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Abstract: The increased use of biostimulants in conventional agriculture and organic farming re-
quires the implementation of rapid tests to determine their effectiveness in enhancing plant growth
and protection against abiotic stresses. However, their innocuity to plant health has rarely been
demonstrated. We used the Vicia faba Micronucleus Assay, as described by the standard AFNOR EN
ISO 29200(2020-05) to reveal biostimulant, genotoxic and cytotoxic effects of four commercialized
wood-based products by comparing mitotic indices and micronucleus frequencies with respect to the
controls. Neither genotoxicity, as measured by micronucleus frequency (MN), nor cytotoxicity, as-
sessed by Mitotic index counts, was observed. Additionally, one of these stimulants (BHS®) conferred
protective effects against contaminants (maleic hydrazide or lead nitrate). We describe that plotting
micronuclei frequency against mitotic indices allows discrimination between cytotoxic/genotoxic
effects from growth levels. Vicia faba experiments were successfully transposed to other agronomical
important crops such as corn and sunflower. This technique can be valuable to industrials, to assess
growth, potential cytoxicity and genotoxicity effects of any new biostimulant or organic.

Keywords: biostimulants; humic substances; fulvic acid; micronucleus assay; maleic hydrazide; lead
nitrate; Vicia faba

1. Introduction

Novel types of substances, referred to as “biostimulants”, have characteristics of plant
growth promoters, and have been shown to enhance nutrient assimilation [1], yield [2,3],
nutrient use and availability in soils, to stimulate soil microbial activity [4], as well as
improving tolerance to abiotic stress conditions [5]. Biostimulants can be applied to high
value-added crops used for organic market gardening, orchards, horticulture, to increase
quality and yield, while reducing fertilizer use and environmental contamination [6-8].
They contribute to seed priming by reducing abiotic stress conditions during early stages of
germination and seedling growth [9] and enhance cadmium tolerance in wheat plants [10].
Considering the increased development of these commercial products, the European
Commission adopted Regulation 2019/1009 on 5 June 2019, that went into force in July
2019 [11]. The European Commission adopted Regulation 2019/1009 on 5 June 2019, which
went into force in July 2019 [11]. This regulation considers the need to make use of recycled
or organic materials for fertilizing purposes. The scope of the harmonization has thus
been extended in order to include recycled and organic materials; furthermore, fertilizer
of mineral or organic origin could contain contaminants such as cadmium, which could
pose a risk to human, animal or plant health. Du Jardin identified 7 major classes of plant
biostimulants [12], categorized by Pylack et al. [7] as Biopreparations, Biostimulants and
Microbial inoculants respectively. They are usually classified on the basis of the source of
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the initial raw material as reviewed by Bulgari et al. [5] Marine resources, namely algae and
seaweeds, have attracted major attention considering their high content in phytohormones,
hormone-like substances, vitamins, amino acids as well as micro and macroelements that
are likely to stimulate plant growth [3]. Seaweed-based extracts have been used alone
in pear field trials, and resulted in reducing the fertilization pressure whilst increasing
fruit yield and quality [8]. Arbuscular mycorrhizal fungi, Trichoderma spp has been shown
to enhance communication with the plant root system, regulating root branching and
nutrient uptake capacity [13]. The combined use of seaweeds and Arbuscular fungi
extracts [14], resulted in additive and synergistic effects on biomass, flower development,
protein and carbohydrate accumulation. Humic substances, naturally formed by chemical
and biological transformations of plant or animal materials and microbial metabolism have
long been used in agriculture as plant growth promoters [15,16]. They are known to cause
morphological, physiological and biochemical modifications in higher plants [17-20]. The
development of metabolomics has prompted scientists to study alterations of the plant
metabolite fingerprints after exposure to humic substances to unravel metabolisms and
identify genes involved in the regulation process [21,22]. This could pave the way to devise
strategies to deviate metabolisms and to enhance growth and/or abiotic stresses.

Alternatives to conventional biostimulants have made use of wastes from agricul-
ture [23] and from cities [24], nanoparticles and nanomaterials [25], composts [26], sewage
sludge [27] and waste-water from processing industries [4]. These novel alternatives may
present potential risks to living organisms. Sewage sludge has indeed been proven to con-
tain heavy metals such as hexavalent chromium (CrVI) [28]. Co-composting of the sewage
sludge with palm wastes was demonstrated to remove the toxicity induced by Cr(VI) [29].
Similarly, olive mill waste waters contain significant levels of phenolic compounds and
undecomposed organic matter that exerts negative effects on soil biology. Biooxydation of
these waste waters with organic matter derived from municipal solid wastes decreased
the phenolic content of the olive mill wastes and promoted corn growth and nutrient
accumulation [30]. There is growing concern for the safety of these biostimulants, and data
are now available on the impacts of these products on living organisms. The cytotoxicity,
genotoxicity and toxicity of biostimulants to non-target species and to organisms in water
bodies was reported [31]. Furthermore, different types of nanoparticles, that are released
into the environment, have been shown to be genotoxic in both terrestrial and aquatic
organisms [32-34].

Biostimulants may also be derived from wood wastes [35]. However, recovery of
organic substances from these raw materials is a lengthy process and produces heteroge-
neous results on plant development. An alternative consists in producing artificial humic
substances recovered from wood waste during crate or paper manufacturing. These humic
substances have been termed biomimetic humic substances (BHS® Bois Valor Company),
and are prepared by degrading poplar lignocellulosic materials through mechanical and
chemical manufacturing processing [36].

The standardized genotoxicity test developed on Vicia faba [37] is widely used to assess
cytotoxicity [38], genotoxicity of soils [39], composts [40], sludge [41], wastes [42], fertilizers
and chemical substances in waters and effluents [43,44]. Trace metals or organic molecules
cause irreversible damage in the cell. Micronucleus appear during cell division by breakage
of a part of the chromosome (clastogenic effect) leading to a small chromosome fragment
or by failure of the whole chromosome migration (aneugenic effect) during anaphase [45].
A mild cytotoxic effect reduces the number of dividing cells and consequently decreases
the number of micronuclei. In the case of severe cytotoxicity, cell division can be totally
blocked, and will result in a concomitant reduction of the mitotic index. The endorsement
of the Micronucleus Assay, as stipulated in the AFNOR EN ISO 29200(2020-05) norm,
implies that cells in the root apical zone should be in division and that the mitotic index
(number of dividing cells/1000 cells) should be superior, or equal to 20 %o.

In this report, we have used both the mitotic index and micronuclei counts as indicators
of cell division, cytotoxicity and genotoxicity. We used the Vicia faba micronucleus assay
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to assess the effects of four biosourced biostimulant commercial products. The mitotic
index was therefore used to evaluate the potential biostimulant effect or cytotoxic effect of
the tested product. Putative genotoxic effects were evaluated by measuring the extent of
micronucleus frequency. We have transposed this technique to field crops such as maize and
sunflower. The novelty of this study relies on plotting micronuclei results against mitotic
indices that can distinguish between genotoxicity, cytotoxicity and biostimulation effects.

2. Material and Methods
2.1. Plant Culture

Broad bean (Vicia faba, L., 1753; Aguadulce, Caillard, France), sunflower (Helianthus an-
nuus) and maize (Zea mays) seeds, stored at 4 °C under dry conditions, were used in this
study. Before experimentations, seeds were soaked for six hours in tap water to remove
the integument and were allowed to germinate in a tray, lined with wet filter paper, in a
germination chamber at 24 °C for four days. All tests were performed with plantlets grown
hydroponically in an aerated non-circulating solution, in a phytotron under controlled
conditions: Day/Night temperature 24 £ 1 °C/with relative humidity 70% and 16 h/8 h
light/dark photoperiod under daylight fluorescent lamps providing 350 pmol m~2s~!
(Philips 600 W, Eindhoven, Netherlands).

2.2. Hydroponic Conditions

Nutrient solutions were prepared in deionized water at the following final concen-
trations: KNO3; 5 mM; Ca (NO3); 4H,0 5 mM; KH,;PO4 2 mM; MgSO, 1.5 mM; Fe-EDTA
268.8 uM; MnSO4, H,O 8.9 uM; ZnSOy4, 7H,0 1.7 uM; CuSOy4, 5H20 1.0 uM; H3BO,4
24.3 uM; NapMoOy, 2H,0 0.1 uM [46]. The pH of the nutrient solution was adjusted to 5.0.

The primary root of germinated seedlings was cut 0.5 cm from the apex to stimulate
secondary root growth during hydroponic culture. Seedlings were transferred to an aerated
Hoagland solution and left for 4 days without renewal of the solution. The volume was
adjusted daily and brought to the initial volume with distilled water. When secondary
roots appeared, five young plantlets were floated over 580 mL nutrient solution, containing
the required test molecule.

Four compounds were purchased from professional agri-supplier distributors that
were tested for their potential effects on Vicia faba plantlets, according to the commer-
cial recommendations of industrial suppliers for field applications. These products are:
Biomimetic Humic Substances (BHS®), Fulvic acid (FA) used at 0.25 and 0.5%, Product
“A” (Leonardite extract) and Product B (Osiryl). The final carbon concentrations for the
4 products were thus different (Table 1).

Table 1. Characteristics of the commercial products tested.

Product Name

Humic Substances (BHS®)

Biomimetic Fulvic Acid (FA) Product “A” Product “B”

physico-chemical extraction  physico-chemical extraction

By-products of the of

Origin of poplar wood waste of poplar wood waste Leonardite extract wood pulp production
Composition 45% humic acids and 55% 100% fulvic acid, extracted Humic acid 12% w/w; lfonated lignin
OmMpOostto fulvic acid from BHS®. fulvic acid 3% w/w sultonated fign
Initial Carbon 1.5% 0.825% 7.28% 23%

concentration (%)
Recommended 0.5% 0.25% and 0.5% 0.12% 0.033%

commercial carbon dose

The total incubation period runs over 56 h for all of them, except for the Maleic
Hydrazide (MH positive control) where the experimental design is composed of a first 24 h
phase of adaptation, followed by an 8 h exposure step and a last 24 h recovery phase.



Agronomy 2021, 11, 321

40f17

2.3. Humic Substances and Fulvic Acids

Biomimetic Humic Substances (BHS®) certified for organic farming (ECOCERT, Isle
Jourdain, France) and Fulvic acids (FA) in process of certification have been used in this
study. They were produced by biosourcing poplar wood wastes and are commercialized
by the Bois Valor Company in Albi, France. Biomimetic Humic Substances (BHS®) were
extracted by physico-chemical extraction of poplar wood waste, and are made up of 45%
humic acids (HA) and 55% fulvic acid (FA). Fulvic acids were extracted from BHS®. The
initial BHS® carbon concentration was 1.5% and was diluted to a final concentration of
0.5% fulvic acids (FA), after lowering the pH to 2 and 15 min centrifugation at 3000 G. After
extraction, the FA carbon concentration was 0.825% and was diluted to reach 0.5% and 0.25%
with respect to the carbon concentration in the final nutrient solution. For experimentations,
BHS® and FA were diluted so as to achieve the same equivalent percentage of carbon of
0.0075% in the final nutrient solution.

2.4. Other Commercial Products

The two other commercial products tested and marketed by competing companies
are termed “A” and “B”. The commercial product “A” (Humifirst produced by Trade Corps—
Belgium) is extracted with KOH from American Leonardite. It is obtained from coal mines
and consists of 30 to 80% of oxidized lignite [47]. The carbon concentration of product
“A” was 7.28% (Humic acid 12% w/w; fulvic acid 3% w/w) and was diluted to a final
concentration of 0.12% in the nutrient solution. The last product “B” (Osiryl produced by
Frayssinet, France), sold as a root growth stimulator, certified for organic farming (ECO-
CERT, Isle Jourdain, France), consists of sulfonated lignin obtained by depolymerization of
lignocellulosic compounds. Sulfonated lignins are water-soluble anionic polyelectrolyte
polymers and are by-products of the production of wood pulp using sulphite pulping.
The initial carbon concentration of B was 23% and the final concentration was brought to
0.033% in the nutrient solution. This product is highly viscous (density = 1.32) and the
dilution was done by weighing.

2.5. Effects of BHS® on Vicia faba Roots Exposed to Contaminants

Two known genotoxic products were used to assess effects of BHS®: an organic
molecule, namely maleic hydrazide (MH) used at a final concentration of 1.12 mg.L~!
(1075 M) and lead (II) nitrate as 1 mg of Pb per L~! (4.82 10~® M) of nutrient solution.
These two molecules are used in the Micronucleus Assay and are recognized by the norm
as positive controls [37]. Maleic hydrazide or 1,2-dihydro-3,6-pyridazinedione enters into
the composition of formulated products used as herbicides and as a plant growth inhibitor
that interferes on mitosis in plants. It is also used as anti-germinative agent on potatoes,
carrots and onions during storage, by controlling the cellular multiplication of meristems.
Lead (Pb) is known to induce oxidative stress and to increase micronuclei frequency. One
negative control without MH and without Pb, and two positive controls with MH (MH
control) or with Pb (Pb control), were necessary to confirm the test. The different conditions
that have been used to assess protective effects of BHS® on Vicia faba roots exposed to MH
or Pb are defined in Table 2.

2.6. Growth Measurement

At the end of the experiments, all root systems were scanned in a water layer on a
transparent tray (30 cm x 20 cm) with an Epson Expression 836 x L scanning system. Root
pictures were analyzed with the image processing software, WinRhizo® Pro 2017a (Regent
Instruments, Québec, QC, Canada). WinRHIZO is an image analysis software specifically
designed for length, area and volume measurement of the root systems. The dry weight of
aerial parts and roots were then determined after 24 h drying at 105 °C.
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Table 2. Experimental set-up to test protective effects of BHS® against a metallic (lead) and an organic

(maleic hydrazide) molecule.

Onset of Experiment Exposure Recovery
Phase Duration (56 h) 24 h 8h 24 h
control nutrient solution nutrient solution nutrient solution
Pb nutrient solution Pb1 mg.L_1 nutrient solution
MH nutrient solution MH 1.12 mg.L*1 nutrient solution
®7 :
BHS™s protection BHS® 0.5% Pb1mgL! BHS® 0.5%
against Pb
®/ ;
BHS™s protection BHS® 0.5% MH 1.12 mg.L~! BHS® 0.5%
against MH

(Pb: lead; MH: maleic hydrazide; BHS®: biomimetic humic substances).

2.7. Micronucleus Assay

All experiments were performed as described by [48], modified by [39], and estab-
lished by the standard AFNOR EN ISO 29200(2020-05) [37]. Ten apices of secondary roots
(about 5 mm from the end of the root) were retained for the Micronucleus Assay. All root
cell samples were fixed in Carnoy solution (25% acetic acid and 75% ethanol, v: v) during
one night at 4 °C, after which they were washed three times with distilled water. At this
stage, roots can be preserved in 70% ethanol at 4 °C for future observations but they should
be rehydrated with demineralized water before proceeding. Secondary root apices were
hydrolyzed with 1N hydrochloric acid at 60 °C for 7 min. It is important to remove the
first mm corresponding to the meristematic region of the root cap and to retain only the
following second mm, which is made up of daughter cells [48,49]. Staining of DNA was
carried out by placing one drop of acridine orange (CAS 65-61-2) at a final concentration of
0.0375 g. L~! on each apex of secondary roots. Samples were then crushed between the
slide and the coverslip before observations under a fluorescence microscope with a 400 x
magnification. Cell counts were performed on digitized photos using the free software
Image] (Rasband, W.S., Image], U. S. National Institutes of Health, Bethesda, ML, USA)
and micronuclei (MN), dividing and resting cells were counted on a total of 1000 cells per
root, as illustrated in Figure 1.

/ Resting Cells

Figure 1. Picture of Micronuclei, dividing cells and resting cells observed in the root tips of Vicia faba
stained with acridine orange, under a fluorescence microscope (400x).

One slide with three root apices was prepared for each of five replicates. A total of
3000 cells per replicate were counted for analysis, accounting for a total of 15,000 cells scored
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Micronuclei (%o

—_

Dividing cell (%o

8

for each condition. The percentage of mitotic cells, called mitotic index (MI), was calculated.
Only roots with a MI greater than 20%. were considered when scoring micronuclei in cells
(AFNOR EN ISO 29200 (2020-05)) [37]. MN and MI were calculated as shown below:

MN — Micronuclei 1000 MI — Dividing cells

—— x 1
Resting cells Total cells 000

2.8. Statistical Analysis

As the data presented a normal distribution, one-way ANOVA and average compari-
son tests (Tukey) with a 95% confidence interval were performed using Sigma Plot 12.0.

3. Results and Discussion

3.1. Impacts of Biostimulants on Micronuclei Formation and Cell Division Frequency in Vicia Faba
Roots Cells

Fifty-six hours later, either exposure to the 4 commercial products, or to maleic
hydrazide as positive control (MH Control) or without treatment as the negative control
(Control), micronuclei (MN) and diving cells (mitotic index MI) were scored in the root
apices of Vicia faba, respectively (Figure 2A,B), and expressed as a %o of the total number
of cells.

Micronuclei

10 4

MH Control  Control FA0.25% FA0.5% BHS®0.5% A 0.12% B0.033%

300

250 +

200

8

50 -

Mitotic Index

T T T T 1

MH Control Control FA0.25% FA0.5% BHS®0.5% A 0.12% B 0.033%

Figure 2. (A,B) Scoring of Micronuclei (A) expressed as the number of micronuclei per 1000 cells observed and of mitotic
indices (B), expressed as the number of dividing cells per 1000 cells observed in the root apices of Vicia faba after 56 h of
treatment: non-exposed (Control) or exposed to Maleic hydrazide at 1.12 mg.L~! (MH Control), or to different commercial
products: fulvic acids at 0.25% (FA 0.25%), 0.5% (FA 0.5%), biomimetic humic substances (BHS® 0.5%), and products A or B
(Histograms marked with the same letter are not statistically different at p < 0.05).
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The micronuclei values for all commercial products and for the control are close
(2-3%o) and display no significant differences. This demonstrates the absence of genotoxi-
city of commercial biostimulant products (Figure 2A). In contrast, plants exposed to the
known genotoxic product (MH) as a herbicide, and used as a positive control, displayed a
17-fold increase in the number of micronuclei compared to the control, indicating significant
genotoxicity and damage to cell DNA.

The corresponding mitotic index (MI) of all biostimulants tested (Figure 2B), as well
as those of the MH-treated plantlets (Figure 2B: MH control), were higher than 20%. [37].
Fulvic acids provided at 0.25% and 0.5%, as well as product “B” at 0.033%, showed
significant enhanced cell division frequencies with respect to the control plants with no
biostimulants, indicating their role in cell division. However, the mitotic index of root cells
exposed to MH, showed a significant reduction in the number of dividing cells with respect
to the controls, indicating a significant cytotoxicity effect.

Micronuclei are formed if cells are actively dividing after exposure to genotoxicants
and observed in non-dividing cells. A decrease in the mitotic index (MI) as compared to
the control indicates a toxicity effect and automatically reduces the number of micronuclei
observed. However, the absence or the decrease of the MN frequencies could mislead
interpretations or conclusions relating to the safety of the tested molecule if cells are not
actively divided. Indeed, a toxic molecule could have shorter time impacts than a genotoxic
one on the development of MN. The comparison of the MI for all treatments indicated the
absence of toxic effects, since all values were higher than those of the unexposed control
(Figure 2B). Furthermore, the Ml in root tips of plants treated with FA 0.25%, and B product
provided at 0.033% were significantly higher by 25% than the control. The comparison of
mitotic indices can demonstrate the potential of a molecule or a mixture of compounds
present in a commercial product towards “biostimulant” activity on root apex cell division.

In summary, the AFINOR EN ISO 29200 (2020-05) Micronucleus assay [37] provides
three types of data on molecule effects towards dividing cells of root apices:

e  Genotoxic effects, if the micronuclei number is greater than the control (MN > MN Control);
e  Cytotoxic effects, if the mitotic index is less than the control (MI < MI control);
e  Biostimulant effects, if the mitotic index is greater than control (MI > MI Control).

3.2. Impacts of Biostimulants on Root and Plant Aerial Biomass

Using the same previous experiments as described above, plants were harvested and
dry matter for aerial parts and roots were weighed (Figure 3).

The dry weights of the aerial part are distributed into three groups (Figure 3A): the first
group with the positive MH control is lower than the negative control but not statistically
different. The second group is composed of FA 0.5%, BHS® 0.5%, products A and B,
showing no significant differences. FA 0.25% stands alone and reaches the highest value
(200 mg) with a statistically significant difference from the others reaching 1.7 times the
biomass of the control. This is in agreement with [50], where it is described that a product
with «biostimulant» activity generally promotes an increase in biomass and growth relative
to a control plant.

For root biomass, we observed three groups in increasing order (Figure 3B). A first
group consisted only of the control (53 mg), followed by the second group comprised of
FA 0.5% (64 mg), BHS® 0.5% (67 mg) and product A (73.7 mg). Finally, the last group,
consisting of HM Control (80 mg), and both FA 0.25% and product B (79.5 mg), reached
the highest root weight, i.e., 1.5 times the control. Root exposure to MH resulted in a
17-fold increase of the MN frequencies (Figure 2A), in spite of its antimitotic effect, as
seen by only a 1.6 fold reduction in the MI (Figure 2B). Indeed, MH is known to inhibit
mitosis and is applied to vegetables at 1072 M. A dose test showed that the antimitotic
effect on root growth was observed at 10~3 M, well above the 107> M dose used in this
study (data not shown). The effect of the HM antimitotic effect at 107> M is less than
what it is at 1072 M and could explain the 1.45-fold increase of the root system of MH
controls with respect to the negative control. Mitotic index results are in agreement with
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only two out of four treatments for root and aerial part dry matter (FA 0.25% and B at
0.033%). In both cases, higher percentages of dividing cells are accompanied by an increase
in biomass. Biostimulant effects are marked by root meristematic cell division rate and
biomass increases, contrarily to the MH control.

A Dry weight of aerial parts

w
8

N
3

[N}
8

2

]

w
o
4

Dry weight of aerial parts (mg)

MH Control  Control FA0.25% FA0.5% BHS® 0.5% A 0.12% B 0.033%

B Dry weight of root system
] s e B B e i i i i i

8

ab_ab &b

[++]
o
=
— T

Dry weight of roots (mg)
S 3
—

20 -

MH Control  Control FA 0.25% FA0.5% BHS®0.5% A 0.12% B 0.033%

Figure 3. (A,B): Dry weight measurement of aerial parts (A) and roots (B) of Vicia faba after 56 h of experiment: non-exposed
(Control) or exposed to 10> M Maleic hydrazide (MH Control), or to different commercial products: fulvic acids at 0.25%
(FA 0.25%) or 0.5% (FA 0.5%), biomimetic humic substances (BHS® 0.5%), or products A and B. (Histograms marked with
the same letter are not statistically different at p < 0.05).

Mitotix index analysis has several advantages, and in addition to being a useful
marker to predict plant dysfunction, it can be used to:

- Test growth effects within 10 days contrarily to those implying longer growth experi-
mentation durations needed for biomass production;

- Compare agronomical efficiencies of different commercial products;

- Define the optimal dose required for the same product within short spans of time.

Some authors have shown that exposure of Vicia faba to 510 micromoles of Cd per kg of
soil induces micronuclei after only 5 days of cultivation without affecting plant growth [51].
Plant growth was affected by cadmium only after longer exposure periods. Indeed, after
155 days, biomass increases were more substantial, but with a significant decrease in the
number of flowers and inhibition of fruit setting. Other authors have related an induction
of micronuclei on Vicia faba roots exposed to 20, 200 and 2000 uM Cd, but with a visible
effect on dry matter only for the highest Cd concentrations [52]. These results clearly
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demonstrate that the consequences of Cd on micronuclei occurrence is faster, earlier and
more sensitive than the reduction of biomass production.

3.3. Impacts of Biostimulants on Length and Surface Area of the Root System

The total length (cm) and area (cm?) of the root system was measured at the end of
experiments and are represented in Figure 4A,B.

Total length of the root system

MH Control Control FA0.25% FA 0.5%

Root surface area (cm?)
—_ N wW B (9] (o] ~l @
o o o o o o o o

Root surface area

MH Control  Control FA0.25% FA0.5% BHS® 0.5% A 0.12% B 0.033%

Figure 4. (A,B): Total length (A) and surface area (B) of Vicia faba roots after 56 h experimentation: non-exposed (Control) or
exposed to 107> M Maleic hydrazide (MH Control), or to different commercial products: fulvic acids at 0.25% (FA 0.25%) or
0.5% (FA 0.5%), or biomimetic humic substances (BHS® 0.5%) or product A or B. (Vertical bars indicate Standard deviation
and histograms marked with the same letter are not statistically different at p < 0.05).

The length and surface of roots are distributed into three groups. The first group,
consisting of the MH control and control without any treatment, is characterized by the
lowest values with no significant differences (Figure 4A,B). A second group, displaying
slightly higher values, was observed with FA at 0.5%, BHS® at 0.5%, product A and product
B. The most significant length and surface area of the root system was observed for the
lower concentration of FA at 0.25% (Figure 4). The other treatments showed no biostimulant
effects at these doses and under these experimental conditions, with results nearing those
of the control. However, it needs to be confirmed whether a longer exposure time would
enhance the measured differences between these treatments.

Dry weight increase could be the consequences of other interactive physiological
processes following the application of biostimulants. These could be due, for instance,
to increased lignification, photosynthesis, secondary metabolites synthesis, that are later
events and that contribute to plant build up.
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The comparison of different “biostimulant” products, obtained by measuring the
mitotic index, is similar to that observed for biomass accumulation or root system growth.
In view of these different results, in the short term, the incubation with FA 0.25% appeared
to be the most efficient biostimulant concentration. This method seems to be entirely ap-
propriate for rapid evaluation and anticipation of biostimulant effects of different products
as well as optimizing the best concentration to be applied.

3.4. Protective Effects of Biostimulants towards Exposure to Contaminants

Some companies have suggested in their advertising material that biostimulants could
have protective effects against organic and inorganic pollutants, but to date, there is no
scientific evidence to support this. In this study, we assessed whether BHS® had protective
effects against organic (MH) and metallic (Pb) contaminants using the micronucleus test.
This experimentation followed the scheme described in Table 2. The scoring of the mitotic
index and the number of micronuclei are presented in Figure 5A,B respectively. The
micronuclei count shows, that after 56 h of experimentation, the plantlets exposed 8 h to
MH only (MH Control) or to Pb only (Pb Control) displayed significant higher numbers of
micronuclei, respectively 18.3 and 3.7 times more than that of the control. In the presence
of BHS®, the number of micronuclei for plants exposed to MH was reduced by 46% as
compared to the MH control and by 35% for Pb exposure compared to the Pb control. The
presence of BHS® strongly reduced the genotoxic effect of Pb and MH, as witnessed by the
MN frequencies, with a greater protective effect for Pb.

The values of MI were all well above 20%. for all conditions tested. The MI of control
plantlets relative to those treated with MH (MH Control) is higher. On the contrary, there
was no significant difference between the MI of control plantlets and lead control (Pb Con-
trol). The pre-treatment with BHS® in the case of MH and Pb displayed different responses.
The MI of MH control and BHS®-MH were both around 190%. with no significant statistical
differences, but were lower than that of control plantlets. This can be explained by a slight
decrease in cell division, implying a cytotoxic effect of MH.

As far as Ml is concerned, we notice that there were no significant differences in the
MI of the unexposed controls (224 %) and Pb-control (232%.) as shown in Figure 5B. BHS®
pre-treatment plantlets followed by exposure to Pb resulted in an increase of mitotic index
from 232 %o to 254%o. The increase of cell division as seen by the MI results show that pre-
treating root cells before lead exposure offers a protective effect, enabling recovery of cell
divisions in root meristematic cells. In spite of the slight enhancement of cell division rates,
there is a significant reduction in the MN frequencies when plantlets are pre-treated with
BHS®. This protective effect on micronucleus formation is accompanied by an insignificant
effect of the MI for MH showing that cell divisions were not affected by MH in the presence
of BHS®.

In the presence of BHS® and for lead, the number of micronuclei was not only reduced
by 35%, but there was a 9.5% increase in the MI. In the case of lead (Pb), it has been
demonstrated that Pb promotes micronuclei formation through the induction of a strong
oxidative stress associated with DNA breakdown. It does not act directly on chromosomal
DNA but indirectly by triggering the production of Reactive Oxygen Species (ROS) and/or
lipid-soluble by-products of oxidative stress. Indeed, the use of an antioxidant molecule,
like Vitamin E, inhibits the effects of oxidative stress due to Reactive Oxygen Species in
the presence of Pb as well as reducing the percentage of micronucleus frequency [53].
The micronuclei reduction indicates a protective effect of BHS® against oxidative stress.
This protective effect could be at the origin of the significant mitotic index increase in
the presence of Pb. Indeed, the increase of the MI with Pb should have automatically
increased the number of micronuclei, which would have shown the protective effects of
BSH. Portuondo-Farias et al. have shown the protective effect of humic substances from
vermicompost against Pb in beans growing on 100 mg of Pb per Kg of soil [54].



Agronomy 2021, 11, 321

11 0of 17

A Micronuclei

100 T === === === m e m e
I D et el
R S e
70 et B e e
60 Fouommomamnoc I © o o S i S i i
1 e
A0 Fomsetessmasc - o RN - o e o s S e e s e e e
R R e LEEEE OhEEE R

Micronuclei(%o)

20 f+-------------NE -~

a a
10- _________________________ . _____________
l_!_l I
0 T

T T T 1

Control MH Control BHS®-MH Pb Control BHS®-Pb

Mitotic Index

g

N
v
o

g

Mitotic Index (%)
g &

w
o
'

Control MH Control BHS®-MH Pb Control BHS®-Pb

Figure 5. Assessment of the protective effect of BHS®. Micronucleus frequency (A), expressed as
number of micronuclei per 1000 cells observed and mitotic index (B) expressed as number of dividing
cells per 1000 cells observed on the root apex of Vicia faba after 56 h of treatment: non-exposed
(Control) or exposed to 10~% M Maleic hydrazide (MH Control) or lead (Pb Control) or exposed to
BHS® and to MH (BHS®-MH), (Histograms marked with the same letter are not statistically different
atp <0.05).

We made use of the two components of the micronucleus assay to discriminate
between genotoxic effects (based on the MN score) from the biostimulant and cytotoxic
effects (measured by the MI) by plotting micronuclei frequency as a function of the mitotic
index on Vicia faba root tips (Figure 6A,B).

Results are presented with respect to the position of the control (circle points) using
the coordinate pair on the abscissa and ordinate axes (MN; IM) as 4.5%o /224 %0. Compared
to control plants (circle points MIN 4.5%.), exposure of plantlets to lead nitrate (1 mg/L)
increased the number of micronuclei by a factor of 3.7 without significantly affecting the
mitotic index (Figure 6 A—triangle point 16.5%o /232%o). The effect of lead nitrate (1 mg/L)
therefore had a significant genotoxic effect with an increase in the MN frequency, but
no toxic effect at this concentration with no significant difference in MI, with respect to
controls. To test the potential protective effect of BHS®, plantlets were exposed during
24 h to BHS®, then 8 h to Pb and again 24 h to BHS® to allow cell division and thus the
development of micronuclei (Figure 6A—square point 5.75%o /254%.). Treatment with
BHS® greatly reduced the number of micronuclei that nearly reached the control level
while significantly increasing the mitotic index by 10% (254%o). However, the increase
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in the mitotic index should normally have favored the formation of micronuclei if there
had been genotoxic effects. Under our conditions, the increase in the MI with a reduction
of the MN clearly demonstrated the protective properties of BHS® against lead. These
protective properties of humic or fulvic substances have already been demonstrated by
several authors on lettuce against Cd [55] and on radish against Cd, Cu and Zn [56], but
not directly on the rate of division in the root apex. The salicylic acid post-treatment of
Nigella sativa, exposed to another toxic heavy-metal (cadmium), increases the mitotic index
while reducing chromosomal abnormalities [57]. Salicylic acid has a protective action
against the genotoxic and toxic effect of heavy metals, as does BHS®.
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Figure 6. (A,B): Variation of micronuclei as a function of the mitotic index for plantlets of Vicia faba exposed to (A) 1 mg.L_1
lead nitrate (Pb) or to (B) 10~ M maleic hydrazine (MH) or with or without pretreatment by biomimetic humic substances

(BHS®) (letters on the left of the data symbol points correspond to statistical analysis of the micronuclei frequency. Letters

above the symbol data correspond to statistical analysis of the mitotic index. Data marked with the same letter are not
statistically different at p < 0.05).
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Another experiment was carried out with MH under the same conditions with the
same control (4.5%o /224%.). The exposure of plantlets to MH strongly increased the number
of micronuclei by a factor of 18 (82.25%o), showing genotoxic effects but also significantly
reduced the mitotic index by a factor of 1.14, indicating toxic effects (Figure 6B—triangle
point 82.25%o /197 %.). The treatment of plantlets with BSH® halved the number of mi-
cronuclei but without any modification of the mitotic index level with respect to controls
(Figure 6B—square point 44.5%0 /195%.). MH is known to be used as an herbicide that
acts on plants in two ways: MH inhibits DNA replication (phase S of the cell division
cycle), hence the antimitotic property and its anti-germinative action, which reduces or
inhibits the mitotic index depending on the concentration used. MH has plant-specific
mutagenic/clastogenic properties, that induces the appearance of micronuclei after cell
division, thus revealing the damage caused to DNA [58]. However, no DNA-strand break
was observed by comet assay [59]. BHS® reduced the mutagenic/ clastogenic effects but
had no protective action against the inhibition of DNA replication and therefore against
MI reduction.

3.5. Extension to Other Agronomic Crops

The micronuclei test was initially developed on broad beans, because the large cells
facilitate micronucleus observation by microscopy. However, this technique has been
applied to other plants, such as onions [60,61]. We extrapolated the methodology to
agronomically important crops, such as sunflower (Helianthus annuus) and maize (Zea mays),
to test the effect of BHS® 0.5% (Figure 7). For sunflower (Figure 7A), the higher values of
MN obtained with MH Control (7.8 %) compared to those of the Control and BHS® (0.5%)
was in conformity with the expected results, i.e., less than 1%. as for results obtained in
Vicia faba (Figure 2A). The MI of the Control (16.8%0) and MH Control (17.8 %0) were similar
with a mean value around 17%,, while the MI with BHS® were 1.64-fold higher (28%).
This shows that BHS® stimulated cell division in sunflower rootlets.

For maize, the MN value was higher for MH Control (45.13%0) than for the control and
for BHS® (both close to 10%o), and corresponding to 10 times those of Vicia faba (Figure 2A).
The MI fell into three statistically different categories. The control had an MI of 28 %..
Addition of MH reduced the MI to 20.5%o., indicating a cytotoxic effect. On the contrary,
BHS® increased the MI 1.2 fold (33.5%o) with a statistically significant biostimulation effect
on the plantlets.

It should be noted that mitotic index values obtained for plants exposed to MH were
equivalent to the control for sunflower and was lower for maize with a reduction of 28% of
the control value. These results indicate that MH (10~ M) induced slight toxicity and we
concluded that corn seems to be more sensitive than sunflower or broad bean. This slight
toxicity could be due to the difference in uronic content of root tissues and to the cationic
exchange capacity between monocotyledons and dicotyledons [62]. Plant exposure to BHS®
(0.5%) increased significantly the mitotic index by 1.56 times for sunflower, 1.26 times for
maize and 1.125 times for the Vicia faba control value. The biostimulant effect on cell
multiplication of root apices was statistically significant for all plants tested.

This micronulei test can be adapted to different plants being easy to carry out over
spans of 10 days. The method can be used to evaluate effects of different commercially
formulated products or new molecules by measuring both MI and MN frequencies. The test
provides quick information on the cytotoxicity of products (MI < Control), its genotoxicity
(MN > control) and its biostimulant effect (MI > control). It is also possible to verify the
protective effect of biostimulants against organic or metallic entities by pre-incubating the
roots with the product to be tested.
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Figure 7. (A,B): Scoring of Micronuclei indices expressed as the number of micronuclei per 1000 cells (Left bar chart) and
mitotic index, expressed as the number of dividing cells per 1000 cells (Right bar chart) observed in the root apices of
sunflower ((A) Helianthus annuus) and maize ((B) Zea mays) after 56 h of treatment: non-exposed (Control) or exposed to
Maleic hydrazide at 1.12 mg.L~! (MH Control), or to commercial products of biomimetic humic substances (BHS® 0.5%).
(Histograms marked with the same letter are not statistically different at p < 0.05).

4. Conclusions

Biostimulants used in this study did not reveal any genotoxic effects on broad beans.
Fulvic acid used at 0.25% was found to be more efficient than at 0.5% in matter of root and
aerial biomass of plants.

This work shows that the Micronucleus Assay, as described by the AFNOR EN ISO
29200 (2020-05) norm, can be used to assess cytotoxic or genotoxic or growth effects. We
report here, for the first time, that lengthy cultures to assess plant growth can be replaced
by the use of mitotic index counts, to measure, within 10 days, the effects of bio-sourced
materials on growth. To our knowledge, this is the first report whereby micronucleus
frequency measurements are linked to mitotic indices using them as reliable markers to
measure and to differentiate genotoxic or toxic effects of biostimulants and to evaluate
growth impacts on plant cells. This could be useful to determine rapidly whether any
newly developed product could have marketing opportunities, with proven arguments to
convince their potential clients. This study with Vicia faba also demonstrates that humic
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biostimulants, like BHS®, confer protective effects against an organic molecule like maleic
hydrazide, used as an anti-germinative product or trace metal element like lead that can be
found in soil or in fertilizers. This method performed on Vicia faba, maize and sunflower
plantlets could be transposed to other agronomical crops or market gardening.
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