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Intercropping improves faba bean
photosynthesis and reduces disease caused
by Fusarium commune and cinnamic acid-
induced stress

Wenhao Yang'", Zhenyu Zhang'", Tingting Yuan', Yu Li', Qian Zhao' and Yan Dong'”

Abstract

Modern intensive cropping systems often contribute to the accumulation of phenolic acids in the soil, which
promotes the development of soilborne diseases. This can be suppressed by intercropping. This study analyzed the
effects of intercropping on Fusarium wilt based on its effect on photosynthesis under stress by the combination

of Fusarium commune and cinnamic acid. The control was not inoculated with . commune, while the faba bean
plants (Vicia faba L) were inoculated with this pathogen in the other treatments. The infected plants were also
treated with cinnamic acid. This study examined the development of Fusarium wilt together with its effects on the
leaves, absorption of nutrients, chlorophyll fluorescence parameters, contents of photosynthetic pigments, activities
of photosynthetic enzymes, gas exchange parameters, and the photosynthetic assimilates of faba bean from
monocropping and intercropping systems. Under monocropping conditions, the leaves of the plants inoculated
with £. commune grew significantly less, and there was enhanced occurrence of the Fusarium wilt compared with
the control. Compared with the plants solely inoculated with . commune, the exogenous addition of cinnamic acid
to the infected plants significantly further reduced the growth of faba bean leaves and increased the occurrence of
Fusarium wilt. A comparison of the combination of F. commune and cinnamic acid in intercropped wheat and faba
bean compared with monocropping showed that intercropping improved the absorption of nutrients, increased
photosynthetic pigments and its contents, electron transport, photosynthetic enzymes, and photosynthetic
assimilates. The combination of these factors reduced the occurrence of Fusarium wilt in faba bean and increased
the growth of its leaves. These results showed that intercropping improved the photosynthesis, which promoted
the growth of faba bean, thus, reducing the development of Fusarium wilt following the stress of infection by £
commune and cinnamic acid. This research should provide more information to enhance sustainable agriculture.
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Introduction

The continuous growth of crops on the same land has
become widespread owing to reductions in the availabil-
ity and area of arable land [1-3]. However, growing the
same crop for many years can result in continuous crop-
ping obstacles, also known as yield decline. The condition
manifests as weaker plant growth, lower yields, decreased
quality and more soilborne diseases [4, 5]. There are
many reasons for this phenomenon, including diseases
and pests, an imbalance in the soil physicochemical prop-
erties, and the accumulation of allelopathic compounds
[2, 6-10]. Among them, the synergistic effect of various
factors on yield decline has been a topic of wide con-
cern [2, 4]. Of particular concern is the synergistic effect
between soilborne pathogens and allelopathic autotoxic-
ity. Some studies have shown that exogenous application
of cinnamic acid to cucumber (Cucumis sativus) plants
that had been inoculated with E oxysporum f. sp. cuc-
umerinum, the causal agent of cucumber Fusarium wilt,
resulted in a decrease in photosynthesis and leaf area in
cucumber and promoted the occurrence of this disease
[11]. It is apparent that the synergistic effect of soilborne
pathogens and allelopathic autotoxicity can aggravate the
occurrence of these diseases.

Currently, soilborne diseases are generally controlled
by grafting, chemical, and physical treatments in agricul-
tural production. Some studies have reported that graft-
ing pumpkin (Cucurbita pepo) and gourd (Cucurbita
spp.) rootstocks on watermelon (Citrullis lanatus) seed-
lings reduced the incidence of Fusarium wilt of water-
melon caused by E oxysporum f. sp. niveum [12-14],
but it has not been widely used by growers owing to the
high levels of skill and the cost required for grafting [15].
Treating the soil with steam to disinfect it at high tem-
peratures can control soilborne diseases [16]. However,
this technique can easily lead to secondary colonization
and a large accumulation of soilborne pathogens, which
can have grave effects on the growth of subsequent crops
[17]. A concentration of 98% dazomet was used to dis-
infect the soil, which substantially decreased the amount
of Fusarium propagules [18]. However, its use to elimi-
nate pathogens also kills beneficial microorganisms, dis-
rupts the ecological balance of microbes in the soil, and
aggravates environmental pollution. There are limitations
in all of these control methods; thus, the development of
management strategies using benign environmental tech-
niques to control soilborne disease is important [2, 19,
20].

The simultaneous planting of two or more crops is
defined as intercropping, and it serves as a green and
efficient pattern of cultivation that suppresses soilborne
diseases [19, 21]. Intercropping can effectively allevi-
ate soilborne diseases and promote the growth of crops.
This has been observed in the intercropping of soybean
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(Glycine max) and corn (Zea mays) [21], cucumber and
wheat (Triticum aestivum) [22], and tomato (Solanum
lycopersicum) and onion (Allium cepa) [19]. Currently,
the mechanism of the alleviation of soilborne diseases
by intercropping has primarily been studied in different
systems, including the growth of soilborne pathogenic
fungi, rhizosphere microflora, community structure and
recruitment of beneficial microorganisms. For example,
intercropping with rice (Oryza sativa) and watermelon
increased the population of bacteria and decreased the
populations of Fusarium and other fungi in the rhizo-
sphere compared with the monocropping of watermelon
[23]. Similarly, the intercropping of wheat and cucumber
improved the diversity of bacterial community, increased
the abundance of beneficial species of Pseudomonas, and
decreased the development of Fusarium wilt in cucumber
compared with plants that had been grown in a monocul-
ture [22]. The efficiency of use of natural resources is also
increased by intercropping [24, 25]. Photosynthesis is the
basic physicochemical process that enables plants to sur-
vive and grow [26-28]. This process is heavily influenced
by biotic and abiotic factors, and almost all the damage
from stress can be attributed to significant influences on
photosynthesis [29, 30]. However, few studies have been
conducted on how intercropping regulates photosynthe-
sis of the host to alleviate soilborne diseases, particularly
under interaction between soilborne pathogenic fungi
and autotoxic compounds.

Faba bean (Vicia faba L.) is widely cultivated and pro-
vides a large amount of protein, which benefits health
worldwide [31]. However, it is highly susceptible to infec-
tion by Fusarium, which results in an increase in the
prevalence of soilborne wilt during the process of con-
tinuously planting faba bean [4, 32]. Wheat is frequently
cultivated with faba bean to alleviate the wilt on this crop
in southwest China, including Yunnan Province [33].
There is little information on the influence of intercrop-
ping on Fusarium wilt of faba bean, particularly in terms
of the synergistic actions between Fusarium and auto-
toxic compounds. Cinnamic acid has been shown to be
the principal autotoxic compound produced by the roots
of faba bean and can remain stable in the soil [2, 34]. This
study hypothesized that the synergy between E commune
and cinnamic acid promotes Fusarium wilt, and this can
be mitigated by intercropping faba bean with wheat. This
process can be studied by analyzing alterations in photo-
synthesis. Therefore, the primary goals of this research
were as follows: (1) to evaluate the influence of F com-
mune and cinnamic acid on the development of Fusarium
wilt and whether these could be mitigated by intercrop-
ping with wheat; (2) to evaluate the effects of E commune
and cinnamic acid on the absorption of nutrients by the
host and how these were influenced by intercropping;
(3) to evaluate the effects of F commune and cinnamic
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acid on the photosynthetic pigments, electron transport
and photosynthetic enzymes of the host and how these
were influenced by intercropping; and (4) to evaluate the
effects of E commune and cinnamic acid on the photo-
synthetic assimilates of hosts and how these were influ-
enced by intercropping. This research should provide
more information to enhance sustainable agriculture.

Materials and methods

Test materials

This research included faba bean (Vicia faba L.) vari-
ety “89-147"and wheat (Triticum aestivum L.) variety
“Yunmai 53” were provided by the Yunnan Academy of
Agricultural Sciences (Kunming, China). The pathogenic
fungus Fusarium commune that infects faba bean plants
was used in the study [35]. The spores were collected
from the culture plate, which was filtered through four
layers of gauze to make a suspension of 1x10° CFU-mL",
which was used to inoculate the plants [36].

Experimental design

A hydroponic experiment was conducted in the green-
house at Yunnan Agricultural University (Kunming,
China) from September to December 2021. The field
trials were conducted between October 2020 and May
2021 in Efeng Village, Eshan County, Yuxi City, Yunnan
Province, China (24° 11’'N, 102° 24'E; above sea level
1,540 m). The faba bean rhizosphere soil at the tested
field was collected 7 years after continuous cultivation
as described by Yang et al. [2]. The contents of cinnamic
acid and its derivatives, including ferulic acid and vanil-
lic acid, had previously been shown to be 48.26 pg-g™*
(48.26 mg'kg™!) in the faba bean rhizosphere at harvest
[2]. These experiments were based on the ratio of water:
general soil density (1:2.65). In addition, previous studies
have demonstrated that phenolic acids can be metabo-
lized by soil microorganisms, which leads to their degra-
dation [37]. We selected a hydroponic system to simulate
the role of the synergy between Fusarium commune and
cinnamic acid. This study was conducted in a hydroponic
system that utilized a randomized block design that
examined multiple factors with the following treatments:
(1) faba bean monocropping (M) with no inoculation of
E commune: Ct; (2) faba bean monocropping (M) inocu-
lated with E commune without the addition of cinnamic
acid: Fc; (3) faba bean monocropping (M) inoculated
with E commune and treated with 50 mg-L™! of cinnamic
acid: Fc+C1; (4) faba bean monocropping (M) inocu-
lated with F commune and treated with 100 mg-L™" of
cinnamic acid: Fc+C2; (5) faba bean monocropping (M)
inoculated with F commune and treated with 200 mg-L ™!
of cinnamic acid: Fc+C3; and (6-10) were treated as
described above but were subjected to intercropping with
faba bean and wheat (I). Thus, there were 10 treatments
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combinations and each treatment including five plastic
basins (25 cm upper diameter, 16 cm height and 13 cm
lower diameter) with six plants per basin. The trial was
repeated three times.

Approximately 400 uniformly seeds of wheat and 900
of faba bean were disinfected and germinated as previ-
ously described by Yang et al. [2]. In brief, the seeds were
kept fully moist until they had grown to the three-leaf
stage in wheat and the six true-leaf stage in faba bean.
In the monocropping systems, there were six faba bean
plants per plastic basin (25 cm upper diameter, 16 cm
height and 13 cm lower diameter). In the intercropping
systems, three faba bean and three wheat seeds were
sowed in each plastic basin in 2 L of Hoagland nutrient
solution [38, 39], and the planting method was adopted
as described by Yang et al. [33]. Based on the different
treatments, the various concentrations of cinnamic acid
and 1 mL of the spore suspension (1x10° CFU.mL™)
were simultaneously added to the base of plants [2, 4].
The nutrient solution was replaced and E commune was
reinoculated every 2 days [40], and an oxygenation pump
was used for 24 h. All the wheat and faba bean plants
were grown under natural light at 26°C/19°C day/night
and maintained at 70—85% relative humidity.

Evaluation of the growth of faba bean and the
development of Fusarium wilt

Three faba bean seedlings from four to six fully expanded
leaves were randomly chosen to measure the maximum
leaf width and length in each treatment.

The presence of wilt was determined, and from each
treatment 15 faba beans were selected, 45 days post-
transplantation. The degree of Fusarium wilt was clas-
sified as previously described [33], as follows, Grade
0: asymptomatic; Grade 1: slight discoloration or local
lesions of the root or stem base (except for the main
root); Grade 2: stem bases that were not contiguous or
diseased spots on the main lateral root; Grade 3: 1/3~1/2
of the root or stem base appeared to have diseased spots,
discoloration, or rot, and there were significantly fewer
lateral roots; Grade 4: the stem base was surrounded by
lesions, or most of the roots were discolored and rotten;
and Grade 5: the plants withered and died. The develop-
ment of disease was calculated as follows:

Incidence =
number of in fected plants/total number of plants (1)
x100%
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Diseaseindex =
> (number of diseased plants at all levels >
2)

X corresponding gradevalue

X total number of plants

(highcstvaluc > < 100%

Measurement of the absorption of nutrients by the faba
bean leaves

A total of 0.1 g four to six fully expanded leaf samples (for
each replicate, all plants from the 5 basins per treatment
were pooled, 30 plants total) were digested using H,SO,
and hydrogen peroxide (H,O,) in digestion tubes [41].
The total nitrogen (TN) was measured from the plant fil-
trate using the Kjeldahl method as described by Jackson
[42]. The total potassium (TK) was measured using flame
photometry [43]. The total phosphorus (TP) was mea-
sured as described by Ashraf et al. [44]. A total of 0.3 g
of dried leaf samples were placed in a 100 mL decoction
tube, and 15 mL of nitric acid: perchloric acid (4:1v/v)
was added first at low temperature (approximately 160
C) in a constant temperature digestion furnace until
the solution turned brownish black. A volume of 10 mL
of the acid mixture was added until white smoke was
emitted. The solution was then boiled at 250~ 300 C for
1~2 h until the solution was bright and slightly yellow.
It was removed, cooled, transferred to a 25 mL volume-
ter bottle and finally filtered. The filtered solution was
used to determine the contents of Zn, Fe and Mn by
atomic absorption spectroscopy on a PerkinElmer atomic
absorption spectrometer 3300 (PerkinElmer, Danbury,
CT, USA). A volume of 10 mL of the filtered solution was
added to a 50 mL volumetric bottle, and 50 g L™ of stron-
tium chloride was added. The content of Mg was deter-
mined by atomic absorption spectroscopy as described
above.

Determination of the photosynthetic gas exchange
parameters of the faba bean leaves

The transpiration rate (Ti, mmol H20 m~2 s ~1), net
photosynthetic rate (Pn, umol CO2 m~2 s ~!), stomatal
conductance (Gs, mol H20 m~% s ~!) and intercellu-
lar carbon dioxide concentration (Ci, umol-mol™) were
measured using a Li-Cor 6400 portable photosynthe-
sis system (LI-COR, Lincoln, NE, USA). All the mea-
surements were recorded between 09:00 and 12:00 at
a light intensity of 1,200 pmol-m~%s™!, relative humid-
ity of 50% and temperature of 25 C. Four to six fully
expanded leaves without any apparent fungal infection
were selected from the tip of faba bean stems and placed
in the Li-Cor6400 portable photosynthesis system to
record the data. The measurements were recorded once
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the instrument had started displaying a stable reading as
described by Yang et al. [4].

Determination of the contents of photosynthetic pigments
in the faba bean leaves

The contents of carotenoids, chlorophyll a, and chlo-
rophyll b were measured using assay kits according to
the manufacturer’s instructions (Sinobestbio, Shanghali,
China).

Determination of the chlorophyll fluorescence parameters
in the faba bean leaves

A DualPAM-100 measurement system (Heinz Walz,
Effeltrich, Germany) was used as described by Yang et al.
[4] and Kramer et al. [45]. The chlorophyll fluorescence
parameters were collected from 22:00 to 24:00 to deter-
mine the maximum fluorescence (Fm) and initial fluo-
rescence (Fo), which provided the variable fluorescence
Fv = (FM-Fo). The chlorophyll minimum fluorescence
(Fo’), chlorophyll maximum fluorescence (Fm’) and
chlorophyll stable fluorescence (Fs) after light adapta-
tion were measured in an artificial climate chamber. The
fluorescence parameters [46—48] were calculated as fol-
lows: photochemical quenching coefficient (3), maximum
quantum efficiency of PSII (4), potential activity of the
PSII reaction center (5), non-photochemical quenching
coefficient (6), and the actual photochemical quantum
yield of PSII (7).

qP = (Fm' — Fs)/(Fm' — F0') (3)
Fv/Fm = (Fm — Fo)/Fm (4)
Fv/Fo = (Fm — Fo)/Fo (5)
NPQ = (Fm — Fm')/Fm!/ ©6)
OPSII = (Fm! — Fs)/Fm/ (7)

Determination of the activities of the photosynthetic
enzymes in the faba bean leaves

The activities of ribulose bisphosphate carboxylase
(Rubisco), ribulose bisphosphate carboxylase activator
(RCA), fructose-1,6-bisphosptase (FBPase), sucrose syn-
thase, fructose-1,6-bisphosphate aldolase (FBA), and H*-
ATPase were measured using assay kits according to the
manufacturer’s instructions (Sinobestbio).
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Determination of the contents of photosynthetic
assimilates in the faba bean leaves

The contents of starch, soluble sugar and sucrose were
measured using assay kits according to the manufactur-
er’s instructions (Sinobestbio).

Statistical analysis

Each dataset was tested, and a normal probability plot
was used to determine the variance homogeneity in SPSS
18.0 (SPSS, Inc., Chicago, IL, USA). A multi-factor anal-
ysis of variance (ANOVA) was used to analyze the data
and ensure that the treatments did not interact. Least sig-
nificant difference (LSD) tests were utilized, and p<0.05
was considered to be statistically significant. The data are
presented as the averageststandard deviation by three
biological replicates.

Results

Influence of intercropping on the occurrence of Fusarium
wilt and the growth of faba bean following inoculation
with F. commune and cinnamic acid stress

Under the conditions of faba bean monocropping (M),
the incidence and disease index in faba bean were higher
in the Fc treatment (p<0.05) compared with the Ct
(Fig. 1A and B). Moreover, compared with the Fc treat-
ment, the incidence and disease index were higher in the
Fc+C1, Fc+C2, and Fc+C3 treatments (p<0.05) (Fig. 1A
and B).

The incidence and disease index were lower in the
intercropping (I) faba bean and wheat compared with the
faba bean monocropping (p<0.05) in the treatments of
Fc, Fc+Cl1, Fc+C2, and Fc+C3 (Fig. 1A and B).

The Fc treatment statistically significant decreased
the maximum length and width of the faba bean leaves
(p<0.05) when the plants were grown as a monoculture
compared with the Ct treatment (Fig. 1C and D). More-
over, compared with the Fc treatment, the maximum leaf
length and width statistically significant decreased in the
Fc+C1, Fc+C2, and Fc+C3 treatments (p<0.05) (Fig. 1C
and D).

The maximum leaf length and width statistically sig-
nificant increased in intercropping with faba bean and
wheat (p<0.05) in the treatments of Fc, Fc+Cl1, Fc+C2,
and Fc+C3 compared with the faba bean monocropping
(Fig. 1C and D).

Influence of intercropping on the photosynthetic gas
exchange parameters in the faba bean leaves under F.
commune and cinnamic acid stress

The Fc treatment statistically significant decreased the
Ti, Gs and Pn in the faba bean leaves and increased the
Ci (p<0.05) under the conditions of faba bean mono-
cropping compared with the Ct treatment (Fig. 2A-D).
Moreover, compared with the Fc treatment, the Fc+C1,

Page 5 of 17

Fc+C2, and Fc+C3 treatments further statistically sig-
nificant decreased the Ti, Gs, and Pn, and increased the
Ci (p<0.05) (Fig. 2A-D).

There was a higher Ti in the faba bean leaves in the
intercropping of faba bean and wheat (p<0.05) under
the Fc, Fc+Cl1, Fc+C2, and Fc+C3 conditions com-
pared with the faba bean monocropping (Fig. 2A). The
Gs and Pn in the faba bean leaves statistically signifi-
cant increased and decreased the Ci when the faba bean
and wheat were intercropped (p<0.05) under the Ct, Fc,
Fc+C1, Fc+C2, and Fc+C3 treatments compared with
the monocropping of faba bean (Fig. 2B-D).

Influence of intercropping on the absorption of nutrients
in the faba bean leaves under F. commune and cinnamic
acid stress

There were lower contents of total nitrogen (N), phos-
phorus (P), potassium (K), iron (Fe), magnesium (Mg),
manganese Mn, and zinc (Zn) in the faba bean leaves
in the Fc treatment (p<0.05) under the condition of
faba bean monocropping compared with the Ct (Fig. 3).
Moreover, the Fc+C1, Fc+C2, and Fc+C3 treatments
statistically significant reduced the contents of N, P, K,
Fe, Mg, Mn, and Zn even more in the faba bean leaves
compared with the Fc treatment (p <0.05) (Fig. 3).

The contents of N, P, K, Fe, Mg, Mn, and Zn in the faba
bean leaves statistically significant increased when the
faba bean and wheat were intercropped under the Ct, Fc,
Fc+C1, Fc+C2, and Fc+C3 conditions compared with
faba bean monocropping (p <0.05) (Fig. 3).

Influence of intercropping on the photosynthetic pigments
in faba bean leaves under F. commune and cinnamic acid
stress

The contents of chlorophyll a, b, a+b and carotenoids in
the faba bean leave were lower in the Fc treatment com-
pared with the Ct (p<0.05) under the conditions of faba
bean monocropping (Fig. 4A, B, C and E). The chloro-
phyll a/b ratio and chlorophyll (a+b)/carotenoid ratio
also decreased (p<0.05) (Fig. 4D and F).

The contents of chlorophyll a, b, and the ratio of chlo-
rophyll a/b and chlorophyll (a+b)/carotenoid in the
leaves of faba bean statistically significant increased dur-
ing the intercropping of faba bean and wheat (p<0.05)
under the Fc, Fc+Cl1, Fc+C2, and Fc+C3 conditions
compared with the faba bean monocropping (Fig. 4).

Influence of intercropping on the chlorophyll fluorescence
parameters in the faba bean leaves under F. commune and
cinnamic acid stress

The photochemical quenching coefficient (qP) and actual
photochemical quantum yield of PSII (OPSII) were lower,
and the non-photochemical quenching coefficient (NPQ)
in the faba bean leaves was higher in the Fc treatment
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difference

(p<0.05) under the condition of faba bean monocrop-
ping compared with the Ct treatment (Fig. 5C and D).
The Fc+C1, Fc+C2, and Fc+C3 treatments statistically
significant reduced the maximal quantum efficiency of
PSII (Fv/Fm), potential activity of the PSII reaction cen-
ter (Fv/Fo), ®PSII and photochemical quenching coeffi-
cient (qP) and statistically significant increased the NPQ
in the faba bean leaves compared with the Fc treatment
(p<0.05) (Fig. 5).

The Fv/Fm in faba bean leaves statistically significant
increased in intercropping with faba bean and wheat
(p<0.05) under the Fc+C2, and Fc+C3 conditions com-
pared with the faba bean monocropping (Fig. 5A). The

Fv/Fo statistically significant increased in the faba bean
leaves during intercropping with faba bean and wheat
(p<0.05) under the Fc+C1, Fc+C2, and Fc+C3 con-
ditions compared with the faba bean monocropping
(Fig. 5B). The qP and O®PSII in the faba bean leaves sta-
tistically significant increased during intercropping with
faba bean and wheat (p<0.05) under the Fc, Fc+Cl,
Fc+C2, and Fc+C3 conditions compared with mono-
cropping (Fig. 5C and D). The NPQ in faba bean leaves
was lower during the intercropping of faba bean and
wheat under the Fc, Fc+Cl, and Fc+C2 conditions.
However, the NPQ statistically significant increased dur-
ing intercropping with wheat and faba bean compared
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with monocropping under the Fc+C3 conditions

(p<0.05) (Fig. 5E).

Influence of intercropping on the photosynthetic enzymes
in faba bean leaves under F. commune and cinnamic acid
stress
The Fc treatment statistically significant decreased
the activities of ribulose bisphosphate carboxylase
(Rubisco), ribulose bisphosphate carboxylase activa-
tor (RCA), fructose-1,6-bisphosphate aldolase (FBA),
fructose-1,6-bisphosptase (FBPase), sucrose synthase,
and H*-ATPase in faba bean leaves compared with the
Ct treatment under faba bean monocropping conditions
(p<0.05) (Fig. 6). In addition, the activities of Rubisco,
RCA, FBA, FBPase, sucrose synthase, and H*-ATP in the
faba beans were significantly reduced even further in the
Fc+Cl1, Fc+C2, and Fc+C3 treatments compared with
the Fc treatment (p <0.05) (Fig. 6).

The activities of Rubisco, RCA, FBA, FBPase, sucrose
synthase, and H*-ATP in the faba bean leaves were higher

during intercropping with wheat and faba bean (p<0.05)
under the Ct, Fc, Fc+C1, Fc+C2, and Fc+C3 conditions
compared with faba bean monocropping (Fig. 6).

Influence of intercropping on the photosynthetic
assimilates in the faba bean leaves under F. commune and
cinnamic acid stress
The Fc treatment statistically significant increased the
content of starch but decreased soluble sugar and sucrose
content in the faba bean leaves (p<0.05) under mono-
cropping conditions compared with the Ct (Fig. 7). The
Fc+C1 and Fc+C2 treatments statistically significant
increased the content of starch in the faba bean leaves
compared with the Fc treatment (p<0.05) (Fig. 7A). The
Fc+C1, Fc+C2, and Fc+C3 treatments statistically sig-
nificant decreased soluble sugar and sucrose content in
the faba bean leaves compared with the Fc treatment
(p<0.05) (Fig. 7B and C).

Under the Fc+Cl1, and Fc+C2 conditions compared
with faba bean monocropping, there was less starch in
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the faba bean leaves during the intercropping of faba
bean and wheat, but there was more starch during the
intercropping of wheat and faba bean (p <0.05) under the
Fc+C3 condition compared with the faba bean mono-
cropping (Fig. 7A). There were higher contents of soluble
sugar and sucrose during intercropping with faba bean
and wheat (p<0.05) under the Ct, Fc+C1, Fc+C2, and
Fc+C3 conditions compared with the faba bean mono-
cropping (Fig. 7B and C).

Discussion

Soilborne pathogens are considered to be the primary
cause of soil diseases, which is true for most crops [49].
Previous studies have often reported that soilborne
pathogenic fungi can reduce the growth of plants and
their yields [50, 51]. The findings of this study are con-
sistent with these conclusions. The faba bean leaves grew
less following inoculation with FE commune compared
with those of the plants that had not been inoculated with

E commune (Fig. 1C and D). It is worth noting that Fusar-
ium can survive in the soil for many years [4, 52]. How-
ever, allelopathic autotoxins can exude from the plant
roots into the rhizosphere [9]. Cucumber leaves grew
less, and the severity of Fusarium wilt was higher follow-
ing inoculation with E oxysporum f. sp. cucumerinum
and cinnamic acid compared with plants that had not
been inoculated with E oxysporum f. sp. cucumerinum
[11]. Similar results were obtained in this study (Fig. 1),
which showed that the combined effect of E commune
and cinnamic acid reduced the growth of faba beans and
stimulated the development of Fusarium wilt. Appro-
priate amounts of intercropping promote the growth of
plants and control diseases. There were a lower incidence
and disease index of red crown rot caused by Calonec-
tria illicicola and were longer roots in soybean during
intercropping with maize and soybean compared with
monocropped soybean [21]. There were similar results
in this study, and intercropping with wheat and faba
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bean significantly reduced the occurrence of Fusarium
wilt and increased leaf growth compared with faba bean
monocropping following inoculation with E commune
and cinnamic acid stress (Fig. 1). The results showed that
the occurrence of faba bean Fusarium wilt was effectively
reduced by faba bean and wheat intercropping.
Photosynthesis is a basic biosynthetic process for
plants to obtain energy and organic matter for growth
and development. Inoculation with E oxysporum f. sp.
cucumerinym and the addition of cinnamic acid signifi-
cantly reduced the Pn and Gs of cucumber leaves and
increased the Ci compared with the sole inoculation with
E oxysporum f. sp. cucumerinum [11]. Similar results
were obtained in this study (Fig. 2). This may be owing
to the reduction of these parameters through non-stoma-
tal or stomatal limiting factors [53]. Some studies have
shown that under stress, the reduction of Gs can reduce
the Ci and Pn, which indicates that stomatal factors were
the reasons for these changes [53]. However, in this study,
the Ci was enhanced and the Gs reduced, which resulted

in changes owing to non-stomatal factors; instead, they
were most likely owing to chloroplast damage [54]. Previ-
ous studies found that Fusarium primarily destroyed the
host vascular bundle tissue system, which is responsible
for the transport of water and nutrients [4]. A decrease in
the Ti can affect the ability of plants to absorb water and
nutrients. Among them, nutrient mineral elements play
a vital role in the survival of plants and their photosyn-
thesis [55, 56]. Compared with soybean monocropping,
the intercropping of flax (Linum usitatissimum) with
soybean significantly increased the Pn, Gs and Ti and
decreased the Ci [57]. In this study following inoculation
with E commune and cinnamic acid stress, the Pn, Gs
and Ti of the faba bean leaves were higher, and the Ci was
lower during the intercropping of wheat and faba bean
compared with the monocropping of faba bean (Fig. 2).
Chloroplasts are the primary organelles of photosyn-
thesis, and the photosynthetic pigments have a vital role
in the absorption, transfer and capture light energy [58,
59]. N and Mg, as components of chlorophyll, and Fe, Mn
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and Zn play important roles in the biosynthesis of chlo-  (Fig. 4). The contents of photosynthetic pigments also
rophyll [60-62]. In this study, £ commune+cinnamic affect electron transport by the photosynthetic electron
acid significantly reduced the contents of chlorophyll a, transporters [63]. The contents of carotenoids, chloro-
chlorophyll b, (a+b) and carotenoids and the chlorophyll  phyll a, and chlorophyll b in pakchoi (Brassica rapa subsp.
(a/b) ratio compared with the inoculation of £ commune  chinensis) leaves were higher during the intercropping of
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pakchoi and lettuce (Lactuca sativa) compared with pak-
choi monocropping [64]. In this study, under E commune
and cinnamic acid stress, the intercropping of faba bean
and wheat significantly increased the contents of chlo-
rophyll a, chlorophyll b, (a+b) and carotenoids and the
chlorophyll (a/b) ratio compared with faba bean mono-
cropping (Fig. 4). Photosynthetic pigments in the plant
chloroplasts absorb light and transfer their energy to PS
II, and part of the light energy is re-emitted, which is
known as chlorophyll fluorescence [65, 66]. When the
PSII reaction center is fully open, the intensity of fluo-
rescence emission reaches its minimum (Fo) and when
the reaction center is completely closed, the intensity of
fluorescence emission reaches its maximum (Fm) [67—
69]. Where Fv is variable fluorescence, Fv/Fo and Fv/
Fm are relatively stable under certain conditions. Ye et
al. [11] reported that the Fv/Fm in the cucumber leaves
was lower in E oxysporum f. sp. cucumerinum+cinnamic
acid compared with the sole inoculation with E oxyspo-
rum f. sp. cucumerinum. In this study, £ commune+cin-
namic acid significantly reduced the Fv/Fm and Fv/Fo
in the faba bean leaves compared with inoculation with
E commune (Fig. 5A and B). The decrease of Fv/Fm and
Fv/Fo indicated that the combination of F commune
with cinnamic acid could reduce the rate and efficiency
of the conversion of primary light energy into chemical
energy, which can result in the insufficient assimilation
of energy from photosynthetic carbon. qP is closely con-
tacted to the redox potential of electron acceptor plasto-
quinone QA (PSII reaction center). A larger qP leads to
the oxidation of QA, which results in a more open PSII
reaction center. In contrast, a smaller qP leads to a reduc-
tion in QA, and the PSII reaction center becomes less
open [70]. Ye et al. [11] reported that the qP in cucum-
ber leaves was lower in treatments of E oxysporum f. sp.
cucumerinum+cinnamic acid compared with inoculation
with E oxysporum f. sp. cucumerinum alone. There were
similar results in this study, and E commune+cinnamic
acid significantly reduced Fe and Mn compared with
the inoculation of E commune (Figs. 3D and F and 5C).
Mn plays an important role in the oxygen-evolving com-
plex, and Fe plays a vital role in electron transport [71,
72]. The higher closure of the PSII reaction center will
result in an inability to complete a stable charge separa-
tion, which results in the failure of the linear transfer of
photosynthetic electrons. This can lead to a decrease in
the photophosphorylation of ATP. The ®PSII represents
the PSII electron transport quantum yield in the optical
system. Electron transport is always coupled to the pho-
tophosphorylation of ATP. Ye et al. [11] reported that the
@PSII in cucumber leaves was lower in the E oxyspo-
rum f. sp. cucumerinum+cinnamic acid treatment com-
pared with E oxysporum f. sp. cucumerinum treatment
alone. Similar results were observed in this study, and
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E commune+cinnamic acid significantly reduced P in
the faba bean leaves compared with the inoculation of F
commune (Figs. 3B and 5D). Among them, P plays a cru-
cial role in photophosphorylation [73]. This reduction in
quantum yield will also reduce the amount of photophos-
phorylated ATP. However, the photosystem can consume
the excess light energy absorbed by PSII by increasing the
dissipation of non-radiative heat [74, 75]. Ye et al. [11]
reported that the NPQ in cucumber leaves was higher
in the E oxysporum f. sp. cucumerinum+cinnamic acid
treatment compared with the leaves that were inocu-
lated with E oxysporum f£. sp. cucumerinum alone. Similar
results were obtained in this study (Fig. 5E). The increase
in NPQ forces the host to release the energy absorbed
by PSII through non-radiative heat dissipation, but this
may prevent the host from fully utilizing the captured
light energy. The results showed that the combination of
E commune and cinnamic acid resulted in the absorption
of light energy and obstruction of the electron transport
chain, particularly in chloroplast photoreaction center
II. The potential activity of chloroplast PSII is reduced;
the ability to convert light energy to chemical energy is
impaired; the quantum transfer rate is decreased, and
the amount of photophosphorylation is reduced, which
may affect the assimilation of photosynthetic carbon
in the host. Intercropping with maize and peanut (Ara-
chis hypogeae) significantly increased the peanut Fv/Fm,
qP, and ®OPSII and decreased the NPQ compared with
peanut monocropping [76]. The Fv/Fo, Fv/Fm, qP, and
@PSII and the absorption of nutrients were higher in the
faba bean leaves grew under F commune and cinnamic
acid stress compared with faba bean monocropping,
and the NPQ was lower in wheat -faba bean intercrop-
ping (Figs. 3 and 5). Simultaneously, the NPQ of was sig-
nificantly increase in wheat and faba bean intercropping
under E commune and 200 mg-L™! cinnamic acid stress.
It is possible that the chloroplasts of faba bean have been
seriously damaged from E commune and 200 mg-L™! cin-
namic acid stress in monocropping system. Some stud-
ies have shown that the exudates of wheat roots could
inhibit the action of Fusarium oxysporum f. sp. niveum
when watermelon and wheat were intercropped [77].
It is possible that faba bean sought help from wheat in
response to E commune and cinnamic acid stress to
release the energy absorbed by PSII through non-radi-
ative heat dissipation to alleviate the photoinhibition of
photosynthesis. The results indicated that intercropping
with faba bean and wheat promoted the absorption of the
light energy and the conversion of light energy to chemi-
cal energy, promoted the transfer of electrons, and may
increase the amount of photophosphorylation.

The binding of CO, to ribulose diphosphate (RuDP)
is the first key reaction in the dark reaction Calvin
cycle, which is then catalyzed by Rubisco to produce
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glyceraldehyde-3-phosphate. Rubisco directly affects the
rate of assimilation of CO,. The activity of RCA affected
the efficiency of carboxylation and the degree of activa-
tion of Rubisco [78, 79]. There were lower activities of
Rubisco and RCA in the cucumber leaves due to exog-
enous application of cinnamic acid compared with the
control [80]. The activities of Rubisco and RCA in the
faba bean leaves and the content of Mg were lower in
the E commune+cinnamic acid treatment compared to
the sole inoculation with E commune (Fig. 6A and B).
Mg plays a vital role in the activation of photosynthetic
enzymes, such as Rubisco and FBPase [81, 82]. Corn (Zea
mays) and peanut intercropping significantly increased
the activity and activation of Rubisco compared with pea-
nut monocropping [76]. There were higher activities of
Rubisco and RCA and Mg content when the wheat and
faba bean were intercropped under E commune and cin-
namic acid stress compared with the monocropping of
faba bean (Fig. 6A and B). FBA, FBPase and sucrose syn-
thase are key rate-limiting enzymes during the process
of carbon assimilation [83—85]. There were lower activi-
ties of FBA, FBPase, sucrose synthase and H"-ATPase
in cucumber following the addition of exogenous cin-
namic acid compared with the control treatment [80,
86]. The activities of FBA, FBPase, sucrose synthetase
and H*-ATPase were significantly reduced in the E com-
mune+cinnamic acid treatment compared with the sole
inoculation of E commune (Fig. 6C-F). The decrease in
the activities of photosynthetic enzymes may be unfavor-
able to the production and transport of the products of
photosynthetic carbon assimilation in faba bean. There
were higher activities of FBA, FBPase, sucrose synthe-
tase and H"-ATPase when the wheat and faba bean were
intercropped under E commune and cinnamic acid stress
compared with faba bean monocropping (Fig. 6C-F).
Some studies have shown that the exudates of wheat
roots could inhibit the action of Fusarium oxysporum
f. sp. niveurn when watermelon and wheat were inter-
cropped [77]. It is possible that faba bean sought help
from wheat in response to E commune and cinnamic
acid stress to promote the activities of photosynthetic
enzymes for faba bean.

Stressed leaves are characterized by a reduction in the
rates of photosynthesis, which leads to a reduction in the
concentrations of soluble sugars (nonstructural carbohy-
drates) and usually the accumulation of starch (structural
carbohydrates) [87]. In this study, there were lower levels
of soluble sugar, sucrose, P and K in the faba bean leaves
and higher levels of starch in the F commune+cinnamic
acid treatment compared with the sole inoculation of E
commune (Figs. 3B and C and 7). K plays a crucial role in
the transformation of photosynthetic products and their
transport [88]. The possible reason is that the activities
of FBA, FPBase, sucrose synthetase and H*-APT and the
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contents of P and K decrease, which results in a reduc-
tion from the biosynthesis and output of nonstructural
sucrose in the carbon assimilation process of faba bean,
which, in turn, promotes the increase of starch biosyn-
thesis. This results in an inability to transport the prod-
ucts of photosynthetic assimilation. Simultaneously, the
content of structural sugar (starch) did not increase sig-
nificantly in the plants treated with F commune and 200
mg-L~! cinnamic acid, and the contents of nonstructural
sugar (sucrose and soluble sugar) decreased significantly.
It is possible that the chloroplasts of faba bean have
been seriously damaged. There were higher contents
of soluble sugar and sucrose in intercropping with soy-
bean and corn compared with corn monocropping [89].
There were higher contents of soluble sugar and sucrose,
P and K in the faba bean leaves under F commune and
cinnamic acid stress compared with the monocropping
of faba bean, and a lower content of starch when the faba
bean and wheat were intercropped (Figs. 3B and C and 7).
The possible reason for this is that the intercropping of
wheat and faba bean improves the amount of nutrients,
increases the content of photosynthetic pigments in the
faba bean leaves, promotes electron transfer, photophos-
phorylation activities, and key photosynthetic enzymes,
and thus, promotes the production of photosynthetic
assimilates.

The combination of autotoxic compounds with soil-
borne pathogens has been intensively studied because
of its ability to dramatically inhibit the growth of plants
and cause severe soilborne diseases [4, 86, 90]. In this
study, faba bean wilt was correlated with a decrease in
photosynthesis, although it was promoted during inter-
cropping when F commune infection was combined with
cinnamic acid (Fig. 7D). The development of faba bean
wilt from the field was observed to be higher than that
in the hydroponic experiments conducted in this study
(Supplementary Data Figure S3 and S4) owing to mul-
tiple factors from the complex environment. Notably,
E commune can survive for many years in the soil. The
continuous cultivation of faba bean resulted in the accu-
mulation of autotoxic factors that accumulated and del-
eteriously affected the rhizosphere soil habitat, which
made it conducive to the growth of Fusarium; thus,
enhancing the susceptibility of the faba bean plants [2,
4, 52]. These results reveal the necessity of developing a
comprehensive strategy to control faba bean wilt, which
includes improving the microecological environment in
the rhizosphere and inhibiting the growth of pathogenic
fungi. A novel method to control wilt disease should be
considered based on the interactions of fungal patho-
gens with the rhizosphere microecosystem. We propose
that the sustainable management of crop diseases is
fundamental to control the greater development of soil-
borne diseases in agricultural ecosystems. Therefore,
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we combined diversified planting with intercropping to
inhibit the growth of pathogenic fungi and improve the
utilization of natural resources (photosynthesis) for the
hosts. This model can effectively and sustainably control
the development of wilt to promote sustainable produc-
tion and improve photosynthesis in faba bean.

Conclusions

The faba bean grew less following inoculation with E
commune and treatment with cinnamic acid. This com-
bination reduced the absorption of nutrients, contents of
photosynthetic pigments, efficiency of electron transport,
photophosphorylation and the key activities of the pho-
tosynthetic enzymes of faba bean leaves. These factors
jointly inhibited photosynthesis, reduced the produc-
tion of photosynthetic assimilates and the growth of faba
bean, and stimulated the occurrence of Fusarium wilt.
Under E commune and cinnamic acid stress, faba bean-
wheat intercropping increased the absorption of nutri-
ents, contents of photosynthetic pigments, efficiency of
electron transport, photophosphorylation and the key
activities of the photosynthetic enzymes of faba bean
leaves. These factors jointly promoted the photosynthesis
of faba bean, improved the production of photosynthetic
assimilates, decreased the development of Fusarium wilt
and promoted the growth of faba bean. However, more
research is merited to explore how intercropping pro-
motes photosynthesis at the molecular level under com-
bined Fusarium and autotoxic stress and improve the
understanding of plants for their roles.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512870-024-05326-8.

[ Supplementary Material 1 ]

Acknowledgements
We appreciated that this work was supported by the National Key Research
and Development Program of China (2022YFD1901503-4).

Author contributions

Wenhao Yang conceived the original screening and research plans, designed
the experiments and analyzed the data, finished writing this thesis. Zhenyu
Zhang assisted in the design of the experiment and proposed some
suggestions for modification of this paper to Wenhao Yang. Tingting Yuan and
Yu Li Assist in data analysis to Wenhao Yang. Qian Zhao provided technical
assistance to Wenhao Yang. Yan Dong supervised the experiments, agreed to
serve as the author responsible for contact and ensures communication. All
authors contributed to the article and approved the submitted version.

Funding
This work was supported by the National Key Research and Development
Program of China (2022YFD1901503-4).

Data availability
The data that support the fndings of this study are available from the
corresponding author upon reasonable request.

Page 15 of 17

Declarations

Ethics approval and consent to participate

Experimental research on plants, including the collection of plant material,
comply with relevant institutional, national, and international guidelines and
legislation. All methods were performed in accordance with the relevant
guidelines and regulations. The permission to use plants used in this
experiment has been obtained from an appropriate governing body.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 16 May 2024 / Accepted: 23 June 2024
Published online: 09 July 2024

References

1. Alexandratos N, Bruinsma J. World agriculture towards 2030/2050: the 2012
revision. Rome: Food and Agriculture Organization of The United Nations;
2012.

2. Yang W, LiY, Zhao Q, Guo Y, Dong Y. Intercropping alleviated the phyto-
toxic effects of cinnamic acid on the root cell wall structural resistance
of faba bean and reduced the occurrence of Fusarium wilt. Physiol Plant.
2022a;174:€13827.

3. ZengJ,LiuJ,LuC Ou X, LuoK, Li C, et al. Intercropping with turmeric or gin-
ger reduce the continuous cropping obstacles that affect Pogostemon cablin
(patchouli). Front Microbiol. 2020;11:2526.

4. YangW,GuoY, LiY, Lv J, Dong Y. Benzoic acid promotes Fusarium wilt
incidence by enhancing susceptibility and reducing photosynthesis of faba
bean. Ann Appl Biol pp: 1-12 (2023).

5. MaZ Guan Z LiuQ HuY, Liu L, Wang B, et al. Obstacles in continuous crop-
ping: mechanisms and control measures. Adv Agron. 2023;179:205-56.

6. Komada H. Development of a selective medium for quantitative isolation of
Fusarium oxysporum from natural soil. Rev Plant Prot Res. 1975;8:115-25.

7. LiX,Ding C,Hua K, Zhang T, Zhang Y, Zhao L, et al. Soil sickness of peanuts is
attributable to modifications in soil microbes induced by peanut root exu-
dates rather than to direct allelopathy. Soil Biol Biochem. 2014a;78:149-59.

8. Tsuchiya K. Various problems in allelopathy of vegetable crops. Agric Hort.
1990,65:9-16.

9. RiceE, Allelopathy. 2nd edn. Academic, London (1984).

10.  Singh N. Alleviation of allelopathic stress of benzoic acid by indole acetic acid
in. Solanum lycopersicum Sci Hortic. 2015;192:211-7.

11. YeS,Yu J,Peng, Zheng J, Zou L. Incidence of Fusarium wilt in Cucumis
sativus L. is promoted by cinnamic acid, an autotoxin in root exudates. Plant
Soil. 2004;263:143-50.

12. Cohen R, Tyutyunik J, Fallik E, Oka Y, Tadmor Y, Edelstein M. Phytopathological
evaluation of exotic watermelon germplasm as a basis for rootstock breed-
ing. Sci Hortic. 2014;165:203-10.

13. Keinath A, Hassell R. Control of Fusarium wilt of watermelon by grafting onto
bottlegourd orinterspecific hybrid squash despite colonization of rootstocks
by Fusarium. Plant Dis. 2014;98:255-66.

14.  Yetisir H, Sari N, Ylcel S. Rootstock resistance to Fusarium wilt and effect on
watermelon fruit yield and quality. Phytoparasitica. 2003;31:163-9.

15. Davis A, Perkins-Veazie P, Sakata Y, Lopez-Galarza S, Maroto J, Lee S, et al.
Cucurbit Grafting. Crit Rev Plant Sci. 2008;27:50-74.

16. Katan J. Solar pasteurization of soils for disease control: status and prospects.
Plant Dis. 1980;64:450-4.

17. Fenoglio S, Gay P, Malacarne G, Cucco M. Rapid recolonization of agri-
cultural soil by microarthropods after steam disinfestation. J Sustain Agr.
2006;27:125-35.

18. Mao L, Wang Q,Yan D, Xie H, Li Y, Guo M, et al. Evaluation of the combination
of 1,3-dichloropropene and dazomet as an efficient alternative to methyl
bromide for cucumber production in China. Pest Manag Sci. 2012;68:602-9.

19.  Zhou X, Zhang J, Khashi u Rahman M, Gao D, Wei Z, Wu F, et al. Interspecifc
plant interaction via root exudates structures the disease suppressiveness of
rhizosphere microbiomes. Mol Plant. 2023;16:849-64.

20. LiX,Wang X, Dai C, Zhang T, Xie X, Ding C, et al. Effects of intercropping
with atractylodes lancea and application of bio-organic fertiliser on soil


https://doi.org/10.1186/s12870-024-05326-8
https://doi.org/10.1186/s12870-024-05326-8

Yang et al. BMC Plant Biology

22.

23.

24,

25.

26.

27.

28.
29.

30.

32.

33.

34.

35.

36.

37.
38.
39.

40.

42.

43.

44,

45.

46.

(2024) 24:650

invertebrates, disease control and peanut productivity in continuous peanut
cropping field in subtropical China. Agroforest Syst. 2014b;88:41-52.

Gao X, Wu M, Xu R, Wang X, Pan R, Kim H, et al. Root interactions in a maize/
soybean intercropping system control soybean soilborne disease, red crown
rot. PLoS ONE. 2014;9:295031.

Jin X, ShiY,Wu F, Pan K, Zhou X. Intercropping of wheat changed cucumber
rhizosphere bacterial community composition and inhibited cucumber
Fusarium wilt disease. Sci Agr. 2019;77:220190005.

Ren L, SuS, Yang X, Xu'Y, Huang Q, Shen Q. Intercropping with aerobic rice
suppressed Fusarium wilt in watermelon. Soil Biol Biochem. 2008;40:834-44.
Mao L, Zhang L, Zhang S, Evers B, van der Werf W, Wang J, et al. Resource

use efficiency, ecological intensification and sustainability of intercropping
systems. J Integr Agr. 2015;14:1542-50.

Li X,Wang Z,Bao X, Sun J, Yang S, Wang P, et al. Long-term increased grain
yield and soil fertility from intercropping. Nat Sustain. 2021;4:943-50.
Naseem H, Ahsan M, Shahid M, Khan N. Exopolysaccharides producing rhizo-
bacteria and their role in plant growth and drought tolerance. J Basic Microb.
2018;58:1009-22.

Youssef T, Saenger P. Photosynthetic gas exchange and accumulation of
phytotoxins in mangrove seedlings in response to soil physico-chemical
characteristics associated with waterlogging. Tree Physiol. 1998;18:317-24.
Parent C, Capelli N, Berger A, Crévecoeur M, Dat J. An overview of plant
responses to soil waterlogging. Plant Stress. 2008;2:20-7.

Chaudhry S, Sidhu G. Climate change regulated abiotic stress mechanisms in
plants: a comprehensive review. Plant Cell Rep. 2022;41:1-31.

Bechtold U, Karpinski S, Mullineaux P. The influence of the light environment
and photosynthesis on oxidative signalling responses in plant-biotrophic
pathogen interactions. Plant Cell Environ. 2005;28:1046-55.

El Idrissi M, Lamin H, Bouhnik O, Lamrabet M, Alami S, Jabrone Y, et al.
Characterization of Pisum sativum and Vicia faba microsymbionts in Morocco
and definition of symbiovar viciae in Rhizobium Acidisoli. Syst Appl Microbiol.
2020;43:126084.

Stoddard F, Nicholas A, Rubiales D, Thomas J, Villegas-Fernandez A. Integrated
pest management in faba bean. Field Crop Res. 2010;115:308-18.

Yang W, Guo Y, Li'Y, Zheng Y, Dong K, Dong Y. Cinnamic acid toxicity on the
structural resistance and photosynthetic physiology of faba bean promoted
the occurrence of Fusarium wilt of faba bean, which was alleviated through
wheat and faba bean intercropping. Front Plant Sci. 2022b;13:857780.

Lv J,Dong Y, Dong K, Zhao Q, Yang Z, Chen L. Intercropping with wheat sup-
pressed Fusarium wilt in faba bean and modulated the composition of root
exudates. Plant Soil. 2020,448:153-64.

Zhang Z,Yang W, LiY, Zhao Q, Dong Y. Wheat-faba bean intercropping

can control Fusarium wilt in faba bean under £. commune and ferulic acid
stress as revealed by histopathological analysis. Physiol Mol Plant Pathol.
2023b;124:101965.

Sharma K, Chen W, Muehlbauer F. Genetics of chickpea resistance to five
races of Fusarium wilt and a concise set of race differentials for Fusarium
oxysporum f. sp. ciceris. Plant Dis. 2005;89:385-90.

Blum U, Shafer S. Microbial populations and phenolic acids in soil. Soil Biol
Biochem. 1988;20:793-800.

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

Hoagland D, Arnon D. The water culture method for growing plants without
soil. Calif Agric Exp Stat Circ. 1950,347:1-32.

Tian G, BiY, Cheng J, Zhang F, Zhou T, Sun Z, et al. High concentration of
ferulic acid in rhizosphere soil accounts for the occurrence of Fusarium wilt
during the seedling stages of strawberry plants. Physiol Mol Plant Pathol.
2019;108:101-435.

McGill W, Figueiredo C. Total nitrogen. In: Carter MR, editor. Soil sampling and
methods of analysis. Boca Raton, FL, USA: Lewis; 1993. pp. 201-11.

Jackson M. Soil Chemical Analysis; Prentice Hall, Inc.: WoodCliff, NY, USA
(1962).

Chapman D, Parker E. Determination of NPK Methods of Analysis for Soil,
Plant and Waters; Pub. Div. Agri. Univ. of California: Berkeley, CA, USA. pp:
150-179 (1961).

Ashraf M, Khan A, Azmi A. Cell membrane stability and its relation with some
physiological process in wheat. Acta Agron Hung. 1992;41:182-91.

Kramer D, Johnson G, Kiirats O, Edwards G. New fluorescence parameters for
the determination of Q) redox state and excitation energy fluxes. Photo-
synth Res. 2004;79:209-18.

Van Kooteen O, Snel J. The use of chlorophyll fluorescence nomenclature in
plant stress physiology. Photosynth Res. 1990;25:147-50.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 16 of 17

Genty B, Briantais J, Baker N. The relationship between the quantum of pho-
tosynthetic electron transport and quenching of chlorophyll fluorescence.
Biochim Biophys Acta. 1989,990:87-92.

Zhang J, Cun Z, Chen J. Photosynthetic performance and photosynthesis-
related gene expression coordinated in a shade-tolerant species Panax
notoginseng under nitrogen regimes. BMC Plant Biol. 2020,20:1-19.

Turco E, Naldini D, Ragazzi A. Disease incidence and vessel anatomy in cotton
plants infected with Fusarium oxysporum f. sp. vasinfectum under salinity
stress. Z Pflanzenk Pflanzen. 2002;109:15-24.

Gagués S, Cotxarrera L, Alegre L, Trillas M. Limitations to photosynthesis in
tomato leaves induced by Fusarium wilt. New Phytol. 2002;154:461-70.
Lorenzini G, Guidi L, Nali C, Ciompi S, Soldatini G. Photosynthetic response of
tomato plants to vascular wilt diseases. Plant Sci. 1997;124:143-52.

Gordon T. Fusarium oxysporum and the Fusarium wilt syndrome. Annu Rev
Phytopathol. 2017;55:23-39.

Farquhar G, Sharkey T. Stomatal conductance and photosynthesis. Annu Rev
Plant Physiol. 1982;33:317-45.

Hartley I, Armstrong A, Murthy R, Barron-Gafford G, Ineson P, Atkin O. The
dependence of respiration on photosynthetic substrate supply and tempera-
ture: integrating leaf, soil and ecosystem measurements. Global Change Biol.
2006;12:1954-68.

Ahanger M, Morad-Talab N, Abd-Allah E, Ahmad P, Hajiboland R. Plant growth
under drought stress: significance of mineral nutrients. Water Stress crop
Plants: Sustainable Approach. 2016;2:649-68.

Mcgrath J, Lobell D. Reduction of transpiration and altered nutrient allocation
contribute to nutrient decline of crops grown in elevated CO, concentra-
tions. Plant Cell Environ. 2013;36:697-705.

Jo S, KangY,Om K, Cha, Ri S. Growth, photosynthesis and yield of soybean
in ridge-furrow intercropping system of soybean and flax. Field Crop Res.
2022;275:108329.

Simkin A, Kapoor L, Doss C, Hofmann T, Lawson T, Ramamoorthy S. The

role of photosynthesis related pigments in light harvesting, photoprotec-
tion and enhancement of photosynthetic yield in planta. Photosynth Res.
2022;152:23-42.

Mohr H, Schopfer P, Mohr H, Schopfer P. Photosynthesis as a chloroplast func-
tion. Plant Physiol. pp:149-185 (1995).

Fritschi F, Ray J. Soybean leaf nitrogen, chlorophyll content, and chlorophyll
a/b ratio. Photosynthetica. 2007,45:92-8.

Willstatter R, Chlorophyll. J Am Chem Soc. 1915;37:323-45.

Roosta H, Estaji A, Niknam F. Effect of iron, zinc and manganese shortage-
induced change on photosynthetic pigments, some osmoregulators

and chlorophyll fluorescence parameters in lettuce. Photosynthetica.
2018;56:606-15.

Gupta R, Sharma R, Rao Y, Siddiqui Z, Verma A, Ansari M, et al. Acclimation
potential of Noni (Morinda citrifolia L.) plant to temperature stress is medi-
ated through photosynthetic electron transport rate. Plant Signal Behav.
2021;16:1865687.

Tang W, Tang W, Xie Y, Li X, Li H, Lin L, et al. Effects of intercropping on Se
accumulation and growth of pakchoi, lettuce and radish. Int J Phytoremediat.
2023;25:1165-72.

Moustakas M, Moustaka J, Sperdouli I. Hormesis in photosystem II: a mecha-
nistic understanding. Curr Opin Toxicol. 2022,29:57-64.

Choudhary K, Chakraborty A, Kumari M. Concepts and applications of chloro-
phyll fluorescence: a remote sensing perspective. Geospatial Technologies for
Crops and Soils. pp:245-276 (2021).

Sipka G, Magyar M, Mezzetti A, Akhtar P, Zhu Q, Xiao Y, et al. Light-adapted
charge-separated state of photosystem II: structural and functional dynamics
of the closed reaction center. Plant Cell. 2021;33:1286-302.

Schreiber U. Light-induced changes of far-red excited chlorophyll fluores-
cence: further evidence for variable fluorescence of photosystem | in vivo.
Photosynth Res. 2023;155:247-70.

Garab G, Magyar M, Sipka G, Lambrev P. New foundations for the physical
mechanism of variable chlorophyll a fluorescence. Quantum efficiency versus
the light-adapted state of photosystem II. J Exp Bot. 2023;74:5458-71.

Krause G, Weise E. Chlorophyll fluorescence as a tool in plant physiology. I
interpretation of fluorescence signals. Photosynth Res. 1984;5:139-57.
YachandraV, Sauer K, Klein M. Manganese cluster in photosynthesis: where
plants oxidize water to dioxygen. Chem Rev. 1996,96:2927-50.

Michel K, Pistorius E. Adaptation of the photosynthetic electron transport
chain in cyanobacteria to iron deficiency: the function of IdiA and IsiA.
Physiol Plant. 2004;120:36-50.



Yang et al. BMC Plant Biology

73.
74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

(2024) 24:650

Rao |, Pessarakli M. The role of phosphorus in photosynthesis. Handbook of
photosynthesis. pp:173-194 (1996).

Muller P, Li X, Niyogi K. Non-photochemical quenching. A response to excess
light energy. Plant Physiol. 2001;125:1558-66.

Niinemets U, Kull O. Sensitivity of photosynthetic electron transport to pho-
toinhibition in a temperate deciduous forest canopy: Photosystem Il center
openness, non-radiative energy dissipation and excess irradiance under field
conditions. Tree Physiol. 2001;21:899-914.

Han F, Guo S, Wei S, Guo R, Cai T, Zhang P, et al. Photosynthetic and yield
responses of rotating planting strips and reducing nitrogen fertilizer applica-
tion in maize—peanut intercropping in dry farming areas. Front Plant Sci.
2022;13:1014631.

Lv H, Cao H, Nawaz M, Sohail H, Huang Y, Cheng F, et al. Wheat intercropping
enhances the resistance of watermelon to Fusarium wilt. Front Plant Sci.
2018,9:696.

Spreitzer R, Salvucci M. Rubisco: structure, regulatory interactions, and pos-
sibilities for a better enzyme. Annu Rev Plant Biol. 2002;53:449-75.

Hussain S, Ulhassan Z, Brestic M, Zivcak M, Zhou W, Allakhverdiev S, et al. Pho-
tosynthesis research under climate change. Photosynth Res. 2021;150:5-19.
LyuJ,Jin L, Meng X, Jin N, Wang S, Hu L, et al. Exogenous si mitigates the
effects of cinnamic-acid-induced stress by regulating carbon metabo-

lism and photosynthetic pigments in cucumber seedlings. Agronomy.
2022;12:1569.

Guo W, Chen S, Hussain N, Cong Y, Liang Z, Chen K. Magnesium stress signal-
ing in plant: just a beginning. Plant Signal Behav. 2015;10:€992287.

Shao, Li S, Gao L, Sun C, Hu J, Ullah A, et al. Magnesium application
promotes rubisco activation and contributes to high-temperature stress
alleviation in wheat during the grain filling. Front Plant Sci. 2021;12:675582.
Cho M, Park H, Hahn T. Engineering leaf carbon metabolism to improve plant
productivity. Plant Biotechnol Rep. 2015;9:1-10.

Du 'Y, Nose A, Kondo A, Wasano K. Diurnal changes in photosynthesis in sug-
arcane leaves: Il. Enzyme activities and metabolite levels relating to sucrose
and starch metabolism. Plant Prod Sci. 2000;3:9-16.

85.

86.

87.

88.

89.

90.

Page 17 of 17

Allen A, Moustafa A, Montsant A, Eckert A, Kroth P, Bowler C. Evolution and
functional diversification of fructose bisphosphate aldolase genes in photo-
synthetic marine diatoms. Mol Biol Evol. 2012,29:367-79.

Ye S, Zhou Y, Sun'Y, Zou L, Yu J. Cinnamic acid causes oxidative stress in
cucumber roots, and promotes incidence of Fusarium wilt. Environ Exp Bot.
2006;56:255-62.

Shalitin D, Wolf S. Cucumber mosaic virus infection affects sugar transport in
melon plants. Plant Physiol. 2000;123:597-604.

Siddiqui M, Mukherjee S, Kumar R, Alansi S, Shah A, Kalaji H, et al. Potas-
sium and melatonin-mediated regulation of fructose-1, 6-bisphosphatase
(FBPase) and sedoheptulose-1, 7-bisphosphatase (SBPase) activity improve
photosynthetic efficiency, carbon assimilation and modulate glyoxalase sys-
tem accompanying tolerance to cadmium stress in tomato seedlings. Plant
Physiol Bioch. 2022;171:49-65.

Nasar J, Wang G, Ahmad S, Muhammad |, Zeeshan M, Gitari H, et al. Nitrogen
fertilization coupled with iron foliar application improves the photosynthetic
characteristics, photosynthetic nitrogen use efficiency, and the related
enzymes of maize crops under different planting patterns. Front Plant Sci.
2022;13:988055.

Huang L, Song L, Xia X, Mao W, Shi K, Zhou Y, et al. Plant-soil feedbacks and
soil sickness: from mechanisms to application in agriculture. J Chem Ecol.
2013;39:232-42.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Intercropping improves faba bean photosynthesis and reduces disease caused by ﻿Fusarium commune﻿ and cinnamic acid-induced stress
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Test materials
	﻿Experimental design
	﻿Evaluation of the growth of faba bean and the development of Fusarium wilt
	﻿Measurement of the absorption of nutrients by the faba bean leaves
	﻿Determination of the photosynthetic gas exchange parameters of the faba bean leaves
	﻿Determination of the contents of photosynthetic pigments in the faba bean leaves
	﻿Determination of the chlorophyll fluorescence parameters in the faba bean leaves
	﻿Determination of the activities of the photosynthetic enzymes in the faba bean leaves
	﻿Determination of the contents of photosynthetic assimilates in the faba bean leaves
	﻿Statistical analysis

	﻿Results
	﻿Influence of intercropping on the occurrence of Fusarium wilt and the growth of faba bean following inoculation with ﻿F. commune﻿ and cinnamic acid stress
	﻿Influence of intercropping on the photosynthetic gas exchange parameters in the faba bean leaves under ﻿F. commune﻿ and cinnamic acid stress
	﻿Influence of intercropping on the absorption of nutrients in the faba bean leaves under ﻿F. commune﻿ and cinnamic acid stress
	﻿Influence of intercropping on the photosynthetic pigments in faba bean leaves under ﻿F. commune﻿ and cinnamic acid stress
	﻿Influence of intercropping on the chlorophyll fluorescence parameters in the faba bean leaves under ﻿F. commune﻿ and cinnamic acid stress
	﻿Influence of intercropping on the photosynthetic enzymes in faba bean leaves under ﻿F. commune﻿ and cinnamic acid stress
	﻿Influence of intercropping on the photosynthetic assimilates in the faba bean leaves under ﻿F. commune﻿ and cinnamic acid stress

	﻿Discussion
	﻿Conclusions
	﻿References


