16, 54. [CrossRef]


https://doi.org/10.1017/S1742170507002025
https://doi.org/10.1016/j.jprot.2014.06.027
https://www.ncbi.nlm.nih.gov/pubmed/25009142
https://doi.org/10.1111/1365-2664.13964
https://doi.org/10.1111/nph.16206
https://www.ncbi.nlm.nih.gov/pubmed/31536638
https://doi.org/10.1016/j.fcr.2014.09.004
https://doi.org/10.1080/03650340.2021.1989416
https://doi.org/10.1080/09064710.2015.1042028
https://doi.org/10.1016/j.jssas.2017.05.005
https://doi.org/10.1016/j.scienta.2011.11.035
https://doi.org/10.1111/wre.12335
https://doi.org/10.1016/j.fcr.2009.10.008
https://doi.org/10.1016/j.bse.2003.10.001
https://doi.org/10.1300/J144v04n02_03
https://doi.org/10.1016/j.tree.2011.08.003
https://www.ncbi.nlm.nih.gov/pubmed/21920626
https://doi.org/10.1300/J144v04n02_01
https://doi.org/10.1016/S0167-8809(02)00201-3
https://doi.org/10.1111/ecog.04972
https://doi.org/10.1023/A:1021164302634
https://doi.org/10.3390/agronomy14102376
https://doi.org/10.5846/stxb201109131337
https://doi.org/10.1016/j.postharvbio.2023.112389
https://doi.org/10.1093/plphys/kiac124
https://doi.org/10.1186/s12284-023-00666-9

Agronomy 2024, 14, 2857 16 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Liu, X,; Jiang, X.; Zhang, J.; Ye, H.; Shen, M.; Wu, L.; Miao, Y.; Chen, L.; Zhou, K.; Hao, M.; et al. Molecular cytogenetic
identification and nutritional composition evaluation of newly synthesized Triticum turgidum-Triticum boeoticum amphiploids
(AABBAPADP). Front. Plant Sci. 2023, 14, 1285847. [CrossRef]

[AOAC] Association of Official Analytical Chemist. Official Methods of Analysis of the Association of Official Analytical Chemist;
Oxford University Press: New York, NY, USA, 2019.

Huang, D.; Wang, J.; Li, F. Optimization of the ultrasound-assisted extraction for phenolic compounds content and antioxidant
activity of Cortex fraxini using response surface methodology. Eur. . Wood Prod. 2023, 81, 685-697. [CrossRef]

An, M; Pratley, ].E.; Haig, T. Phytotoxicity of vulpia residues: III. Biological activity of identified allelochemicals from vulpia
myuros. J. Chem. Ecol. 2001, 27, 383-394. [CrossRef]

Fujita, K.I.; Kubo, L. Synergism of polygodial and trans-cinnamic acid on inhibition of root elongation in lettuce seedling growth
bioassays. J. Chem. Ecol. 2003, 29, 2253-2262. [CrossRef] [PubMed]

Reigosa, M.].; Pazos-Malvido, E. Phytotoxic Effects of 21 Plant Secondary Metabolites on Arabidopsis thaliana Germination and
Root Growth. J. Chem. Ecol. 2007, 33, 1456-1466. [CrossRef] [PubMed]

Diaz-Vivancos, P.; Gregorio, B.-E.; Hernandez, J.A. Elucidating hormonal /ROS networks during seed germination: Insights and
perspectives. Plant Cell Rep. 2013, 32, 1491-1502. [CrossRef]

Pallavi, S.; Bhushan, J.A.; Shanker, D.R.; Mohammad, P. Reactive Oxygen Species, Oxidative Damage, and Antioxidative Defense
Mechanism in Plants under Stressful Conditions. J. Bot. 2012, 2012, 217037.

Chen, C,; Letnik, I.; Hacham, Y.; Dobrev, P; Ben-Daniel, B.H. ASCORBATE PEROXIDASES6 protects Arabidopsis desiccating and
germinating seeds from stress and mediates cross talk between reactive oxygen species, abscisic acid, and auxin. Plant Physiol.
2014, 166, 370-383. [CrossRef] [PubMed]

Zhang, B.; Dhital, S.; Gidley, M.]. Synergistic and Antagonistic Effects of «-Amylase and Amyloglucosidase on Starch Digestion.
Biomacromolecules 2013, 14, 1945-1954. [CrossRef]

Ishimoto, M.; Sato, T.; Chrispeels, M.]. Bruchid resistance of transgenic azuki bean expressing seed a-amylase inhibitor of
common bean. Entomol. Exp. Appl. 2015, 79, 309-315. [CrossRef]

Staden, J.; Ger, A.K,; Strydom, A. Interaction between a plant-derived smoke extract, light and phytohormones on the germination
of light-sensitive lettuce seeds. Plant Growth Regul. 1995, 17, 213-218. [CrossRef]

Holdsworth, M.].; Bentsink, L.; Soppe, W.J. Molecular networks regulating Arabidopsis seed maturation, after-ripening, dormancy
and germination. New Phytol. 2008, 179, 33-54. [CrossRef]

Finch-Savage, W.E.; Leubner-Metzger, G. Seed dormancy and the control of germination. New Phytol. 2006, 171, 501-523.
[CrossRef]

Lee, S.; Kim, S.G.; Park, C.M. Salicylic acid promotes seed germination under high salinity by modulating antioxidant activity in
Arabidopsis. New Phytol. 2010, 188, 622-637. [CrossRef] [PubMed]

Tsavkelova, E.A.; Cherdyntseva, T.A.; Klimova, S.Y. Orchid-associated bacteria produce indole-3-acetic acid, promote seed
germination, and increase their microbial yield in response to exogenous auxin. Arch. Microbiol. 2007, 188, 655-664. [CrossRef]
[PubMed]

Barros, R.S.; Delatorre, C.A. 1-Aminocyclopropane-1-carboxylic acid-stimulated germination of dormant seeds of Stylosanthes
humilis is inhibited by abscisic acid. Seed Sci. Technol. 1998, 26, 319-324.

O’Brien, J.A.; Eva, B. Cytokinin cross-talking during biotic and abiotic stress responses. Front. Plant Sci. 2013, 4, 451. [CrossRef]
[PubMed]

Oracz, K.; Voegele, A.; Tarkowska, D.; Jacquemoud, D.; Tureckova, V.; Urbanova, T.; Strnad, M.; Sliwinska, E.; Leubner, M.G.
Myrigalone A inhibits Lepidium sativum seed germination by interference with gibberellin metabolism and apoplastic superoxide
production required for embryo extension growth and endosperm rupture. Plant Cell Physiol. 2012, 53, 81-95. [CrossRef]

Fang, C.; Cheng, Z. Research Progress on the use of Plant Allelopathy in Agriculture and the Physiological and Ecological
Mechanisms of Allelopathy. Front. Plant Sci. 2015, 6, 1020-1026.

Hejl, A.M.; Koster, K.L. Juglone disrupts root plasma membrane H+-ATPase activity and impairs water uptake, root respiration,
and growth in soybean (Glycine max) and corn (Zea mays). J. Chem. Ecol. 2004, 30, 453-471. [CrossRef]

Kulsum, M.U.; Baque, M. A ; Karim, M. A. Effects of different nitrogen levels on the leaf chlorophyll content nutrient concentration
and nutrient uptake pattern of blackgram. Pak. J. Biol. Sci. PJBS 2007, 10, 250-254. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fpls.2023.1285847
https://doi.org/10.1007/s00107-022-01912-5
https://doi.org/10.1023/A:1005640708047
https://doi.org/10.1023/A:1026270329989
https://www.ncbi.nlm.nih.gov/pubmed/14682510
https://doi.org/10.1007/s10886-007-9318-x
https://www.ncbi.nlm.nih.gov/pubmed/17577597
https://doi.org/10.1007/s00299-013-1473-7
https://doi.org/10.1104/pp.114.245324
https://www.ncbi.nlm.nih.gov/pubmed/25049361
https://doi.org/10.1021/bm400332a
https://doi.org/10.1111/j.1570-7458.1996.tb00838.x
https://doi.org/10.1007/BF00024728
https://doi.org/10.1111/j.1469-8137.2008.02437.x
https://doi.org/10.1111/j.1469-8137.2006.01787.x
https://doi.org/10.1111/j.1469-8137.2010.03378.x
https://www.ncbi.nlm.nih.gov/pubmed/20663063
https://doi.org/10.1007/s00203-007-0286-x
https://www.ncbi.nlm.nih.gov/pubmed/17687544
https://doi.org/10.3389/fpls.2013.00451
https://www.ncbi.nlm.nih.gov/pubmed/24312105
https://doi.org/10.1093/pcp/pcr124
https://doi.org/10.1023/B:JOEC.0000017988.20530.d5
https://doi.org/10.3923/pjbs.2007.250.254

	Introduction 
	Material and Methods 
	Preparation of Faba Bean Stem and Leaf Extracts 
	Experiment 1: Experimental Design to Determine Allelopathic Effects of Faba Bean Extracts on Maize Seed Germination 
	Antioxidant Enzyme Activities and MDA Assay 
	-Amylase Activity Assay 
	Microstructure Observation of Maize Seeds 
	Determination of Phytohormones Content in Maize Seeds 
	Detection of Allelochemicals in Faba Bean Stem Extracts and Maize Seeds 

	Experiment 2: Experimental Design to Determine Allelopathic Effects of Faba Bean Extracts on Maize Seedling Growth 
	Determination of Nutrient Contents in Plants and Faba Bean Extracts 
	Determination of Photosynthetic Traits 
	RNA Extraction and Sequencing 
	Transcriptome Data Analysis 

	Statistical Analysis 

	Results 
	Effects of Faba Bean Extracts on the Allelochemicals and Phytohormones Content in Maize Seeds 
	Effects of Faba Bean Extracts on the Germination Rate and -Amylase Activity, SOD, CAT, POD, and MDA in Maize Seeds 
	Effects of Faba Bean Extracts on Microstructure of Maize Seeds 
	Effects of Faba Bean Extracts on Photosynthesis, SPAD Value, Plant Height, and Fresh Weight of Maize Seedlings 
	Effects of Faba Bean Extracts on Nutrient Absorption of Maize Seedlings 
	Transcriptome Comparison Results 

	Discussion 
	Allelopathic Effects of Faba Bean Extracts on Maize Seed Germination 
	Allelopathic Effects of Faba Bean Extracts on Maize Seedling Growth 

	Conclusion 
	References

