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materials on soybean (Glycine
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alone or in combination

with herbicides
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Enrico Gozio?, Daniele Villa®, Giacomo Cocetta™
and Antonio Ferrante®
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(DISAA), University of Milan, Milano, Italy, 2Department of Agricultural, Forest and Food Sciences
(DISAFA), University of Turin, Grugliasco, Italy, *Agricola 2000, Tribiano, Italy

Introduction: Biostimulants exert positive functions in plants, improving yield
and quality, and alleviating the negative effects of abiotic stresses. Among them,
the application of herbicides may cause damage to nontarget plants. At present,
limited information is available regarding the interaction between biostimulants
and herbicides.

Methods: The purpose of the present study was to assess the effect of an
herbicide’s mixture (Harmony® 50 SX® + Tuareg® + Zetrola®), used in
combination with several biostimulant raw materials (BRM), on the agronomic
and physiologic characteristics of soybean. The experiments were conducted in
two seasons, 2020 and 2021, applying the herbicides mixture alone or associated
with 10 BRM.

Results: Differences emerged between the two years, considering nitrate, total
sugars concentration, flavonol, and chlorophyll a fluorescence-related
parameters. Chlorophyll content significantly declined (-45% in 2020) in plants
treated with the herbicides mixture alone but, in combination with potassium
silicate, the chlorophyll values were restored to control levels. The same positive
effect observed in response to the combination of potassium silicate and the
herbicide mixture has been confirmed in the second year of experiment. At the
same time, chlorophyll content and Nitrogen Index were positively increased (up
to 8% and 30%, respectively) depending on the application of some BRM and the
year. A significant effect of biostimulants on yield was confirmed by the
application of Ascophyllum nodosum (+16%) and humic acids (+7%), in 2020.
However, the combined use with the herbicides nullifies the increase.

Discussion: The results obtained from these experiments support the use of
biostimulants in improving specific quality traits (chlorophyll content, leaves
nitrogen status, and secondary metabolites accumulation). At the same time,

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fagro.2023.1238273/full
https://www.frontiersin.org/articles/10.3389/fagro.2023.1238273/full
https://www.frontiersin.org/articles/10.3389/fagro.2023.1238273/full
https://www.frontiersin.org/articles/10.3389/fagro.2023.1238273/full
https://www.frontiersin.org/articles/10.3389/fagro.2023.1238273/full
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fagro.2023.1238273&domain=pdf&date_stamp=2023-10-23
mailto:giacomo.cocetta@unimi.it
https://doi.org/10.3389/fagro.2023.1238273
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/agronomy#editorial-board
https://www.frontiersin.org/journals/agronomy#editorial-board
https://doi.org/10.3389/fagro.2023.1238273
https://www.frontiersin.org/journals/agronomy

Franzoni et al.

10.3389/fagro.2023.1238273

the potential use of biostimulants in combination with herbicides needs to be
further explored since of external factors (environment, year...) still have a strong
effect on their efficacy.
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abiotic stress, borage, nitrates, protein hydrolysates, seaweed, silicon

1 Introduction

Weed control in open field crops can be performed using
different chemical strategies. Among them, herbicide application
is usually the easiest and most efficient solution for many species.
Herbicides are agrochemicals designed to control weeds in
agricultural fields, and undesirable vegetation in urban areas,
along the roads, and railways. Their application significantly
improved weed control, and their use contributed to increase
crop yield (Gianessi, 2013). However, the application of
herbicides may slowdown also the growth of target crop and
cause phytotoxicity (Solomon and Bradley, 2014). Moreover, an
improper use of herbicides in terms of concentration, timing or
mixture of different actives may damage crops, reduce crops yield,
result in a failure to control weeds, and rapidly induce herbicide
resistance in weeds (Weber et al., 2017; Chipomho et al., 2023). The
critical period for weed control, defined as a “window of time” in the
crop growing cycle during which weeds have to be controlled to
prevent crop yield losses is a key factor of integrated weed
management program. The choice of the optimal timing of weed
control has been reported according to crop growth stage, weeks
after crop emergence, and weed height (Knezevic et al., 2002; El-
Shemy, 2013). Several studies conducted in soybean agree this
critical period occurs between the vegetative stage 2 and 4
(Keramati et al., 2008; Fickett et al., 2013; Harre and Young,
2020), with the aim to decrease weed competition during the
most sensitive growing stages.

The classification of herbicides can be done according to
different criteria, such as active ingredient, mode of action,
selectivity, time of application, etc. According to their selectivity,
herbicides are classified as either selective or non-selective if they
are formulated to control specific weeds/weed categories or to
control both broad leaf weed and grassy weed. Herbicides are also
classified as pre-emergence (PRE), or post-emergence (POST)
based on their application time (Alptekin et al., 2023). In
European Countries, the control of weeds in soybean cultivation
is generally conducted with the application of both PRE and POST
selective herbicides (Stewart et al., 2010; Weber et al., 2017).

Soybean [Glycine max (L.) Merr.] is a field crop grown in the
spring-summer period and is one of the most important legumes
around the world. The dominant weeds in soybean fields are
macrothermal species such as Chenopodium album, Ambrosia
artemisiifolia, Setaria viridis, and Amaranthus retroflexus.
Unfortunately, even if highly selective herbicides are used,
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nontarget crops can suffer from phytotoxicity (Hydrick and Shaw,
1994). The most common symptoms of herbicide damage are
represented by leaf yellowing, necrosis, and stunted growth since
herbicides can impair the leaf functionality and photosynthesis with
the accumulation of reactive oxygen species (ROS) (Paradikovic
et al., 2011; Wasim Haider et al., 2012; Li et al., 2022). Herbicides
application can damage crops and negatively affect yield, with a
different impact, depending on dosage, formulation, and time of
application (Czekus et al., 2020). In soybean, the damage is often
due to a limited capacity of the crop to metabolize the herbicide, and
it is observable as the presence of phytotoxicity symptoms including
reduced plant development, formation of necrotic areas on leaves,
and leaves discoloration due to chlorophyll degradation (Johnson
et al,, 2002). The damage and losses induced by herbicides can be
especially important in term of yield losses and can be affected by
environmental factors (Belfry et al, 2015). The application of
herbicides can also affect soybean development, root nodulation,
and symbiotic N fixation (Ribeiro et al., 2021). The evaluation of
herbicide stress is often based on the biomass and yield
measurement, as well as on laboratory analytical determinations.
More objective and rapid methods are based on the evaluation of
leaf performance, through chlorophyll fluorescence analyses
(Weber et al., 2017).

The use of herbicide-tolerant genetically engineered soybeans is
largely adopted as a strategy for controlling weeds with no or
limited drawback on crops. However, this approach has a limited
application in Europe and in Italy, due to several limitations in the
evaluation, including the risk assessment, and public acceptance
(Miyazaki et al., 2019). For this reason, alternative strategies are
needed to cope with herbicide-induced stress in soybean. In
European production systems, weed control in soybean is mainly
managed combining the pre- and post-emergence application of
selective herbicides.

The European Commission has adopted a proposal for a new
Regulation on the Sustainable Use of Plant Protection Products, to
reduce by 50% the use and risk of chemical pesticides by 2030, in
line with the EU’s Farm to Fork and Biodiversity strategies
(European Commission, [[NoYear|]). This goal encourages the
application of different strategies using an integrated weed
managements approach. Farmers are used to mix POST
herbicides with different mode of action and foliar fertilizers, in
order to increase weed control and reduce soybean injury and
application costs (Hydrick and Shaw, 1994; Lawrence et al., 2020).
A potential strategy to mitigate the stress caused by the herbicides
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on the crop of interest may be represented by the use of
biostimulant products.

Biostimulants are products exerting positive effects on plants,
improving the yield and quality traits. A Meta-Analysis recently
conducted showed that the average yield increases induced by
biostimulant treatments, in open-field condition, varied between 8.5
and 30.8% (Li et al., 2022). The positive effects on crops yield have been
demonstrated in numerous species and in several growing conditions,
including, for example, pepper (C. annuum) grown hydroponically
(Paradikovicetal., 2011), potato (Solanum tuberosum cv. Sante) grown
in open field (Wasim Haider et al., 2012) Romaine lettuce (Lactuca
sativa ‘Longifolia’) cultivated in a greenhouse (Bulgari et al., 2019b),
tomato (Solanum lycopersicum L.) cultivated under field conditions
(Maach et al., 2021) etc. Among the qualitative traits improved by the
application of biostimulants, we can list the increase of carotenoids in
lettuce leaves (Bulgari et al, 2019b), of lycopene, vitamin C, and
polyphenols in tomato fruits (Oancea et al., 2013), of flavonoids in
basil (Kolega et al.,, 2020), just to name few examples. Biostimulants do
not provide nutrients or exogenous plant hormones to crops but their
action is ascribed to bioactive compounds including organic or
inorganic components or microorganisms such as fungi and
bacteria. Biostimulants can be also obtained from organic raw
materials with different origins such as seaweeds, plant extracts, and
protein hydrolysates from vegetal or animal sources (du Jardin, 2015;
Yakhin et al., 2017). At industrial level, raw materials are subjected to
different extraction procedures allowing the isolation and
concentrations of bioactive compounds which will characterise the
final biostimulant product. Biostimulant products recognised by
legislation are described in the EU regulation 2019/1009. Among the
most important biostimulants of organic origin are those obtained
from seaweeds, botanical extracts, waste, or agri-food industrial
residues. Inorganic biostimulants are represented by silicon and
selenium (Toscano et al,, 2018). Seaweeds can be harvested in
different geographical areas and the growth environment can change
their bioactive composition. In regions where there are different
seasons, seaweed harvested in different periods of the year can affect
the final composition of the biostimulants. The most common
seaweeds used are Ascophyllum nodosum, Laminaria, Ecklonia etc
(Battacharyya et al., 2015). Plants can be also an excellent source of raw
materials for biostimulant production, such as borage (Borago
officinalis L.) or alfa-alfa (Medicago sativa L.) that are rich in
bioactive compounds or proteins for protein hydrolysates
production (Ertani et al., 2015; Bulgari et al., 2017). Besides the
proteins hydrolysates of vegetal origins there are also those from
animal sources, such as fish waste. Protein hydrolysates are plant
biostimulants containing a mixture of peptides and amino acids that
have showed positive effects on crops’ performance (Colla et al., 2015).
Protein hydrolysates can be obtained by enzymatic treatments or by
alkali or acid treatments. Those obtained from enzymatic treatments
are composed by specific peptides after enzymatic processes, while
those obtained from alkali or acids are mixture of peptides since
proteins were randomly broken (Polo and Mata, 2018). Among
mineral biostimulants, silicon has been widely used in agriculture
and positive effects have been reported in different crops (Savvas and
Ntatsi, 2015). Biostimulants are also able to improve the nutrient use
efficiency (NUE) (Brown et al., 2020) of plants, growth, or tolerance to
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several abiotic stresses (Garcia-Garcia et al., 2020; Navarro-Leon et al.,
2022). Still, the effect and the mode of action of biostimulants can be
different depending on their bioactive composition, dose, and timing of
application. Moreover, the effect of a biostimulant product may vary
depending on the species and the environmental conditions of growth.
For this reason, several tests in protected environment and in open field
are necessary to assess their effectiveness. As reported above,
biostimulants exert a positive effect helping plant to face abiotic
stresses. Among them, herbicide-based treatments may represent
good physiological stressors that can be used for understanding the
mode of action of biostimulants and evaluating to the potential of apply
biostimulants to reduce the negative effects of herbicides (Kanatas et al.,
2022). Soybean, being sensitive to herbicides, can be a good model crop
to carry out a large field comparison. This work represents a first wide
example of an experimental field in which raw materials, which are
normally used by industries for producing biostimulants, were tested.
Moreover, it is the first report involving biostimulants as potential
mitigation agents of herbicides stress.

2 Materials and methods

2.1 Plant material, treatments, and
experimental plan

Cultivation and field non-destructive measurements were
conducted in an experimental field of the Agricola 2000
company, located in Truccazzano, Italy (45°29'N 9°28'E), for two
consecutive years, 2020 (S1 June-September) and 2021 (S2 July-
October). The soil of the experimental site was silty in texture,
moderate acidity (S1 pH 5.45, S2 pH 5.9), 1.3 (S1) and 2.0 (S2) g/kg
total N, 331.2 (S1) and 262.4 (S2) mg/kg available P, 296 (S1) and
343.0 (S2) mg/kg available K, 1.6 (S1) and 3.3 (S2) % organic matter,
a cation-exchange capacity of 4.5 (S1) and 13.3 (S2) meq/100g.
Mean average maximum and minimum temperature, relative
humidity, and total rainfall of the experimental site in 2020 and
2021 seasons are reported in Figures S1 and S2. Soybean seeds cv
Bahia were sown choosing a constant space of 55 cm between rows
and a within-row spacing of 4.5 cm, to obtain a density of 40 plants
per square meter. A total of 66 plots were settled and each plot was
2.5 m wide and 6.2 m long, to obtain an area of 15.5 m?. To limit the
emergence of weeds that would have compromised the experiment,
a pre-emergence herbicide treatment based on flufenacet at 460.0 g
ai/ha and metribuzin at 140.0 g ai/ha was performed on all plots.
The treatments consisted of 10 products, based on some of the most
used raw materials utilized for biostimulants production. Also, a
non-treated set of plants was considered as control. The description
of the raw materials is reported in Table 1. The treatments were
administered in a randomized block design with three replications.
Each biostimulant product was applied at the concentration of 3 mL/L,
alone or with a mixture of three herbicides as standard weeds control
treatment in soybean cultivation: Harmony® 50 SX® (12 g/ha)
(Thifensulfuron methyl 50.0%), Tuareg® (1.0 L/ha) (Imazamox),
Zetrola® (1.5 L/ha) (Propaquizafop). The solutions were applied at
the rate of 400 L/ha, using a knapsack engine powered sprayer with 5
fan nozzles (TeeJet AIXR11003VP) spaced 50 cm apart. The
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TABLE 1 List of raw materials used for the biostimulant production and
applied as treatments at common working concentrations used in the
commercial biostimulants.

No  Treatmentname Features Provider
— raw material
1 Humic acids Organic European
Agrobiotechnology
Laboratories (L.E.A. S.r.l.)
2 Protein hydrolysates — C: chemical Consorzio S.G.S. S.p.A.
animal origin extraction
3 Protein hydrolysates — E: Green Has Italia S.p.A.
animal origin enzymatic
extraction
4 Protein hydrolysates — Enzymatic Agridaeus S.r.l.
vegetal origin extraction
5 Ascophyllum nodosum Extracts Agridaeus S.r.l.
6 Ecklonia maxima Extracts PROTEO
INTERNATIONAL S.rl.
7 Laminaria japonica Extracts Agridaeus S.r.l.
8 Borage (Borago Extracts Prepared by researchers
officinalis L.) (Bulgari et al., 2017)
9 Potassium silicate Mineral Green Has Italia S.p.A.
salts
10 Silicon (neutral pH) Mineral Green Has Italia S.p.A.

treatments (BRM, herbicides mixture, BRM + herbicides mixture)
were applied two times during the growing cycle according to the
herbicides’ manufacturer indications: the first application was at 2-leaf
stage (BBCH: 13-14; 22 June 2020, 20 July 2021), while the second
application was at 4-leaf stage (BBCH: 15-16; 29 June 2020, 28 July
2021). Plants samples were taken for further analyses (nitrates, total
sugars, and sucrose concentration) two days after the second
application of the treatments. Non-destructive measurements
(chlorophyll, chlorophyll a fluorescence, flavonol, anthocyanin, and
nitrogen index) were conducted on the same day.

2.2 Grain yield and quality

Soybean was harvested at the end of the growing season and

! at 14% moisture content. A

grain yield was expressed as Mg ha™
fraction of each soybean sample was analysed for protein, fatty
acids, and moisture using a NIR spectrometer (FOSS Infratec 1241

Grain Analyzer).

2.3 Chlorophyll and chlorophyll a
fluorescence — maximum quantum
efficiency of PSII (FV/FM)

Chlorophyll content was assessed using a Dualex 4 (FORCE-A,
Orsay, France) in 2020 and a multi-pigment meter (MPM-100, ADC
BioScientific Ltd, UK) in 2021. Chlorophyll a fluorescence was
measured in vivo using a portable fluorimeter (Handy-PEA,

Frontiers in Agronomy

10.3389/fagro.2023.1238273

Hansatech Instruments). Leaves were covered with leaf clips to
fully oxidase the photosystem II (PSII). Dark incubation was
conducted for 30 minutes. The chlorophyll a fluorescence
induction curve was measured using high-intensity light of
3000 pmol m~? st (600 W m™). Chlorophyll a fluorescence
derived parameters were automatically calculated, such, the variable
fluorescence (FV) to maximum fluorescence (FM) and their ratio,
FV/FM that represents the maximum quantum efficiency of PSIL

2.4 Flavonol, anthocyanin, and nitrogen
index

Flavonol, Anthocyanin, and Nitrogen Index (Nitrogen Flavonol
Index, NFI) were assessed using Dualex 4 (FORCE-A, Orsay, France)
in 2020 and a multi-pigment meter (MPM-100, ADC BioScientific Ltd,
UK) in 2021. Results are expressed as absolute unit (a.u.) and
comparison among treatments were performed within each year.

2.5 Determination of nitrate

Leaf samples were homogenized in liquid nitrogen and 1 g of
powder was mixed with 3 mL of distilled water and then centrifuged at
4000 rpm for 15 minutes (ALC centrifuge-model PK130R). The
supernatant was used for nitrate determination according to Cataldo
etal. (1975) method. Eighty UL of sulphosalicylic acid reagent (5% w/v)
were added to 20 pL of extract. Three mL NaOH 1.5 N were added to
the mixture and let it cool to room temperature (RT). The absorbance
at 410 nm was measured by a spectrophotometer (Evolution 300,
Thermo Electron Corporation) and the concentration of nitrate was
derived from a standard curve prepared using a solution of KNO3. The
nitrate concentration was expressed as mg of nitrate (NO3-N) per kg of
fresh weight (FW).

2.6 Determination of total sugars

The determination of total sugar concentration was conducted
according to method described by Yemm et al. (Yemm and Willis,
1954). The leaf extract was prepared as described in 3.4 subchapter.
For the determination of the carbohydrates, 0.5 mL of plant extract
were added to 2.5 mL of anthrone reagent and cooled on ice for 5
minutes. Afterwards, the reaction tubes were shaken and incubated
at 95°C for 10 minutes in a Thermostatic Dubnoff bath (MPM
instrument, model M428-BD, PID system). The mixture was cooled
down to RT by leaving the tubes on a bench for a few minutes. The
absorbance at 620 nm was measured by a spectrophotometer and
the concentration of total sugars was derived from a standard curve
prepared using a solution of glucose.

2.7 Determination of sucrose

Sucrose was determined using the method described by Rorem
et al. (1960). The leaf extract (0.2 mL), prepared as described in
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Section 3.4, was added to 0.2 mL of NaOH 2N, and the mixture was
incubated at 100°C for 10 minutes in a Thermostatic Dubnoff bath
(MPM instrument, model M428-BD, PID system). Then, 1.5 mL of
resorcinol reagent (30% hydrochloric acid, 4.1 mM thiourea,
1.2 mM resorcinol, and 1.5 mM acetic acid) were added to the
mixture and incubated at 80°C for 10 minutes. The reaction tubes
were left on a bench for a few minutes to cool down to RT before
reading the absorbance at 500 nm by a spectrophotometer. The
standard curve was prepared with a sucrose solution.

2.8 Statistical analysis

All statistical analyses were conducted using the GraphPad
Prism 9 software and the significance of differences was assessed
by three-way ANOVA (p < 0.05). Differences among means within
each year were determined by Tukey’s post-test. Chlorophyll,
anthocyanin, flavonol, and nitrogen index data were transformed
applying the following normalization formula: (xnormalized = (x -
xminimum)/range of x), in order to compare the outputs obtained

10.3389/fagro.2023.1238273

from the different instruments used in the experiments.
Graphs reporting the effect of each BRM alone or in combination
with the herbicides mixture in the two years are reported in

Supplementary Materials.

3 Results
3.1 Grain yield and quality

The effect of raw material used for biostimulant production was
evaluated in an open field soybean cultivation. The yield was
measured at harvest and grain was dried to 14% relative humidity
(RH). Statistical analysis revealed that the interaction among years
(Y) and treatments (BRM) and herbicide was not significant, but a
significant interaction was observed between year and herbicide
(Figure 1). The average value of soybean grain yield was
519 Mg ha' and 5.38 Mg ha™' in 2020 and 2021, respectively.
The application of amino acids with vegetal origin treatment induced
a grain yield of 5.64-5.1 Mg ha™', with a 14% or 6% increase
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year 0.0305 *
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BRM x herbicide 0.9237 ns
year x herbicide 0.0186 *
BRM x year x herbicide 0.8554 ns

FIGURE 1

Grain yield of soybean treated with BMR alone or in combination with herbicides. Values are means (n=3) with standard errors. Data were subjected
to three-way ANOVA and differences among treatments were determined by Tukey's post-test. "'ns” means no significant difference. Asterisks

indicate statistical differences (*P < 0.05)
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compared to control, in 2020 and 2021, respectively. whereas the
treatment with Ascophyllum nodosum provided a grain yield increase
of 16% or 6% with 5.7 Mg ha™" and 5.4 Mg ha™! in 2020 and 2021,
respectively. The grain quality was evaluated as protein and fatty
acids content. Neither parameter was significantly affected by
treatments. Protein concentrations ranged from 40.1 to 42.1% in
2020 and from 41.0 to 42.1% in 2021. Fatty acids concentrations
ranged from 21.1. to 22.7% in 2020 and from 20.1-21.0% in 2021
(data not shown).

3.2 Chlorophyll and chlorophyll a
fluorescence — maximum quantum
efficiency of PSII (Fy/Fy)

Light use efficiency is directly correlated with chlorophyll and
chlorophyll a fluorescence-related parameters. The statical analyses
revealed a significant interaction between year and herbicide, and
between BRM and herbicides (Figure 2). In both experiments, the
data measured showed that chlorophyll significantly declined
(—45% in 2020 and -21% in 2021) in soybean leaves of control

10.3389/fagro.2023.1238273

plants treated with herbicides. A significant reduction has been
observed also in response to the application of Laminaria japonica
and silicon in combination with the herbicide in 2020. At the same
time, the level of chlorophyll measured in plants treated with
potassium silicate + herbicide was significantly higher (+15%)
than those recorded in plants treated only with the herbicides
mixture. Similarly, in 2021, the application of herbicides with
potassium silicate induced an increase of chlorophyll level of
about 8%. The application of BMR and the herbicides generally
induced a decrease in the chlorophyll content in both years, the only
exception was represented by potassium silicate. Regarding the
chlorophyll a fluorescence measurement, a significant interaction
between treatments (BRM) and year was found (Figure 3). The
maximum quantum efficiency of PSII (FV/FM) of soybean leaves
was generally lower in the first experiment (2020) than in the
second one (2021) both in plants treated (—7%) and not treated
(=9%) with the herbicides mixture. The average values of FV/FM
ratio in control plants were 0.74 in 2020 and 0.81 in 2021In 2020, no
significant difference was found among treatments, on the contrary
in the second year (2021), the FV/FM ratios of plants treated with
the combination of the herbicides mixture with Ecklonia maxima,
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BRM x year 0.1914 ns
BRM x herbicide 0.0236 *
year X herbicide 0.0314 *
BRM x year x herbicide 0.0677 ns

FIGURE 2

Non-destructive chlorophyll content of soybean treated with BMR alone or in combination with herbicides. Values are means (n=10) with standard
errors. Data were subjected to three-way ANOVA and differences among treatments were determined by Tukey's post-test. "ns” means no
significant difference. Asterisks indicate statistical differences (*P < 0.05; **P < 0.01; ****P < 0.0001)
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FIGURE 3

The maximum efficiency of photosystem Il (Fv/Fm ratio) of soybean treated with BMR alone or in combination with herbicides. Values are means
(n=5) with standard errors. Data were subjected to three-way ANOVA and differences among treatments were determined by Tukey's post-test. "ns"
means no significant difference. Asterisks indicate statistical differences (*P < 0.05; ****P < 0.0001)

Laminaria japonica, and potassium silicate were significantly lower
than those measured in plants treated only with the same BRM but
without herbicides. Moreover, the application of the previous BRW
in combination with the herbicides induced a significant decrease in
FV/FM ratio if compared with the effect of the herbicide
mixture alone.

3.3 Flavonol, anthocyanin, and nitrogen
index

A significant interaction among year, BRM, and herbicide
resulted from the analyses of flavonol content (Figure 4). The
application of the herbicides mixture induced a decrease (—26%)
in flavonol both in the first and in the second year. However, a
different trend was observed between the two experiments in
response to the application of several BRM combined with the
herbicides. In particular, in 2020, the administration of almost all
the BRM together with the herbicides mixture induced a significant
increase in flavonol content if compared with plants treated only
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with the BRM, with the exception of humic acids and Laminaria
japonica. The combination of the herbicides mixture with
Ascophyllum nodosum and Ecklonia maxima induced a significant
increase in flavonol up to 103% and 83%, respectively. On the
contrary, in 2021 almost all treatments induced a general reduction
of flavonol levels. The application of Ascophyllum nodosum +
herbicides induced a significant decrease of 42%. Regarding the
anthocyanin content, the three-way ANOVA showed a significant
interaction among year, BRM and herbicides (Figure 5). In the first
year, anthocyanin content in soybean leaves was not significantly
affected by the application of herbicides mixture or BRM alone. On
the contrary, a general increase resulted by the combination of the
herbicides with the BRS, however a significant difference resulted
only in response to the application of Ascophyllum nodosum +
herbicide. In the second year of experiment, the herbicides mixture
alone or in combination with all the BRM induced a significant
increase in anthocyanin content in soybean leaves. The nitrogen
index measured in soybean leaves in response to BRM and
herbicide applied alone or in combination is shown in Figure 6. A
significant interaction among BRM, year, and herbicide resulted
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FIGURE 4
Non-destructive flavonol content of soybean treated with BMR alone or in

combination with herbicides. Values are means (n=10) with standard

errors. Data were subjected to three-way ANOVA and differences among treatments were determined by Tukey's post-test. "ns" means no
significant difference. Asterisks indicate statistical differences (*P < 0.05; ***P < 0.001; ****P < 0.0001)

from the ANOVA. Plants treated with the herbicide mixture had a
lower (—24%) nitrogen index if compared with non-treated control
in 2020 whereas the values were similar in 2021. The combination
of the herbicides mixture with the animal amino acids (chemical
extraction), vegetal amino acids, Ascophyllum nodosum, Ecklonia
maxima, and silicon induced a significant decrease of nitrogen
index in 2020. However, the same trend was not observed in the
second year of experiment and nitrogen index was similar in all
plants, regardless of the application of the BRM alone or with
the herbicides.

3.4 Nitrates

The three-way ANOVA revealed that the interaction among the
three factors was not significant, however the interactions between
BRM x herbicide, BRM x year, and year x herbicide were significant
(Figure 7). The overall concentration of nitrates in soybean leaves
was generally higher in 2020 than 2021 in control plants, and values
were 789 and 464 mg kg ' FW, respectively. The application of the

0
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post-emergence herbicide mix alone induced a slight decrease of
nitrates in 2020, from 789 to 475 mg kg ' FW, and a slight increase
in 2021, from 464 to 749 mg kg~ FW. The application of the BRM
did not significantly change the concentration of nitrates in soybean
leaves if compared with control. On the contrary, the application of
the herbicide mixture in combination with almost all the BRM
induced a general increase in nitrate concentration, regardless of the
year. This effect was more evident in 2021 (+136%) than in 2020
(+47%). The application of borage extract in combination with the
herbicides induced a significant increase in nitrate concentration if
compared with the control plants treated with the herbicide. This
trend was confirmed also in the second year.

3.5 Total sugars

The three-way ANOVA showed that the interaction among
year, herbicide, and BRM was significant (Figure 8). The total sugar
concentration in soybean leaves was generally higher in the first
year than in the second one, and values ranged between 12.2 and

8
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FIGURE 5

Non-destructive anthocyanin content of soybean treated with BMR alone or in combination with herbicides. Values are means (n=10) with standard
errors. Data were subjected to three-way ANOVA and differences among treatments were determined by Tukey's post-test. "ns" means no
significant difference. Asterisks indicate statistical differences (**P < 0.01; ****P < 0.0001)

36.4 mg g ' FW in 2020, and between 10.9 and 19.8 mg g ' FW in
2021. The application of the herbicides mixture induced a slight but
not significant increase of total sugars in control plants in both
years. In 2020, a significant effect was observed in plants treated
with the combination of herbicides + almost all the BRM if
compared with the sole BRM application, with the exception of
animal amino acids and silicon treatments. Whereas in 2021 less
differences were detected, as shown in Figure 8. In the 2021, the
second season experiment, the application BMRs alone did not
induce any significant change if compared with control in the total
sugar concentrations, with the exception of Laminaria japonica and
silicon, which determined a significant increment of +40%
and +37%.

3.6 Sucrose

The concentration of sucrose in control plants was similar in
both seasons, with an average value of 1.87 mg g~' FW in 2020 and
2.06 mg g ' FW in 2021 (Figure 9). The application of herbicides
induced a significant decrease of —49% in control plants in 2020 and
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a slight but not significant decrease (—22%) in 2021. A significant
interaction among year, herbicide, and BRM was found. In the first
year of experiment, the application of the herbicides mixture with
the animal amino acids obtained both with chemical and enzymatic
extraction induced a significant increase in sugar concentration if
compared with the effect of the sole herbicide mixture. A similar
trend was observed in the second year of the experiment.

4 Discussion

Soybean is an important agricultural crop, widely used for
animal feed due to the high protein and fatty acids content; the
remaining part is used for food and oil production. Weed
containment is a crucial point, especially considering that yield
reduction in soybean cultivation due to weed infestation could vary
from 27 up to 77% (Peer et al., 2013). Soybean is sensitive to weed
competition, especially in their early growth stages, thus the optimal
timing for herbicide application is when plants are in the first
vegetative stages. Weed control during soybean cultivation is
usually performed using herbicides that may reduce plants
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FIGURE 6

Non-destructive nitrogen flavonol index (NFI) content of soybean treated with BMR alone or in combination with herbicides. Values are means
(n=10) with standard errors. Data were subjected to three-way ANOVA and differences among treatments were determined by Tukey's post-test
"ns” means no significant difference. Asterisks indicate statistical differences (**P < 0.01; ***P < 0.001; ****P < 0.0001)

growth (Smedbol et al., 2019). Besides, phytotoxic damages induced
by herbicides depends on genotypic and environmental conditions
(Taylor-Lovell et al., 2001; Chipomho et al., 2023). The combined
application of herbicides and biostimulants may help in
ameliorating plant growth and diminishing stresses eventually
caused by the herbicides (Kanatas et al., 2022). Moreover, the
simultaneous application of herbicides and biostimulants may be
a good strategy for reducing the application costs. The
environmental parameters monitored during the two years
revealed that 2020 was a drought year compared with 2021. The
stressful conditions of 2020 could explain the better performance of
the BMR products compared to 2021. The application of
biostimulant products might be a good strategy to mitigate the
negative effects caused by herbicides, and thus help to maintain
crops productivity and quality. For example, Andreade and
colleagues (Andrade et al., 2018) observed that the application of
a biostimulant product containing Ascophyllum nodosum in
combination with glyphosate showed positive effects on soybean
crop (known to show symptoms of phytotoxicity in response to
glyphosate), providing an increase of grain production. In our trial,
an increase in soybean yield in response to the combination of
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Ascophyllum nodosum and herbicides has been observed in 2020.
Biostimulants usually act by activating primary and/or secondary
metabolism of crops (Bulgari et al., 2019a), determining a general
improvement in plant health status and productivity. The present
study shows the different effects obtained by the combination of
BRM of various origin with an herbicides mixture. Both synergistic
and antagonistic effects have been observed in response to the
combination of BMR and the herbicides mixture used. However, it
has been observed that seasonal effects can lead to different results.
For example, the negative effects observed in grain yield after the
application of vegetal amino acids and Ecklonia maxima, when
combined with herbicides, can be explained as an antagonist effect
between BRM and herbicides on the crop metabolism. Indeed,
herbicides show a depressing effect on crop growth while the BRM,
as biostimulant ingredients, should enhance the crop performance,
helping plants even in a potential state of stress. Commercial
biostimulant containing Ascophyllum nodosum (Biozyme) applied
to soybean, for example, increased crop yield under reduced N, P, K
levels (Tandon and Dubey, 2015). This result was also observed in
two different geographical areas (Canada and Brazil), as well as in
different soybean varieties treated with a commercial Ascophyllum
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FIGURE 7

Nitrate concentration of soybean treated with BMR alone or in combination with herbicides. Values are means (n=4) with standard errors. Data were
subjected to three-way ANOVA and differences among treatments were determined by Tukey's post-test. 'ns” means no significant difference

Asterisks indicate statistical differences (**P < 0.01; ****P < 0.0001).

nodosum-based (SealicitTM) formulation (fangowski et al., 2021).
The application of humic acids also increased the yield in soybean
experiment (Savita and Girijesh, 2019). These results were
confirmed by the present experiments and suggest that
Ascophyllum nodosum and humic acids could act through the
stimulation of the photosynthetic activity in plants. The increase
of chlorophyll concentration, in response to Ascophyllum nodosum
and humic acids applications, could be linked to the higher yield
observed. In the present work, the quality of soybean grain,
evaluated as protein and fatty acid composition did not change in
response to the BRM applications and showed values in the
common range for this crop (Medic et al., 2014). The application
of herbicides usually reduces the chlorophyll concentration in leaves
due to the inhibition of photosynthesis. In our experiment, the
observed reduction of chlorophyll content in soybean leaves in
response to the application of the herbicides mixture could be due
to the mechanism of action of one of the herbicide products. In fact,
the active ingredient of Zetrola inhibits the activity of acetyl-CoA
carboxylase (ACCase), an enzyme that catalyses the carboxylation
of acetyl-CoA in malonyl-CoA, essential for the biosynthesis of fatty
acids and secondary metabolites necessary for the construction and
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functionality of cell membranes (Jursik et al., 2010). Similarly, the
application of Fusilade (also an ACCase inhibitor) to peanut plants
(Arachis hypogaea L.) resulted in the accumulation of ROS, a
reduction of antioxidant enzymes, and as a result a reduction of
chlorophyll a, b, and carotenoids (Fayez et al., 2014). At the same
time, the chlorophyll content in soybean leaves treated with
potassium silicate, borage extract, and amino acids of animal
origin obtained by chemical extraction in combination with the
herbicides mixture was similar with those measured in non-treated
control. As reported above, this result suggests an antagonistic effect
between some BRM and the herbicides and a minimization of the
negative effect of the latter. The increase of nitrate level observed in
soybean leaves treated with the combination of BMR and herbicides
was often associated to the light use efficiency and photosynthesis.
The application of photosynthetic inhibitor herbicides is known to
interfere with light energy transfer, obstructing the nitrite reduction
and resulting in the accumulation of nitrite, with a following
feedback inhibition effect also on nitrate concentration (Klepper,
1979). These results were in accordance with the decline of Fy/Fy
ratio, proving the negative synergistic effect of BMR and herbicide
treatments. Nitrate assimilation is tightly associated to
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FIGURE 8

Total sugars concentration of soybean treated with BMR alone or in combination with herbicides. Values are means (n=4) with standard errors. Data
were subjected to three-way ANOVA and differences among treatments were determined by Tukey's post-test. "ns" means no significant difference

Asterisks indicate statistical differences (***P < 0.001; ****P < 0.0001)

photosynthesis and sugar accumulation (Lillo, 1994; Bulgari et al.,
2020) and under sub-optimal lighting conditions, leaf nitrate
accumulation increases due to the lack of sugars (carbon
skeletons) and due to the non-sufficient electron flux required for
nitrate reductase activity (Blom-Zandstra and Lampe, 1985; Blom-
Zandstra, 1989). Besides, the reduction of photosynthetic activity is
associated with a decline of nitrate assimilation. Chlorophyll a
fluorescence is a non-destructive method to detect plant damages
induced by herbicides and it has been used in sugar beet and
soybean plants (Weber et al., 2017). The inhibition of
photosynthesis can be a direct or indirect effect of herbicides. The
blockage of photosynthesis is associated to the reduction of Fy/Fy
ratio and related parameters. Crops under stress conditions usually
present a reduced photosynthetic rate, which is often associated
with a decline in the PSII efficiency, showed by changes in some
chlorophyll a fluorescence-related parameters. The reduction of
quantum efficiency of photosystem II is necessary to avoid an excess
of energy accumulation that could induce severe damage to whole
leaf. The determination of chlorophyll a fluorescence parameters
can provide useful information on crop tolerance or sensitivity to
herbicides. This non-destructive method has been applied in the
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evaluation of herbicide performance on weeds or crops (Kocurek
et al., 2009). In our study, Fy/Fy; ratio data showed that in some
treatments the application of the combination of biostimulant and
herbicides induced a decline of PSII functionality. These results can
be explained again considering that biostimulants are promoters of
crop growth through an influence on photosynthesis, but the effect
of herbicides strongly reduces the quantum efficiency of PSIIL In
soybean, BRM and herbicides were probably acting on the same
biochemical pathways, enhancing the crop stress conditions. As
mentioned, biostimulants can act by activating some specific key
regulation points involved in primary or secondary metabolism,
leading to the consumption of sugars as energetic substrate. In
accordance with that, in our experiment the concentration of total
sugars declined in plants treated with any BRM, mostly after the
application of amino acids of animal origin obtained by chemical
extraction, borage extract, Laminaria japonica, and Ecklonia
maxima. A reduction in sugars level was observed also in lettuce
and endive treated with a seaweed based biostimulants (Bulgari
et al, 2014; Bulgari et al., 2017). Other studies showed that in some
circumstances, total sugar declined in biostimulants treated plants,
as observed in some crops, such as tomato treated with a plant-
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FIGURE 9

Sucrose concentration of soybean treated with BMR alone or in combination with herbicides. Values are means (n=4) with standard errors. Data
were subjected to three-way ANOVA and differences among treatments were determined by Tukey's post-test. Asterisks indicate statistical

differences (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001)

based biostimulant (Distefano et al., 2022), and in broccoli after the
application of a Moringa leaf extract (Toscano et al., 2021). The
reduction of sugars is a consequence of the activation of several
physiological and biochemical pathways. Therefore, the reduction
of sugars concentration can be considered a signature of the positive
effects of biostimulants. If the concentration of total sugar was not
significantly affected by the herbicides application, the combination
with different BRM induced a general accumulation of sucrose in
soybean leaves. This effect might be explained by the mechanism of
action of the herbicides used in this study (Harmony 50 SX and
Tuareg), which inhibit the biosynthesis of some essential amino
acids as Valine, Leucine, and Isoleucine, by altering one of the first
enzyme of their biosynthetic pathway, acetohydroxy acid synthase
or acetolactate synthase (ALS). A similar effect has been observed
also in pea plants (Pisum sativum L.) in response to the
administration of two ALS inhibitor herbicides [Imazethapyr
(IM) and Chlorsulfuron (CS)], resulting in a sucrose
accumulation because of a decrease in sink strength (Zabalza
et al,, 2004). Silicon has been successfully used in agriculture for
mitigating the negative effects of biotic or abiotic stresses (Rea et al.,
2022). The Si induced an increase in the chlorophyll concentration
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and the photosynthesis with a rise of biomass, and therefore often
also in yield. In our experiments, the Si did not induce higher yield
and, in combination with herbicides, caused higher stress
conditions as demonstrated by the Fy/Fy; data and by the
increase in total sugars concentration. Plant extracts or protein
hydrolysates had positive effect on chlorophyll retention and sugars
utilization. The efficacy of borage extract as plant biostimulants has
been demonstrated in lettuce and rocket, with positive effect on
yield and secondary metabolites accumulation (Bulgari et al., 2017;
Franzoni et al., 2021). In particular, spray treatments on rocket with
different borage extracts obtained from diverse maceration times
showed an increase of phenols and anthocyanins (Franzoni et al.,
2021). The increase of these secondary metabolites should be
associated with a protection action against the ROS accumulation.
In our soybean experiments, the borage extract reduced the
anthocyanins, demonstrating a mitigation effect of the stress
induced by herbicides. Protein hydrolysates showed different
efficiency depending on the extraction procedure and protein
source (Rouphael et al., 2021). Animal derived protein
hydrolysates can contain some peptides that are not commonly
found in vegetal protein hydrolysates, such as alanine, glycine,
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hydroxylysine, hydroxyproline, and proline. Some of these can
mimic the vegetal amino acids and since they are not fully
recognized or degraded by plants can have longer biological
effects. At the same time, vegetal derived protein hydrolysates are
mainly composed of aspartic acid, glutamic acid, and oligopeptides.
Therefore, these amino acids are recognized in plant tissues, and
they can be easily degraded by the plant if not necessary. Another
important aspect associated with protein hydrolysates is related to
the extraction procedures, which can be chemically based using
alkali or acids or enzymatically. The residual of alkali and acids used
for amino acids extraction can induce phytotoxicity if not fully
removed from the final biostimulant product. The enzymatic
derived protein hydrolysates are usually better, because they are
the product of specific enzymes that cut proteins in definite sites
(Colla et al., 2015). BMR eftects were not always consistent in the
two consecutive years considered, and these results can be explained
by the different environmental conditions in the two experimental
years (Supplementary Data Figures S1, S2). A similar effect has been
recently reported in other species (potato, wheat, and maize) by
Kanatas et al. (2022). It is well known that in open field crops are
exposed to multiple stress conditions and temperature and rainfall
can mitigate or exacerbate the effect of biostimulants.

5 Conclusions

Various effects of the combined use of 10 of the most used
BRM with herbicides in terms of crop yield and quality
parameters are presented in this manuscript, focused on the
effect of the BRM, the herbicides mixture, and their possible
interactions. Beneficial effects on quality traits (chlorophyll,
secondary metabolites, nitrogen index) of some BRM
(Ascophyllum nodosum, silicon, and humic acids) have been
observed. Moreover, this study allowed observing marked
changes in the crop responses to BMR, herbicides, and their
combination, depending on the season. Seasonal variations are,
in fact, strong determinants in the definition and effectiveness of
several biostimulants. This aspect together with the lack of
research focused on combining biostimulants and herbicides,
and the need of a more sustainable use of herbicides in
agreement with the aim of the European Green Deal, may
stimulate further researches in this field. Therefore, the
evaluation of biostimulants should not be based on one single
year’s field experiments, and it should be possibly conducted
considering different geographical locations, in order to collect
more data, useful to be used in the improvement of biostimulants
manufacturing industry. Finally, the large variability of raw
materials composition as well as the effect of different
industrial manufacturing processes, must be always taken into
account in the evaluation of novel potential biostimulants.
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