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Abstract

Herbicide resistance has become an increasing problem, and at the same time pesticide usage is
declining due to stringent EU pesticide legislation which aims to reduce the impact on environment
and human health. For these reasons, new alternative integrated weed management approaches are
becoming increasingly relevant. Formulations based on Brassica defatted seed meals (DSMs) and
glycerin, have previously been shown to be effective in reducing the germination of lettuce seed.

In this work five DSMs, formulated with and without crude glycerin, were chosen for in vitro and
rugosum and v) Sinapis alba. Black-grass (Alopecurus myosuroides), a weed demonstrating
extensive herbicide resistance, was used as a target, and the germination inhibition caused on this
weed by Brassica defatted seed meals was assessed.

In both in vitro and in vivo experiments, the most effective DSM for inhibiting germination of both

lettuce and black-grass seeds was the sinigrin containing DSM, Brassica nigra.
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The aim of the manuscript was to suggest a new high value application for Brassicas derived DSM
as a co-products from the vegetable oil production chain. The proposed treatments could represent

an interesting and 100% novel natural alternative to the conventional herbicides.

Keywords: Alopecurus myosuroides, Bioeconomy, Germination inhibition, Glucosinolate-

Myrosinase System, Isothiocyanates, Weed Management

1. Introduction

Despite different land use contexts, from agriculture to urban settings, weed control remains a major
problem. In particular, weed control in amenities such as parks and schools should be undertaken
without threatening health and environment. At the same time, whilst herbicide resistance has
become an increasing problem (Service, 2013), EU policy is demanding a significant reduction of
pesticide usage. In fact, several high impact chemical products used in European agriculture are in
phase out or under scrutiny following the Directive 2009/128/EC on “Sustainable use of pesticides”,
and the Regulation (CE) no. 1907/2006 (REACH) on Registration, Evaluation, Authorization and
Restriction of Chemicals. In the Article 14 concerning Integrated Pest Management, the REACH
clearly reports that “Member States shall take all necessary measures aimed at promoting low
pesticide-input pest management, giving wherever possible priority to non-chemical methods”.

At the same time, a wide range of fossil-based products could be substituted by bio-based products
and materials derived from different biomasses such as energy crops, agricultural and forestry
residues and waste (Maity, 2015).

The most abundant co-products of industrial vegetable oil production for bioenergy and green
chemistry are defatted seed meals (DSMs) derived from seed defatting procedures. Among oilseed
crops, biofumigant Brassicaceae crops have shown great potential within integrated pest

management and organic farming solutions. In fact, some Brassica DSMs contain high level of
2
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glucosinolates (GSLs) and, after a patented procedure (Lazzeri et al., 2010), they proved to be
suppressive against a variety of soil-borne fungal pathogens (Lazzeri et al., 2003), nematodes
(Lazzeri et al., 2009; Ngala et al., 2015) and wire-worms (Furlan et al., 2010). In their native form,
GSLs are stable and marginally reactive, while in the presence of water and the endogenous enzyme
myrosinase (MYR) they are quickly hydrolyzed with the production of a series of bioactive
breakdown products, mainly isothiocyanates (ITCs) and, to a lesser extent, nitriles, epithionitriles
and thiocyanates, depending on the reaction conditions (Bones and Rossiter, 2006; Agerbirk and
Olsen, 2012). Thanks to this natural process, Brassicaceae species have been widely studied for
applications in the so called biofumigation technique (Kirkegaard et al., 1993). Since the inhibitory
influence of aqueous extracts from parts of Brassica oleracea plants on the germination and growth
of clover (Trifolium repens L.) and rye-grass (Lollium spp.) was first described by Campbell (1959),
many other studies on the allelopathic effects of GSL degradation products were carried out.
Angelini et al. (1998) reported a total inhibition of seed germination of different weeds by the
hydrolysis products of glucoerucin and glucoraphanin. In the same study, seeds treated with the
hydrolysis products of epi-progoitrin, mainly 5-vinyloxazolidine-2-thione, gave a high percentage
of abnormal seedlings. The allelopathic potential of several species and cultivars of Brassica on
wheat, in laboratory and field trials, has been reported by Mason-Sedun et al. (1986) and Mason-
Sedun and Jeppson (1988). More recent papers have shown the allelopathic effect of Rapeseed
(Brassica napus L.) water extracts on Phalaris minor (Retz.), Convolvulus arvensis (L.) and
Sorghum halepense (L.) (Aliki et al., 2014).

Furthermore, Brassica DSMs have shown a good synergy with crude glycerin (CG), a
underestimated co-product derived from the biodiesel chain. D’Avino et al. (2015a) reported the
first attempts to apply CG as an active ingredient for germination inhibition (GI), even if high doses
were required for a significant inhibition activity. On the other hand, the DSMs, activated by a
patent procedure (Lazzeri et al. 2010), were easily formulated with CG solutions, maintaining a

high GSLs conversion rate and a sufficient retention capacity of the biologically active compounds.
3
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In this way, the synergic effect of CG and DSMs allowed a strong reduction of CG in the
formulations.

Black-grass (Alopecurus myosuriodes Huds.), a major annual grass weed of winter cereals, was
chosen as a potentially interesting target. Its winter annual growth habit is well adapted to winter
cereal production, and recent crop management techniques such as earlier fall planting and intensive
cereal rotation have led to rapid increases in black-grass populations, (Holm et al., 1997). One of
the first cases of resistance to herbicides registered in Europe was in early 1980s, in Essex, UK
(Moss and Cussans, 1985). Nowadays, herbicide resistance in black-grass populations is reported in
a number of EU countries, including populations that demonstrate multiple resistance to a range of
herbicides with different modes of action, including photosystem |1 inhibitors, ACCase inhibitors,
and ALS inhibitors (Henriet and Marechal, 2009; Keshtkara et al., 2015).

The aim of this work was to evaluate the Gl activity on black-grass of different Brassica DSMs in
formulation with and without CG. Before the evaluation of the effect of five Brassica DSMs on
black-grass, a preliminary screening by in vitro and glasshouse trials on lettuce was set up to
evaluate the antigerminative capability of twenty GSL containing DSMs from the CREA-CI
collection. The proposed treatments could represent an interesting and novel natural alternative to

conventional approaches in weed control.

2. Materials and methods

2.1 Materials

The CG was purchased from Cerealdocks S.p.A. (Vicenza, Italy), an industrial biodiesel company
and its composition was previously published (D’avino et al. 2015b). Berteroa incana (L.) DC.,
Brassica oleracea L., Brassica rapa L., Brassica tournefortii Gouan, Eruca sativa Mill., Erysimum
pseudorhaeticum Polatschek, Hesperis matronalis L., Lepidium campestre (L.) W.T. Aiton,
Lepidium densiflorum Schrad., Lepidium sativum L., Lesquerella fendleri L., Limnanthes alba

Benth., Raphanus sativus L., Rapistrum rugosum (L.) All., Camelina sativa (L.) Crantz, Cleome
4
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hassleriana Chodat, Reseda lutea L., and Sisymbrium officinale (L.) Scop. DSMs derived from the
CREA-CI Brassicas collection (Lazzeri et al., 2013) were defatted with hexane (1/3, W/V)
overnight at room temperature (21 + 1°C). Before defatting, Rapistrum rugosum seeds were
scarified with a grinder (Buhler-Miag, MLI-204) to remove the very corky no-GSLs containing
silique. Sinapis alba L. DSM from the CREA-CI Brassicas collection, and Brassica nigra (L.)
W.D.J. Koch DSM purchased by Agrium Italia S.p.A (Livorno), were produced after seed defatting
by an endless screw press in which temperature was kept lower than 75°C (Lazzeri et al., 2010).
Lettuce (Lactuca sativa L. cv. Cosmic) was purchased from SAIS S.p.A. (Cesena, ltaly), whilst
Alopecurus myosuriodes Huds. black-grass, (population: Blackgrass Foxtail, Slender) was

purchased from Herbiseed (Reading, UK).

2.2. Defatted seed meals characterization

All DSMs were produced by a patented procedure (Lazzeri et al., 2010) aimed at optimizing the
enzymatic system that catalyzes GSL hydrolysis. The preparation details must be considered as
commercially confidential and their property is of Agrium Italia S.p.A (Livorno). The DSMs were

analyzed according to the following methods:

Dry matter was determined by oven-drying the DSM at 105°C for 12 h and evaluating the

difference in weight before and after treatment;

- Residual oil content was determined by the standard Soxhlet extraction method using
hexane as solvent;

- Nitrogen content was determined by the Kjeldahl method (Standard UNI 22604, 1992),
using a Tecator digestion system 20 and an automatic Buchi distillation unit (B-324);

- Glucosinolate content was determined following the 1ISO 9167-1 method (ISO 9167), with

some minor modifications in the extraction phase, as described in Lazzeri et al. (2011).

All data are reported as mean + standard deviation of four determinations.
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2.3. In vitro trials: extract preparation and hydrolysis product GC-MS identification

2.3.1 Extract preparation

Water suspensions of each DSM (15 g L™) were kept under agitation on an orbital shaker, 0.22 g for
40 minutes, at room temperature (21 £ 1°C). The suspensions were centrifuged at 3893 g, for 30
minutes and filtered with filter paper (Filter-Lab, 1248).

2.3.2 Deactivation of defatted seed meals

A small batch of DSM was treated in sealed borosilicate glass containers by an autoclave (20
minutes, 120°C) in order to deactivate the myrosinase enzyme and prevent GSLs hydrolysis to
bioactive compounds. Extracts from deactivated DSMs were prepared as reported above.

2.3.3 Hydrolysis product GC-MS identification

Samples of the obtained aqueous extracts (500 ulL) were mixed with ethyl acetate (LC-MS
Chromasolv®) at a ratio of 1:1 and after agitation with a vortex for 3 min were centrifuged for 10
min at 1240 g. One pL of the upper organic phase was than collected and injected in a Bruker
GC451 Gas Chromatograph equipped with a HP-5 fused silica capillary column (30 m, 0.25 mm
inside diameter, 0.25 um film thickness, Scientific Inc, Folsom, CA) connected to a quadrupole
mass detector Bruker SCION SQ Premium (Bruker Daltonics, Macerata, Italy). The oven
temperature was set at 40°C and maintained for 4 min, then it was programmed to rise from 40 to
220 °C at 10°C min™ and finally held at 220°C for 4 min. Transfer line 280°C, ion source 220°C,
split injection (1:20), carrier gas (Helium) 1 ml min™ were applied. The mass spectrometer was
operated in electron impact mode at 70 eV , scanning range 10-250 Mz, full scan acquisition mode.
Compounds were identified by matching the recorded mass spectra with the NIST/EPA/NIH Mass
Spectral Database (NIST11, GAITHERSBURG, MD) and by comparing retention time and spectra

with reference standard compounds (Santa Cruz Biotechnology) analyzed in the same conditions.

2.4 Preliminary in vitro trials: lettuce germination inhibition
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Preliminary in vitro trials on lettuce were set up to evaluate the antigerminative capability of twenty
GSL containing DSMs from the CREA-CI collection. The experimental conditions in the trials were
those reported in D’Avino et al. (2015a). The in vitro trials were carried out following the
UNICHIM protocol (UNICHIM, 2003) with minor modifications. Ten lettuce seeds were placed in
each Petri dish containing a filter paper (Filter-Lab, 1300/80, diam. 90mm) with 1.8 ml of DSM
extract. The Petri dishes were kept in the dark at 20 = 1°C. After 7 days, the number of germinated
seeds was counted. Each treatment was replicated five times. The extracts from deactivated DMSs
were applied as control in the same experimental conditions in order to verify that the observed
germination inhibition was mainly due to the GSL hydrolysis products activity. At the end of the
trial, besides the number of germinated seeds, the epicotyl and primary root lengths of lettuce

seedlings, treated with deactivated DSMs, were measured.

2.5 Preliminary glasshouse trial: lettuce germination and growth inhibition

The preliminary glasshouse experiment was performed in Bologna, Italy (44°31'N 11°21'E) at
CREA-CI. In this experiment, five DSMs (Brassica tournefortii, Brassica nigra, Eruca sativa,
Rapistrum rugosum, and Sinapis alba) were chosen among the most effective in previous trials, also
depending on quantity of stocked seed for DSM production. The DSMs were applied, formulated
with and without CG, in plastic pots (high 9 cm, diameter 9.5 cm, 250 ml). The pots were filled
with 200 g of a mixture of 50% of sandy-loamy soil (clay13%, silt 18%, sand 69%), 50% of peat
(Floradur®, raised-bog-peat with CaCl,, pH ranging from 5 to 6.5) and 710 mg of each DSM were
mixed to the soil (2.7+#1 g of DSM L™ of soil). The DSM dose and the target seed were defined
according to previous experiments, reported in D’ Avino et al. (2015a) in which a similar glasshouse
trial was performed. In each pot, 20 lettuce seeds were sown 1 cm deep in the dry soil. The
experiment was carried out in a glasshouse under controlled conditions at 22+2°C. The pots were
watered with 24 ml of tap water, a dose lower than soil field capacity, or treated only once with the

same amount of a CG solution at 10% (9.2 ml/L of soil).The number of germinated seeds was
7
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measured 27 days after sowing. The root and above-ground biomass yield (on dry matter) were
measured to assess the effect on the following plant growth. Each treatment was replicated three

times.

2.6 Black-grass in vitro trial

A Petri dish trial was set up preparing an extract as above reported. Since the black-grass seeds need
more time to germinate and, as other weeds, have a long dormancy, a different approach to the in
vitro experiment was necessary. For these reasons, some modification to the protocol were defined:
150 black-grass seeds were soaked in the extracts for 24h and kept in a growth chamber (Cooled
Incubator MIR-154-PE, Panasonic Healthcare Co., Ltd, Jp), in the dark, at 20£1°C. The day after,
20 seeds were surface sterilized with sodium hypochlorite 5%, rinsed 2 times with sterile distilled
water, and then placed in a Petri dish containing 3 ml of distilled water. Each treatment was
replicated five times. The Petri dishes were sealed with parafilm (Parafilm® M) and kept in the
dark, in the same growth chamber, at 20°C. The number of germinated seeds was counted after 14

days.

2.7 Black-grass glasshouse trial

Further glasshouse experiments were performed at Harper Adams University, Newport, Shropshire,
UK (52°46'N 2°25'W). The effect on black-grass germination of five different DSMs (B.
tournefortii, B. nigra, E. sativa, R. rugosum, and S. alba) formulated with and without CG was
evaluated. The DSMs were applied in a pot experiment, mixed into the soil before sowing. Each pot
(c.ca 300 ml volume) used in this trial was filled with 200 g of a mix of 50% Horticultural Silver
Sand (silica sand, CEM-SPEC LTD, Harby, Leics., UK) + 50% John Innes No.2 soil-based
compost for potting plants (J. Arthur Bower’s products, William Sinclair Horticulture Ltd, Lincoln,
UK). Three doses for each DSM were applied: i) 1.4+1; ii) 2.7+1; and iii) 5.5+1 g L™ of soil. Fifty

black-grass seeds were sown in each treated pot. The same three doses of DSM were applied in
8
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formulation with CG. In these pots 28 ml of a 10% CG solution was poured into the soil after
sowing. The pots were kept in a glasshouse under controlled conditions, with light 16 hour a day
(High Pressure Sodium lamp SON-T 400, with ignitor, 48000 Lm) and a temperature of 22+2°C.
The amount of CG used was based on a previous experience (D’Avino et al., 2015a). Each
treatment was replicated three times. After 8 days the number of germinated seeds was counted and

plant heights and the dry matter produced by each pot were measured.

2.8 Statistics

All the experiments were organized in a randomized experimental design. In in vitro and in vivo
trials, the effects on both lettuce and black-grass germination were expressed as germination
inhibition (GI) percentages, a calculation of the germination reduction referred to the untreated
control according to the Schneider-Orelli’s formula (Puntener, 1981), as reported in the fallowing

equation:

Mortality % in treated Petri dish—Mortality % in Control
100—Mortality % in Control

GI (%) = ( ) * 100 (1)

Germination inhibition percentages, stem and root lengths and biomass weight measured in the
trials were subjected to ANOVA and Tukey’s post hoc test performed with R software (R version
3.00.00, The R Foundation for Statistical Computing) and P<0.05 was considered statistically
significant. The values are expressed as mean per Petri dish/pot + standard error (SE).

Data collected from the black-grass glasshouse trials were calculated as percentages of reduction:

1) GI: Schneider-Orelli’s formula, equation (1);

ii) Height reduction (HRED)

mean plant height in treated pot—mean plant height in untreated control

HRED (%) = ( )x100 (2

mean plant height in untreated control
iii) Dry matter reduction (DMRED)

mean DM per plant in treated pot—mean DM per plant in untreated control

DMRED (%) = ( ) £100  (3).

mean DM plant in untreated control
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The measured parameters GI, HRED, and DMRED were subjected to Factorial ANOVA performed
with R software (R version 3.00.00, The R Foundation for Statistical Computing), considered as a
result of the following separate factors: i) type of DSM, ii) DSM concentration and iii) CG. As a

significant level, a P value<0.001 was adopted.

3. Results and Discussion

3.1. Degradation products from defatted seed meals and their efficacy in germination inhibition of
lettuce seeds

Among the twenty tested DSMs in the preliminary in vitro experiment, nine meals, reported in the
grey box (table 1), were considered effective according to their GI percentage. The evaluation of
different DSM extracts evidenced very different behavior for the effectiveness in Gl, that was

linked to the total GSLs content, as much as to the type of GSLs profile.

Insert Table 1 here

The five DSMs chosen for further experiments are reported in bold in table 1. An appreciable
nitrogen content was found in each DSM, ranging from 6.1+0.1% (B. tournefortii DSM) to
7.8+£0.1% (R. rugosum DSM), as reported in table 2. This feature could possibly represent an
interesting integration of N from conventional fertilizer, in open field conditions. Furthermore,
Snyder et al. (2010) clearly reported that a high GSLs containing biomass incorporated in soils,
through its capability to inhibit microbial respiration due to the GSLs degradation products release
reduces the soil N nitrification. This support the importance of these Brassica DSMs as interesting
fertilizing input. The composition and the low residual oil amount, lower than 10%, could not imply

a phytotoxic effect itself (Gauvirt & Cabanne, 1993).

Insert Table 2 here
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After some preliminary GC-MS analyses of the degradation products in the DSM extracts applied in
the in vitro trials, some interesting results emerged. As expected, in the experimental reaction
conditions, the main degradation product of the B. nigra DSM extract was 2-propenyl ITC. The
main degradation products in B. tournefortii, R. rugosum and E. sativa DSM extracts were 3-
methylsulfinylpropyl (iberin), 3-methylsulphonylpropyl (cheirolin) and 4-methyltiobutyl (erucin)
ITCs, respectively. All the ITCs showed to remain stable for more than 24 h in a sealed bottle after
the extract production, the same time spent to soak the black-grass seeds in in vitro trial (8 2.6),
except for those from S. alba. In fact, no ITCs were found in the S. alba extract, according to the
wide documented instability of 4-hydroxybenzyl ITC in aqueous solutions which results in a quick
hydrolysis to benzylic alcohols and thiocyanate ion (Agerbirk and Olsen., 2012). Besides this paper,
other studies had already shown an interesting effectiveness in weed containment induced by S.
alba (Rice et al., 2016; Boydston et al., 2011), and even in the preliminary tests of this study S. alba
DSM showed an interesting containment effect as well. In fact, in the in vitro trials, the active S.
alba DSM totally inhibited lettuce seed germination as other DSMs, but the same meal after MYR
deactivation did not shown any Gl (table 3), confirming the fundamental role of GSL- MYR system

(Angelini et al,, 1998).

Insert Table 3 here

As reported in Borek et al. (2005), 4-hydroxybenzylisothiocyanate hydrolyzes to
parahydroxybenzyl alcohol and SCN™ in presence of alkaline pH values, and this compound is
probably responsible for the observed phytoxicity. At the same time, there is a light effect on the
subsequent development of the sprouts treated with deactivated DSMs, on which a reduction of root
and epicotyl lengths was observed. This activity could be probably due to other compounds

involved in the phytotoxic effect (fig. 1).
11
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Insert Figure 1 here

The in vivo trials confirmed an interesting efficacy of the DSMs formulated with CG in controlling
lettuce seed germination (fig. 2): from 95% of B. nigra and E. sativa treatments, to 80% of S. alba,
even the CG applied alone showed a Gl of 78%. In this trial, only the addition of B. nigra or E.
sativa to the formulation implied a statistically consistent reduction in germination compared to the
CG applied alone, whilst the other meals had a slighter effect. In addition, all treatments, CG alone
included as control, showed a dramatic reduction in dry biomass yield, from 20 to 100 times lower

if compared to the biomass yield in the control pots (fig.2).

Insert Figure 2 here

3.2 Effectiveness of defatted seed meal extracts in black-grass germination inhibition: in vitro trials
The in vitro trials confirmed the potential effectiveness of Brassicas derived water extracts in weed
control (Aliki et al., 2014) on both monocotyledons and dicotyledons. Furthermore, strong
differences among DSM extracts in their efficacy in inhibiting black-grass germination (fig.3)
emerged. In fact, after 15 days S. alba, R. rugosum and E. sativa DSMs did not differ from the
untreated control showing a Gl of 0%, 12% and 20%, respectively. Brassica nigra, instead, totally
inhibited the seed germination of black-grass (Gl = 100%), confirming the high efficacy observed

on lettuce in previous trials.

Insert Figure 3 here

An unexpected result was related to the B. tournefortii DSM extract which, in Petri conditions,

showed a Gl of -48%.
12
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3.3 Effectiveness of defatted seed meals formulated with glycerin in black-grass germination and
growth inhibition: in vivo trials

The application of the DSM formulated with and without CG in semi-controlled conditions in
greenhouse added some new information for a practical application of Brassica DSMs in weed
control. The CG used in the trials had a glycerol content of around 80% and a residual water content
of 14%.The remaining components were mainly inorganic (ash 4%) and no hazardous compounds
were found, except for very low traces (D’Avino et al., 2015b). In this experiment, B. nigra DSM
(5.5 g L™ of soil) formulated with a solution of CG at 10% (9.2 ml L™ of soil) completely inhibited
the germination and the subsequent seedlings development until 4 weeks after the treatment. Even
the B. nigra DSM, applied without CG, at the highest dose showed a Gl of 97.9% after 4 weeks.
Furthermore, with regard to the GI, B. nigra DSM applied both with and without CG showed a very

clear dose/response effect on Gl percentage (Fig. 4), unlike the other DSMs.

Insert Figure 4 here

Whilst the effectiveness of the B. nigra DSM was clearly observed in our experiments, the high
phytotoxic action of 2-propenyl-ITC compared to other ITCs has been reported in other
publications. Oleszek (1987) and Bialy (1990), for instance, demonstrated that germinating seeds
exposed to either pure 2-propenyl-ITC or the pulverized leaves of B. juncea or B. nigra, could be
inhibited or, at least the overall growth of the seedlings was stunted. Although efficacy largely
depends on persistence, release rate and intrinsic biological activity greatly influenced global
effectiveness. Brassica nigra DSM effectiveness can also be linked to the high volatility of its main
GSL degradation product (Sekiyama et al., 1993; Borek et al., 1994). Furthermore, this
characteristic have also positive effects on soil such as higher resilience of microbial communities

compared to chemical fumigants (D’Avino et al., 2004). On the other hand, different formulations
13
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could increase the DSMs effectiveness in Gl, improving the mechanisms involved in the active
compounds release. Moreover, a more precise dose/GI response assessment must be investigated.
Although in the in vitro trial an increased number of germinated seeds was measured after two
weeks in Petri dishes treated with B. tournefortii, this did not occurred in glasshouse conditions. In
fact, none of the three doses of B. tournefortii DSM tested in pot conditions increased the number of
black-grass germinated seeds, nor height or dry weight of plants, compared to the untreated test
(data not shown). Other studies are ongoing for a better understanding of the processes involved in
this phenomenon.

All the meals, except for B. nigra DSM, did not show a clear dose/effect response, probably due to
a reduced effectiveness in these specific assay conditions, but at the same time some meaningful
results clearly emerged from the factorial ANOVA applied to the GI, HRED and DMRED
measurements.

Firstly, the black-grass seed germination was inhibited by a complex interaction of factors. In fact, a
statistically significant effect due to the DSM and CG factors, if considered separately, was
observed. Although the GI was significantly affected by the interactions between i) ‘DSM’ x ‘DSM
concentration’, and ii) ‘DSM concentration’ x ‘CG’, the ‘CG’ was the unique factor which had a

significant effect on plant growth parameters HRED and DMRED (Tab. 4).

Insert Table 4 here

The greenhouse trial showed how the presence of DSM in the treatments affected mainly the early
stages of black-grass seed development. In fact, the interactions between the factors of the factorial
ANOVA i) type of ‘DSM’, ii) ‘DSM concentration’ and iii) presence or absence of ‘CG’, which
affected seed germination, resulted very complex. Once the seedlings emerged, the subsequent
growth (plant height and biomass) was mostly affected by the presence of CG in the formulations.

These results confirmed the limited persistence of the effect of GSL degradation products in the soil
14
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and consequently the safety of the application of Brassicaceae DSMs in weed control. The
concerning about CG utilization is based upon methanol and sodium residues, used as catalysts in
the biodiesel production process, but few traces were found in the batch used for the trials. Thus,
CG is considered a safe product that can be used, for instance, as an energy-rich feed component in
animal diets (Alexander et al., 2010).

Since the B. nigra DSM, the most effective tested meal, showed a total Gl at the same concentration
and conditions as the other DSMs, higher concentrations were not investigated. As previously
stated, the effectiveness of the DSMs depends also on the optimization of the formulation, and
under different experimental conditions (e.g. higher concentration, different pH, type of

distribution), it could greatly increase.

4. Conclusions

Novel alternatives to conventional herbicides are strongly needed. Nowadays, weed control without
herbicides is carried out mostly through physical (cultural) methods associated to high energy and
time consumption. Whilst studies have been carried out on pests and pathogens with bio-based
treatments, fewer studies have been undertaken on weed control. The in vitro and in vivo results of
this study confirmed the effectiveness of a 100% bio-based formulation in the containment of black-
grass, a weed with a high resistance to common herbicides.

The potential of Brassica derived DSMs in weed control has to be considered with great attention
for different reasons: i) the proposed formulations are completely bio-based products that could be
considered not only for conventional farming, but even admitted both in integrated pest
management and organic farming (where no herbicides are allowed); ii) they present a combined
effect both on weeds and on soilborne pests and diseases; iii) formulated Brassicaceae DSMs could
also represent an interesting integration to fertilizers with their extremely balanced nitrogen content.
All these aspects, applied within a virtuous biofumigant cropping system, make the use of DSMs in

agriculture an interesting innovative proposal.
15
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Highlights

 Formulated Brassica defatted seed meals and glycerin reduce black-grass germination.
* Brassicaceae oilseed cakes could represent an alternative to conventional herbicides.

» Brassica nigra was the most effective defatted seed meal in germination inhibition.

* The glucosinolate-myrosinase system could be effectively applied in weed control.
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Fig. 1. In vitro experiment, lettuce root and epicotyl length after the application of the extracts from
the deactivated DSMs: Brassica tournefortii (Bt); Brassica nigra (Bn); Eruca sativa (Es);
Rapistrum rugosum (Rr); Sinapis alba (Sa). Different letters indicate a significant difference
between treatments applying ANOVA and Tukey’s test (P < 0.05) on measured values. Uppercase
letters refer to the epicotyl lengths, lower case letters refer to the root lengths. Error bar indicates
standard error.
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Fig. 2. Glasshouse experiment, showing application of different defatted seed meals 2.7 g/L of soil,
applied in formulation with a solution of crude glycerin (CG) at 10% (9.2 ml/L of soil) in lettuce
pots. Germination inhibition (GI) and biomass dry matter yield (DM) are expressed as mean per
pot. Different letters indicate a significant difference between treatments applying ANOVA and
Tukey’s test (P < 0.05) on GI and DM. Uppercase letters refer to the dry matter production, lower
case letters refer to the GI. Abbreviations: Brassica tournefortii (Bt); Brassica nigra (Bn); Eruca
sativa (Es); Rapistrum rugosum (Rr); Sinapis alba (Sa). Error bar indicates standard error.
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Fig. 3. In vitro experiment, black-grass Germination inhibition (%) after the application of defatted
seed meal extracts (15 mg/ml) expressed as mean per Petri dish. Different letters indicate a
significant difference between treatments applying ANOVA and Tukey’s test (P < 0.05) on Gl
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541  percentages. Abbreviations: Brassica tournefortii (Bt); Brassica nigra (Bn); Eruca sativa (ES);
542  Rapistrum rugosum (Rr); Sinapis alba (Sa). Error bar indicates standard error.
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547  Fig. 4. Glasshouse experiment, showing the effect of applying Brassica nigra defatted seed meal
548 (DSM) formulated at three different doses (mg/pot), with and without crude glycerin (CG) on
549  black-grass (Alopecurus myosuroides Huds.) germination inhibition (GI1%). Black-grass
550 germination inhibition (GI) is expressed as mean per pot. Error bar indicates standard error.
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Tables

Table 1

Main glucosinolate (GSL) content of defatted seed meals (DSMs) and the germination inhibition

(GI) produced by the DSM extract on lettuce under in vitro conditions.

DSM GSL GSL GSLs Gl
R-chain Common name (umol/g) (%)

Brassica nigra 2-propenyl Sinigrin 129.0+2.5 100.0+0.0 b
Brassica oleracea 4-methylsulfinylbutyl Glucoraphanin 103.1+6.8 100.0+£0.0 b
Brassica tournefortii 3-methylsulfinylpropyl Glucoiberin 128.5+3.5 100.0+£0.0 b
Eruca sativa 4-methyltiobutyl Glucoerucin 152.0+2.5 90.0£10.0 b
Lepidium campestre 4-hydroxybenzyl Sinalbin 139.6+0.6 100.0+0.0 b
Lepidium sativum benzyl Glucotropaeolin 160.3+5.4 100.0+£0.0 b
Raphanus sativus 4-methylsulfinylbutyl-3-enyl Glucoraphenin 140.0+3.3 100.0+£0.0 b
Rapistrum rugosum 3-methylsulphonylpropyl Glucocheirolin 232.2+1.6 100.0+0.0 b
Sinapis alba 4-hydroxybenzyl Sinalbin 187.2+1.1 100.0+0.0 b
Berteroa incana 5-methylthiopentyl Glucoberteroin 86.6*+0.4 24.0+0.0 a
Brassica rapa but-3-enyl Gluconapin 156.1+3.4 14.0£14.0a
Hesperis matronalis unknown - 236.9*+6.1 22.0+5.8 a
Lepidium densiflorum unknown - 188.4*+0.9 12.0+5.8 a
Lesquerella fendleri 3-methylsulfinylpropyl Glucoiberin 27.2*+0.6 4.0+2.4a
Limnanthes alba 3-methoxybenzyl Glucolimnanthin 200.4*+2.9 14.0+4.0 a
Camelina sativa 10-methylsulfinyldecyl Camelinin 45.8*+1.9 0.0+0.0 a
Cleome hassleriana methyl Glucocapparin 77.65+0.2 0.0+0.0 a
Erysimum pseudorhaeticum Unknown - 110.0£5.4 0.0+0.0 a
Reseda lutea Unknown - 30.2*+0.1 0.0£0.0 a
Sisymbrium officinale isopropyl Glucoputranjivin 59.3+0.4 0.0+0.0 a

*no relative proportionality factor known for sinigrin, the coefficient was arbitrary considered equal

to 1.
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Table 2

Defatted seed meal characterization (mean + standard deviation)

DSM B. nigra B. tournefortii E. sativa R. rugosum S. alba
QOil content % DM 8.9+0.1 5.0£0.1 9.4+0.3 10.4+0.0 5.7£0.0
Nitrogen content % DM 70+£0.1 6.1+0.1 6.4+0.1 78+0.1 6.8+0.1

Abbreviations: Defatted seed meal (DSM); dry matter (DM);

Table 3

Effect on Lettuce in vitro germination (G1%) (mean + standard error) of extracts from DSMs. The

main GSL degradation products from each DSM were analyzed by GC-MS and retention times are

reported in the table.

DSM Gl% Main GSL degradation product Retention time
A Brassica nigra 100.0£0.0 2-propenyl-isothiocyanate-1TC 5.33
A Brassica tournefortii  100.0£0.0 3-methylsulfinylpropyl-ITC 18.74
A Eruca sativa 90.0£1.0 4-methyltiobutyl-ITC 15.03

A Rapistrum rugosum  100.0£0.0 3-methylsulphonylpropyl-ITC

A Sinapis alba 100.0+0.0 -
D Brassica nigra 6.7+6.7 -
D Brassica tournefortii ~ 0.0+0.0 -
D Eruca sativa 0.0+0.0 -
D Rapistrum rugosum 0.0+0.0 -

D Sinapis alba 0.0£0.0 -

18.28

Abbreviations: Defatted seed meal (DSM); Activated Myrosinase (A); Deactivated Myrosinase (D);

GI (germination inhibition); GSL (glucosinolate); ITC (isothiocyanate).

23



572 Table4
573  Interaction between factors and their relevance in black-grass germination and development in the

574  glasshouse trial.

Factorial ANOVA P value Gl HRED DMRED
DSM <0.001 >0.05 <0.01
DSM concentration >0.05 <0.05 <0.05
Crude Glycerin <0.001 <0.001 <0.001
DSM x DSM concentration <0.001 >0.05 >0.05
DSM x Crude Glycerin <0.001 <0.05 >0.05
DSM concentration x Crude Glycerin >0.05 >0.05 >0.05
DSM x DSM concentration x Crude Glycerin >0.05 >0.05 >0.05

575  Abbreviations: defatted seed meals (DSM); germination inhibition (Gl); height reduction (HRED);
576  dry matter biomass reduction (DMRED).

577

578
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