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Highlights

- The phytotoxic nature of the aqueous extracts of twelve conventional and novel cover crops and mulch species was demonstrated in

vineyards’three troublesome weed species.

- Phenolic acids and flavonoids of the twelve aqueous extracts were identified and quantified by HPLC-DAD, and, by regression analysis,
some allelochemicals were postulated as responsible for the phytotoxic effects.
- The water-soluble phenolic profiles of three potential cover crops, namely Hordeum murinum, Vulpia ciliata, and Medicago rugosa,

are reported for the first time.

- Invitro germination and early root growth of Conyza bonariensis and Aster squamatus were almost entirely restricted by any of the
twelve plants’ aqueous extracts and presumably by the joint action of their particular allelopathic compounds.
- Bassia scoparia germination was relatively much less sensitive to the extracts, except for Trifolium subterraneum, for which the flavonoid

naringenin was predicted to underlie its specific phytotoxicity.

Abstract

Cover crops and mulches have become an alternative for soil
management in vineyards due to the agronomic, environmental,
and economic advantages, especially the possibility of weed
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control. Implicitly to this objective lies the idea of assessing the
potential herbicide effect of the allelochemicals released by
different cover crops and mulch species. With this objective, the
present work evaluated the phytotoxic effects of 12 aqueous
extracts of selected species with potential use as a cover crop or
mulch: a Bromus species mixture (B. hordeaceus L. and B. rubens
L.), Festuca arundinacea Schreb., Hordeum murinum L., H.
vulgare L., Vulpia ciliata Dumort., Medicago rugosa Desr., M.
sativa L., Trifolium subterraneum L., T. incarnatum L., Phacelia
tanacetifolia Benth., Sinapis alba L., and Pinus sylvestris L., on
the germination and early growth of three troublesome weeds
(Conyza bonariensis (L.) Cronquist, Aster squamatus (Spreng.)
Hieron, and Bassia scoparia (L.) A. J.). The different in vitro
bioassays showed that aqueous extracts of some species
significantly inhibited or reduced germination and root and shoot
growth of the target weed species in a dose-response manner.
Germination of 4. squamatus and C. bonariensis was reduced by
100-80% by the different extracts applied at 50% concentration and
completely blocked at 100% concentration, except for M. rugosa
extract, to which both species showed less sensitivity. Root
elongation of 4. squamatus was inhibited under every extract and
concentration, whereas C. bonariensis root growth showed only
some tolerance to the crude extracts of £ arundinacea and P.
sylvestris. Bassia scoparia was relatively tolerant to the aqueous
plant extracts, except for 7. subterraneum crude extract, which
reduced total germination by 80%; otherwise, B. scoparia showed
higher general sensitivity of shoot growth than the other two weed
species.

The chemical profiles of phenolic compounds of the aqueous
extracts were obtained and identified by HPLC-DAD, the phenolic
profiles of H. murinum, V. ciliata, and M. rugosa being reported in
this work for the first time. Using stepwise regression, the influence
of certain phenolic compounds from the aqueous extracts on the
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germination and early growth of weeds was predicted. Among other
significant compounds, the flavonoid naringenin identified in 7
subterraneum aqueous extract at 8.09 pg-mL~! was predicted to
underlie its specific phytotoxicity on B. scoparia germination. These
results support the use of cover crops and mulches in weed
management and can help to select the most suitable species to
adopt according to the target weed species.

Introduction

Different factors, including weed presence, can compromise
grape production. Weeds” high competition for water and nutrients
(Oerke, 2006) makes weed management a fundamental challenge
in viticulture, where the presence of herbicide-resistant biotypes is
worryingly increasing (Heap, 2021). For weed control, winegrowers
usually till and/or apply herbicides, but these managements have a
series of disadvantages, such as erosion, land contamination, or the
mentioned evolution of herbicide resistance, among others (Cerdan
et al.,2010; Prosdocimi et al., 2016; Heap, 2021). An alternative is
establishing a cover crop or mulching, suitable for both organic and
conventional vineyards with continuous inter-row use. The use of
cover crops and mulches in Mediterranean vineyards is identified
as a good ecosystem service for the sustainability of the production
system. Cover crops bring several advantages from an agronomic,
environmental, or economic point of view (Morlat and Jacquet,
2003; Gémez et al., 2011; Ibafiez, 2015; Warren et al., 2021), being
weed suppression one of them (Alvarez-Iglesias et al., 2018; Garcia
etal.,2018; Abad et al., 2020).

Apart from their benefits preventing soil erosion and
compaction, cover crops can reduce weed presence for the
competition exerted for light, water, and nutrients. However, they
can also release a cocktail of secondary metabolites
(allelochemicals) that spread into the soil by leaching and
volatilization and reach the recipient weed seeds, interfering with
their development (Weston and Duke, 2003; Farooq et al., 2011;
Sturm et al., 2018; Puig et al., 2019). Many of the allelochemicals
secreted from plant species are soluble in water, phenolic
compounds being the main phytotoxins present in the aqueous
extracts (Li et al., 2010). Phenolic compounds have been widely
reported to affect physiological processes such as germination,
growth, plant water balance, phytohormone activity, photosynthesis,
respiration, and synthesis of certain compounds (Einhellig, 2004;
Lietal., 2010).

Previous studies reported some effectiveness in suppressing
weeds for a variety of organic mulches established in vineyards, like
Festuca arundinacea Schreb., Hordeum vulgare L., Medicago
rugosa Desr., M. sativa L., Trifolium subterraneum L., T.
incarnatum L., Phacelia tanacetifolia Benth., Sinapis alba L., and
Pinus sylvestris L. (e.g., Fujii, 2001; Bulut and Demir, 2007; Tursun
et al., 2018). However, the phytotoxic potential of the aqueous
extracts of some of these cover crops and other species under
consideration like Bromus rubens L., H. murinum L., and Vulpia
ciliata Dumort have not been thoroughly studied to date.

The efficacy and magnitude of the allelopathic effect depend on
the installed cover crop and the target weeds to be controlled (Kunz
etal., 2016; Alvarez-lglesias et al., 2018). Some weeds, including
those assayed here: Aster squamatus (Spreng.) Hieron, Bassia
scoparia (L.) A. J. and Conyza bonariensis (L.) Cronquist have
become hard to manage in vines and other crops due to their
biological characteristics. Aster squamatus is a species native to
central South America and widely distributed in many European
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countries (Sajna et al., 2014). This species is difficult to control in
vineyards and orchards in Spain due to its adaptation to mechanical
shredding (Recasens et al., 2018), its high fecundity, and its airborne
dispersion (Sajna et al., 2014). Besides, the presence of resistant
biotypes to three imidazolinone herbicides along with cross-
resistance to sulfonylurea herbicides has been confirmed in Spain
(Osuna et al., 2003). Bassia scoparia is also a noxious weed in
vineyards (Recasens et al., 2018), displaying an effective seed
dispersal mechanism by tumbleweeds with high potential fecundity
(Osipitan, 2016; Osipitan et al., 2019). Chemical weed control in
vineyards is not easy, which can be explained by different factors:
in general, herbicide effectiveness is reduced as plant size increases,
and B. scoparia shows rapid growth (Friesen et al., 2009).
Furthermore, this species presents difficult-to-wet leaf
characteristics (such as pubescent leaves), reducing herbicide
absorption and decreasing herbicide efficacy (Friesen et al., 2009).
Bassia scoparia is resistant to several herbicides, and some biotypes
have developed multiple resistance (in some cases, four sites of
action) (Heap, 2021). Conyza bonariensis is also difficult to control
(Bajwa et al., 2016), with high fecundity and efficient airborne
dispersion of seeds (Kempen & Graf, 1981; Savage et al., 2014).
Herbicide effectiveness depends on both the growing plant stage
and if the biotype is herbicide-resistant. Conyza bonariensis has
been confirmed for its multiple resistances to herbicides with
different action sites (Heap, 2021). In Spain, populations of C.
bonariensis sampled from perennial crop locations have been
confirmed simazine-resistant (De Prado et al., 1989) and
glyphosate-resistant (Urbano et al., 2007).

After the evidence of harm caused by these weeds and the
difficulty of controlling them by mechanical or chemical methods,
the need to develop alternative strategies that inhibit seed
germination and emergence has arisen. In this context, studying the
phytotoxic effect of different aqueous extracts of species used as a
living cover crop or mulch in vineyards is promising. In order to
isolate the experiment from the effect of biotic and abiotic factors,
in vitro assays under controlled conditions were carried out to
evaluate the phytotoxic potential of the aqueous extracts of 12
different species to be used as a living cover crop or mulch in
vineyards, on the germination and root and shoot growth of three
noxious weeds: C. bonariensis, A. squamatus and B. scoparia.
According to these trials, complementary analyses of the chemical
profiles of water-soluble compounds (phenolic acids and
flavonoids) were carried out. Finally, the phenolic compounds
potentially involved in the aqueous extracts’ observed phytotoxicity
were statistically predicted.

Materials and methods

Plant material

Different species to be used as a cover crop and/or mulch in
vineyards were selected for the experiment: a Bromus mixture (B.
hordeaceus and B. rubens), F. arundinacea cv. ‘Firaces R1°, H.
murinum, H. vulgare cv. ‘Meseta’, V. ciliata, M. rugosa. cv. ‘Sapo’,
M. sativa cv. ‘Victoria’, T. incarnatum cv. ‘Red’, T. subterraneum
cv. ‘Dalkeith’, P. tanacetifolia, S. alba, and P. sylvestris. Most
species were sown in experimental fields of the University of Lleida
(Lleida, Spain) in autumn (November 2016) and collected in spring
(April-May 2017) when legume-species were at flowering stage and
gramineous had started spike development. Specifically, the harvest
date for each cover crop was: 03/31/17 for M. rugosa, S. alba and
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H. murinum; 04/04/17 for T. subterraneum and V. ciliata; 04/05/17
for Bromus sp. and T. incarnatum; 04/19/17 for F. arundinacea and
H. vulgare; 04/26/17 for M. sativa; and 05/29/17 for P. tanacetifolia.
Entire plants, including flowers, leaves, and roots, were collected.
In the case of P. sylvestris (collected on 05/02/17), only new
branches <25 cm in length were considered. The plant materials
were dried at 20°C in semi-darkness in the laboratory until constant
weight. Then, the dry material was packed until the bioassays.

Seeds of the target weed species C. bonariensis, A. squamatus,
and B. scoparia were collected in a commercial organic vineyard
in Raimat (41°39°29°N, 0°31°26”E) (Lleida, Spain) from different
plants throughout the field in September 2016. Then, seeds were
air-dried under laboratory conditions and stored in the dark in paper
bags.

Plant aqueous extracts

In July 2017, the plant materials were processed at the
laboratory of Plant Ecophysiology of the University of Vigo. Each
plant material was slashed into 1 cm?-sized pieces and mixed
thoroughly. For each species, plant material was placed in a 2-L
Erlenmeyer flask at a plant dry weight/distilled water volume ratio
of 66.7g L' (Puig et al., 2018; Pardo-Muras et al., 2020).
Erlenmeyer flasks were left in a dark room at environmental
temperature for 24 h and soaked every 6 hours. The obtained
aqueous extracts were vacuum filtered through 45um cellulose
membrane to clean impurities and then through 0.45 pm to avoid
contamination by microorganisms. Then, all extracts were frozen at
-20°C in aliquots in sterile plastic bottles. Fifteen mL of each frozen
aqueous extract was freeze-dried in a lyophilizer (Telstar
CRYODOS) until the chemical analyses.

Phytotoxicity dose-response bioassays of the aqueous
extracts

The crude extract was diluted in distilled water at 100, 50, and
0% (v/v) for each species, corresponding to concentrations of 66.7,
33.3,and 0 g dw L, respectively. In addition, values for osmolarity
(Gonotec OSMOMAT 030 cryoscopic osmometer), electrical
conductivity (EC, Crison CDTM-523 conductivity meter), and pH
(Crison MicropH 2001 pHmeter) were measured for each solution.

Seeds of the different weed species were surface-sterilized as
Kruidhof et al. (2014) described by shaking the seeds for 5 min in
a 0.5% bleach solution and then rinsing them for 2 min with de-
ionized water.

For in vitro germination bioassays, weed seeds were incubated
in 6-well plates at the rate of 15 seeds per well placed on a layer of
filter paper wetted with 600 pL of solution. For each target weed
species, aqueous extract, and concentration, six replicates were
placed. Seeds were incubated in growth chambers at different
temperatures: 30/20°C for C. bonariensis and B. scoparia and
15/5°C for A. squamatus with a 12/12 h day/night photoperiod,
based on literature review for their optimal germination
temperatures (Wu et al., 2007; Al-Alahmadi and Mohammad, 2007)
besides trial-and-error adjustment. Germinated seeds were counted
every 12 h for B. scoparia and every 24 h for C. bonariensis and 4.
squamatus until no new germination events were observed in
control seeds on five consecutive days. A seed was considered
germinated when the root exceeded 1 mm in length (Mayer and
Poljakoff-Mayber, 1963).

For in vitro early growth bioassays, ten pre-germinated seeds
of each target weed species (1 mm root length) were placed in a
Petri dish of 9 cm diameter on a layer of filter paper wetted with 4
mL of solution and incubated under the same conditions described
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for germination bioassays. For each target weed species, aqueous
extract, and concentration, four replicates were placed. After 48
hours of incubation, root and shoot lengths were measured.

Quantification and identification of phenolic com-
pounds from the cover crops aqueous extracts

The analysis and characterization of each species’ phenolic
compounds were performed following the methodology described
by Souto et al. (2001).

Extraction procedure

The lyophilized aqueous extracts were re-dissolved in 15 mL of
distilled water. Afterward, three sequential extractions with 15 mL
of diethyl ether were performed. First, the mixture was extracted
with an extraction funnel by shaking vigorously for one minute each
time, waiting until the complete separation of two phases: the
aqueous one in the lower part and the organic one in the upper part
of the funnel containing the ether extracted phenolics. Next, the
organic phase was removed and saved, collecting the three ethereal
phases (approximately 45 mL) to an Erlenmeyer flask. Another
three sequential extractions with 15 mL of ethyl acetate on the
aqueous phase were then performed, obtaining three new organic
phases that were collected and combined with the ethereal ones.
Subsequently, the total organic fraction was evaporated to dryness
in the rotary evaporator. The final residue containing the phenolics
was reconstituted in 1 mL of methanol.

HPLC analysis

The analysis was performed using an HPLC (Shimadzu
chromatograph) equipped with a UV-DIODE ARRAY detector to
identify flavonoids and phenolic acids. Using a reverse-phase
Waters Nova-Pak C-18 (4.6x250 mm) column with a 4 pm particle
size, identification was achieved.

The extracts were analysed using two mobile phases for
flavonoids analysis: Solvent A was 0.1% phosphoric acid in
methanol; solvent B was 0.1% phosphoric acid in pure water. HPLC
grade solvents were used. Linear gradients starting at 20% (A) and
ending at 100% (A) were used over the first 50 min., plus 5 min at
100% (A). The mobile phase’s flow rate was 1 mL/min, and the
eluate was analysed at 250-400 nm (Hussain ef al., 2011).

For phenolic acids, linear gradient elution was carried out at a
flow rate of 1.5 mL/min. Solvent A was 0.5% acetic acid in pure
water, and solvent B, acetonitrile with 0.5% acetic acid. The
gradient from 0% to 20% B over 45 min was followed by 15 min
re-equilibration with A. The eluate was analysed at 210-400 nm.

Identification and quantification of both flavonoids and phenolic
acids were performed by comparing retention times, wavelength
detection, and peak areas to those of standard compounds. In
addition, derivative compounds were quantified using peak areas of
the correspondent aglycones.

Statistical analyses

The replicated experiment was performed and followed in a
completely randomized design. The obtained values were expressed
as a percentage of the respective control. All data were tested for
normality and homogeneity by Kolmogorov-Smirnov and Levene’s
test. Differences between each treatment and the control were tested
by independent samples Student’s t-test (P=0.05). One-way
ANOVA tested differences between treatments, and means were
compared by the Waller-Duncan test at P<0.05 in case of normality
and homoscedasticity. When heteroscedastic, data were subjected
to Kruskal-Wallis H test and post hoc Tamhane’s 72 test at P<0.05.

Stepwise regression analyses ‘forwards’ were carried out on the
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results of a linear model to determine which phenolic compounds
in the aqueous extracts of the different plants best explained the
effects on the germination and early growth of the target weed
species. Predictor variables were only entered into the stepwise
regression if hierarchical partitioning analysis revealed an
independent effect >5%. As a result, the stepwise regression
displayed a final model explaining a high percentage of the
variance, with fewer predictive variables than the initial model.

All statistical analyses were performed with the IBM SPSS
Statistics 19.0 software package (IBM SPSS Inc., Chicago, IL,
USA), and graphs were conducted with SigmaPlot 11.0 (Systat
Software, San Jose, CA, USA).

Results

pH, EC, and osmolarity values

Values of pH, EC, and osmolarity of the plant extracts ranged
from 4.43 to 7.02, from 0.43 to 7.93 dS m!, and from 0.018 to 0.208
osmol kg1, respectively (Table 1).

Dose-response bioassays of the aqueous extracts

The high germination percentage of control treatments revealed
the suitability of the conditions to which seeds were subjected as
well as the viability of them, with germination values of 92.2+12%
for C. bonariensis, 85£14.2% for A. squamatus, and 98.3+1.2% for
B. scoparia (mean + standard deviation).

Aqueous extracts from the different species selected as a cover
crop and/or mulch produced phytotoxic effects on the three assayed
target weed species in a dose-response manner, both in terms of
germination or/and root and shoot elongation.

The effects of the aqueous extracts on the germination and
growth of C. bonariensis are represented in Figure 1. All of the
assayed aqueous extracts significantly reduced this species’
germination percentage. Germination was entirely inhibited by six
species (Bromus sp., F. arundinacea, H. murinum, H. vulgare, M.
sativa, and T. incarnatum) at both doses (P<0.001). The other plant
extracts also inhibited C. bonariensis germination at 100% dose,
except M. rugosa, for which a value of about 15% of total
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germination was obtained. At 50% dose for S. alba, P. sylvestris, T.
subterraneum, V. ciliata, and P. tanacetifolia, the percentage of
germinated seeds ranged from 4% to 20% compared to control.
Conyza bonariensis root growth was also significantly inhibited by
the different aqueous extracts and doses, except P. sylvestris at 50%
(FigurelB). Extracts from seven of the twelve assayed species
(Bromus mixture, H. murinum, H. vulgare, M. rugosa, T
incarnatum, P. tanacetifolia, and S. alba) completely blocked root
elongation at both doses. Regarding the extracts of M. sativa and T.
subterraneum, whereas the root length values were 4% and 14%,
respectively, at 50% dose, the root growth was entirely inhibited at
100% dose. Vulpia ciliata at 50% dose, and P. sylvestris and F.
arundinacea at 100% dose also reduced root elongation
significantly, with 62%, 21%, and 6.5%, respectively. In the case of
shoot growth (Figure 1C), almost all aqueous extracts at both doses
significantly stimulated the shoot length of C. bonariensis or
resulted in neutral. However, the extracts of H. murinum (at 100%
dose) and P. sylvestris (at 50% dose) significantly restricted shoot
elongation by 17% and 32% compared to control, respectively.

Effects of the aqueous extracts on the germination and growth
of A. squamatus are displayed in Figure 2. All plant extracts had a
highly significant inhibitory effect on seed germination (P<0.001).
Those extracts from Bromus mixture, F. arundinacea, H. murinum,
M. sativa, T. incarnate, P. tanacetifolia, and P. sylvestris completely
inhibited germination at both doses (Figure 2A). At 100% dose, all
species impeded seed germination except M. rugosa, where 5% of
total germination was obtained. At 50% dose, the germination
percentages were variable, with values between 40% for M. rugosa
and 11% for V. ciliata. Root elongation was deterred by the effect
of all assayed extracts and concentrations (Figure 2B). Shoot
elongation was significantly reduced (P<0.001) by all aqueous
extracts at both doses compared to control, except for 50% of M.
sativa and T. subterraneum, with no differences with control (Figure
2C). The lowest shoot length values were observed for the extract
of P. tanacetifolia at 100% and 50% doses, with 26% and 40%,
respectively. The other extracts showed final values of shoot length
ranging between 48% for H. murinum and T. incarnatum and 83%
for V. ciliata, at doses of 50% in all cases.

The phytotoxic effects of the aqueous extracts from the species
tested on the germination and growth of B. scoparia are represented
in Figure 3. Trifolium subterraneum was the species that exerted

Table 1. Physicochemical properties of the aqueous plant extracts at two different concentrations: pH, electrical conductivity (dS-m™),

and osmolarity (osmol-kg™!).

Bromus mixture 4.60 4.59 2.03 3.60 0.070 0.140
Festuca arundinacea 4.86 4.84 1.58 2.80 - -

Hordeum murinum 447 443 2.03 3.14 0.075 0.158
Hordeum vulgare 5.66 5.70 2.13 3.57 0.091 0.162
Vulpia ciliata 5.71 5.72 140 2.53 0.051 0.102
Medicago rugosa 7.02 6.61 1.83 3.06 0.093 0.176
Medicago sativa 6.30 6.16 1.18 2.16 - -

Trifolium incarnatum 4.72 4.68 2.50 415 0.113 0.208
Trifolium subterraneum 6.30 6.44 1.75 2.93 0.081 0.145
Phacelia tanacetifolia 6.02 5.91 1.85 3.22 0.067 0.130
Sinapis alba 6.40 6.17 1.90 7.93 0.073 -

Pinus sylvestris 5.24 5.13 043 0.81 0.018 0.035

(-) Absent values due to the high viscosity of the sample.
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more phytotoxic effect, significantly different from the rest of the
species, and with final values of 44% and 23% of germination for
50 or 100% doses, respectively. The other species significantly
restricted the final germination with values ranging from 65% for
H. murinum to 94% for H. vulgare. Festuca arundinacea and T.
incarnatum at both doses, and H. vulgare, V. ciliata, and S. alba at
50% resulted innocuous for B. scoparia germination (Figure 3A).
Root elongation was significantly inhibited by all the extracts and
doses (P<0.001) with values lower than 50% compared to the
control (Figure 3B). Aqueous extracts of the Bromus mixture, H.
murinum, H. vulgare, M. rugosa, T. incarnatum, and P. tanacetifolia

>
Gt (%r.c)
2

20 7 ser gen s wew LT

showed root length percentages close to 20% compared to the
control at both doses. Similar values were observed for the extracts
of F. arundinacea, M. sativa, and S. alba at 100% dose. Shoot
clongation was as well restricted by almost all extracts (Figure 3C).
The lowest percentages of shoot length (around 30%) were observed
with extracts of H. murinum, M. sativa, and T. incarnatum at 100%
dose, with higher values (about 60%) for the same species extracts
at 50% doses. No differences in shoot elongation were observed
compared to the control for the extracts of F. arundinacea and V.
ciliata at 50% dose, whereas the extract of S. alba stimulated shoot
growth.
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Figure 1. Effects of the aqueous extracts from the species assayed on the A) germination, B) root and, C) shoot growth of Conyza bonar-
iensis at the doses of 50% (33.3 g/L) = and 100% (66.7 g/L) = . Gt, total percentage of germinated seeds; BR, Bromus mixture (B.
hordeaceus and B. rubens); FA, Festuca arundinacea; HM, Hordeum murinum; HV, H. vulgare; VC, Vulpia ciliata; MS, Medicago sati-
va; MR, M. rugosa; TS, Trifolium subterraneums; T1, T. incarnatums; PT, Phacelia tanacetifolia; SA, Sinapis alba; PS, Pinus syi/estris.
Mean values are represented as percentages relative to the control (% r.c.). Error bars represent standard deviation (SD). For each
species, asterisks denote statistically significant differences with respect to control (100% dashed line) at *P<0.05, **P=<0.01, and
**P<0.001 (independent samples t-test). Mean values labelled with distinct letters denote statistically significant differences among
different aqueous extracts at P<0.05 (ANOVA or Kruskal-Wallis H test and post hoc Waller-Duncan or Tamhane T2 test).
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Identification of phenolic compounds from the different
assayed aqueous extracts

A total of 33 phenolic compounds (phenolic acids and
flavonoids) were quantitatively and qualitatively identified by
HPLC-DAD from the studied species aqueous extracts, with a
maximum of 13 compounds for H. vulgare and a minimum of 6
compounds for Bromus mixture and P. tanacetifolia. The total
quantity of compounds was significantly different among the
species, from 33.52 ug.mL! for . arundinacea to 1571.76 ug.mL"!
for S. alba (Table 2).

The phenolic profile of the Bromus mixture revealed the
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presence of two phenolic acids (protocatechuic acid and
chlorogenic/cafteic derivative) and 4 flavonoids (luteolin derivative
‘1°, “2” and ‘4’, and apigenin derivative ‘2”). Chlorogenic/caffeic
derivative was the most abundant compound with 39.48% (Table
2). Seven compounds were identified in F. arundinacea extracts
with six phenolic acids (protocatechuic, vanillic, p-hydroxybenzoic,
p-coumaric, syringic, and ferulic acids) and one flavonoid (taxifolin
derivative). Protocatechuic acid was the most abundant compound,
with a share of 48.72% (Table 2). The phenolic profile of H.
murinum extract revealed the presence of 7 phenolic acids
(protocatechuic, vanillic, p-hydroxybenzoic, p-
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Figure 2. Effects of the aqueous extracts from the species assayed on the A) germination, B) root and, C) shoot growth of Aster squa-
matus at the doses of 50% (33.3 g/L) = and 100% (66.7 g/L) =. Gt, total percentage of germinated seeds; BR, Bromus mixture (B.
hordeaceus and B. rubens); FA, Festuca arundinacea; HM, Hordeum murinum; HV, H. vulgare; VC, Vulpia ciliata; MS, Medicago sati-
va; MR, M. rugosa; TS, Trifolium subterraneum; T1, T. incarnatums; PT, Phacelia tanacetifolia; SA, Sinapis alba; PS, Pinus sylvestris.
Mean values are represented as percentages relative to the control (% r.c.). Error bars represent standard deviation (SD). For each
species, asterisks denote statistically significant differences with respect to control (100% dashed line) at *P<0.05, **P<0.01, and
**P<0.001 (independent samples t-test). Mean values labelled with distinct letters denote statistically significant differences among
different aqueous extracts at P<0.05 (ANOVA or Kruskal-Wallis H test and post hoc Waller-Duncan or Tamhane T2 test).
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hydroxybenzaldehyde, p-coumaric, syringic, and ferulic acid) and
five flavonoids (apigenin and two derivatives ‘1’ and ‘2’, ellagic
acid and luteolin derivative ‘5”) (Table 2). The most abundant
compounds were apigenin derivative ‘2’ and ‘1°, with 187.84
pg'mL-" and 150.18 pg.mL! respectively. In H. vulgare aqueous
extract, a total of 13 compounds were identified, six phenolic acids
(protocatechuic, vanillic, p-hydroxybenzoic, p-coumaric, syringic,
and ferulic acid) and seven flavonoids (luteolin derivative ‘1°, ‘2°,
‘3”7 and ‘5°, apigenin, and two apigenin derivatives ‘2’ and ‘3°)
(Table 2). As in H. murinum, the most abundant was apigenin
derivative 2°, with a 32.16% (54.60 pg-mL™). In V. ciliata aqueous
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extract, nine compounds were identified, two phenolic acids
(protocatechuic and vanillic acid) and seven flavonoids (luteolin
derivative ‘1°, ‘2° ‘3” and ‘5°, apigenin derivative ‘2’ and ‘3’, and
taxifolin derivative) (Table 2). The most abundant compound was
protocatechuic acid (23.97%, 16.60 pg.mL1). Both in M. sativa and
M. rugosa, eight compounds were identified. In M. sativa, 4
compounds were phenolic acids (vanillic, p-hydroxybenzoic, p-
coumaric, and ferulic acid) and four flavonoids (luteolin and one
derivative, kaempferol and apigenin). The most abundant compound
was ferulic acid, with a value of 49.57 pg-mL-! (Table 2). In M.
rugosa, three phenolic acids were identified (vanillic, p-coumaric,
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Figure 3. Effects of the aqueous extracts from the species assayed on the A) germination, B) root and, C) shoot growth of Bassia scoparia
at the doses of 50% (33.3 g/L) = and 100% (66.7 g/L) =. Gt, total percentage of germinated seeds; BR, Bromus mixture (B. hordeaceus
and B. rubens); FA, Festuca arundinacea; HM, Hordeum murinum; HV, H. vulgare; VC, Vulpia ciliata; MS, Medicago sativa; MR, M.
rugosa; TS, Trifolium subterraneums; T, T. incarnatum; PT, Phacelia tanacetifolia; SA, Sinapis alba; PS, Pinus sylvestris. Mean values
are represented as percentages relative to the control (% r.c.). Error bars represent standard deviation (SD). For each species, asterisks
denote statistically significant differences with respect to control (100% dashed line) at *P<0.05, **P<0.01, and ***P<0.001 (indepen-

dent samples t-test). Mean values labelled with distinct letters den

ote statistically significant differences among different aqueous

extracts at P<0.05 (ANOVA or Kruskal-Wallis H test and post hoc Waller-Duncan or Tamhane T2 test).
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and ferulic acid) and five flavonoids (ellagitannin ‘2°, luteolin
derivative ‘3’ and ‘5°, ellagic acid, and apigenin derivative ‘3°).
Luteolin derivative ‘5’ was the most abundant compound in M.
rugosa aqueous extract, representing 27.06% of the total (Table 2).
The phenolic profile of 7. subterraneum revealed ten compounds,
six phenolic acids (protocatechuic, vanillic, p-hydroxybenzoic,
caffeic, p-coumaric, and ferulic acid), and four flavonoids (taxifolin,
naringenin, prunetin, and one prunetin derivative) being the only
species with high amounts of prunetin, a prunetin derivative, and
naringenin (Table 2). Trifolium incarnatum aqueous extracts yielded
nine compounds: 4 phenolic compounds (protocatechuic, vanillic,
p-hydroxybenzoic, and syringic acid), and five flavonoids (luteolin
derivative ‘1°, ‘2’ and ‘5, and apigenin derivative ‘2’ and ‘3’ (Table
2). The most abundant compound was apigenin derivative ‘2’ with
42.57%. Only six compounds were identified in P. tanacetifolia,
two phenolic acids (p-hydroxybenzoic acid and chlorogenic/caffeic
derivative), and four flavonoids (ellagitannin ‘1’ and ‘2’, eriodictyol
and one luteolin derivative). Ellagitannin ‘ 1’ was the most abundant
compound, representing 60.94% of the identified (Table 2). Sinapis
alba yielded nine compounds: 4 phenolic acids (vanillic, p-
hydroxybenzoic acid, p-hydroxybenzaldehyde, and p-coumaric

press

N

acid), and five flavonoids (ellagitannin ‘1’ and ‘2’, luteolin
derivative ‘1, ellagic acid, and kaempferol derivative) (Table 2).
Luteolin derivative ‘1’ was the most abundant compound (40.64%).
Nine compounds were identified from the aqueous extracts of P.
sylvestris: 8 phenolic acids (gallic, protocatechuic, vanillic, p-
hydroxybenzoic, trans-cinnamic, p-coumaric, and ferulic acids, and
vanillin), and one flavonoid (naringenin) (Table 2), the most
abundant being vanillin (52.57ug mL™).

Predicted involvement of phenolic compounds in the
phytotoxicity of the aqueous extracts.
Stepwise regression analyses

Results of the stepwise regression analyses are summarized in
Table 3. The concentrations of each phenolic compound present in
each aqueous extract were entered as potential predictors of the
phytotoxic effects measured on the agricultural weeds. The analysis
displayed final models explaining 58 to 92% of the overall variance
observed for the germination and early growth of C. bonariensis,
A. squamatus, and B. scoparia, except for A. squamatus root length.
For the last case, no significant predictive model was obtained.

Table 2. Phenolic acids and flavonoid compounds identified by HPLC-DAD from the aqueous extracts of Bromus mixture (BR),
Festuca arundinacea (FA), Hordeum murinum (HM), H. vulgare (HV), Vulpia ciliata (VC), Medicago rugosa (MR), M. sativa (MS),
Trifolium incarnatum (T1), T. subterraneum (1S), Phacelia tanacetifolia (PT), Sinapis alba (SA), and Pinus sylvestris (PS). Data
expressed in pg-mL-1. RT: retention time (min) on a reversed-phase Waters Nova-Pak C-18 column.

Phenolic acids
Gallic acid 6.3 0.24
Protocatechuic acid 133 40.07 1634 343 1246 16.6 16.86 6.84 9.06
Vanillic acid 19.2 481 1470  21.35 251 457 281 1037 1.2 0.77 23.44
p-Hydroxybenzoic acid 22.3 249 722 9.25 296  9.08 341 2829  11.62 18.83
Trans-cinnamic acid 22.5 6.35
p-Hydroxybenzaldehyde 22.9 0.25 0.65
Chlorogenic/caffeic derivative  25.0  106.32 98.31
Caffeic acid 25.7 29.59
Vanillin 30.0 52.57
p-Coumaric acid 33.0 281 136 123 10.64  13.58 5.03 0.89 11.15
Syringic acid 33.0 3.68 533 236 5.12
Ferulic acid 375 171 231 541 1953 49.57 30.74 7.62
Flavonoids
Taxifolin 17.1 7.93
Ellagitannin ‘I’ 174 231.59  239.62
Apigenin derivative ‘I’ 19.0 150.18 40.79
Luteolin derivative ‘1’ 196  33.84 26.3 9.07 638.75
Ellagitannin ‘2’ 20.3 42.48 749  413.06
Luteolin derivative ‘2’ 203 83.81 16.58 9.19
Apigenin derivative ‘2’ 216 031 187.84  54.6 5.17 121.17
Luteolin derivative ‘3’ 22.1 17.7 12.69  16.59
Ellagic acid 23.0 26.53 30.64 264.55
Taxifolin derivative 234 1.68 7.14
Naringenin 238 8.09 0.31
Prunetin derivative 25.7 36.81
Eriodictyol 26.8 12.51
Luteolin 28.6 23.88
Apigenin derivative ‘3’ 31.3 1.22 181  32.18 12.96
Luteolin derivative ‘4’ 319 4.95 61 1.82
Luteolin derivative ‘5’ 32.0 112 0.66 509 5812 37.68 727
Kaempferol 32.5 4.34
Apigenin 332 159  0.65 32.41
Prunetin 33.7 2.51
Kaempferol derivative 36.3 1.85
Total 269.3 3352 401.86 169.77 6927 21475 16723 284.62  132.15  380.01 157176 129.57
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The phytotoxic effects on C. bonariensis germination were
mainly explained by syringic, protocatechuic, and vanillic acids,
besides apigenin, ellagitannin, and naringenin. None of the
identified phenolic compounds predicted the inhibition of root
length. The regression suggested that trans-cinnamic acid, taxifolin
derivative, and prunetin, bearing positive coefficients, were the
compounds that best predicted the root growth. Only gallic acid,
entering with a negative coefficient, was identified as responsible
for the shoot reduction (P<0.001; Table 3).

In the case of 4. squamatus, the phenolic compounds that could
better explain the inhibitory effects on germination were p-
hydroxybenzoic acid, protocatechuic acid, apigenin, and syringic
acid (P<0.001). Eriodictyol and p-coumaric acid also contributed
negatively to shoot growth, while ferulic acid and taxifolin
derivative increased the model predictive value with positive
coefficients (Table 3). The flavonoids naringenin and apigenin
derivatives were predicted as the principal determinants of the
aqueous extract effects on B. scoparia germination. When including
prunetin in the fit model, the prediction of germination in the
regression analysis significantly improved. Apigenin and
chlorogenic/caffeic derivatives, and the phenolic acids ellagic,
syringic, and vanillic contributed negatively to root growth, while
taxifolin derivative, p-hydroxybenzaldehyde, kaempferol derivative,
and vanillin did positively (Table 3). For the shoot length, a total of
seven compounds were predicted as responsible for the effects,
kaempferol being the phenolic compound with the highest weight
in the equation with a negative coefficient, followed by apigenin
with a positive coefficient.

Discussion

The aqueous extracts of the assayed cover crop species showed
in vitro inhibitory effects on the germination and root elongation of
C. bonariensis and A. squamatus and lower but still significant
phytotoxicity on B. scoparia. On the contrary, shoot elongation of
B. scoparia was more sensitive than the other two weed species.
After discarding a possible phytotoxic effect due to the main
physicochemical properties of the aqueous extracts: i.e., pH<S or

pH>7; EC>2dS m!; and/or osmolarity >0.1 osmol kg~! (Alvarez-
Iglesias et al., 2014), the effects observed could be assigned to the
allelochemicals present in the aqueous extracts. Furthermore, the
phenolic acids and flavonoids identified by HPLC (both
qualitatively and quantitatively) from the different plant aqueous
extracts gave us an approximation of which could be released in the
field since water is the natural solvent for these allelochemicals in
nature. As far as we know, phenolic profiles of H. murinum, V.
ciliata, M. rugosa, and the Bromus species used in the mixture (B.
hordeaceus and B. rubens) were reported in this work for the first
time.

For the in vitro phytotoxicity bioassays, some of our results
agree with those of Fujii (2001), who performed in vitro bioassays
to study the allelopathic effect of different species usually sowed as
cover crops. The author observed different percentages of root
reduction of lettuce (Lactuca sativa L.) depending on the cover crop
extracts, i.e., M. rugosa (74%) > M. sativa (68%) > T. incarnatum
(64%) > H. vulgare (62%) > F. arundinacea (55%) > Brassica alba
(S. alba) (53%) > T. subterraneum (30%). Xuan et al. (2003)
pointed out an allelopathic effect on rice exerted by M. sativa. In S.
alba, Rice et al. (2007) observed in vitro a phytotoxic effect on
lettuce seed emergence; meanwhile, Alcantara et al. (2011)
indicated that S. alba cover crop residues reduced weed infestation
at the field scale. Creamer et al. (1996) observed in field trials
emergence suppression of Solanum ptycanthum Dun. by the cover
crop residues of 7. incarnatum and H. vulgare. The allelopathic
potentials of 7. incarnatum and Medicago lupulina L. (species
related to M. rugosa) were reported by Price et al. (2008) in
greenhouse trials. Also, Ipomoea lacunosa L. emergence and dry
weight decreased after T incarnatum, and T. subterraneum residues
were incorporated into the soil (Scavo et al., 2020; Resuccia et al.,
2020). Other authors have reported the allelopathic potential of H.
vulgare (Baghestani et al., 1999; Bertholdsson, 2004, Chon and
Kim, 2004) and its phytotoxic effects on Echinochloa crus-galli (L.)
Beauv., Setaria verticillata (L.) Beauv., Veronica hederifolia L., or
Papaver rhoeas L. in field experiments (Dhima et al., 2006, 2008).

Festuca arundinacea aqueous extract displayed high
phytotoxicity in all bioassays except for B. scoparia seed
germination. This cover crop species has been widely used in
vineyards due to its perennial habit, controlling vine vigour and

Table 3. Predictor variables of the effects of the phenolic compounds of twelve aqueous plant extracts on the germination and early
growth of three agricultural weeds, identified from best-fit models (stepwise regression).

Conyza bonariensis
Germination - (.256 syringic acid - 0.455 protocatechuic acid - 1.462 apigenin - 0.398 ellagitannin - 0.426 0.644 16532 7  ***
vanillic acid - 0.737 naringenin + 1.169 ferulic acid
Root length 0.825 trans-cinnamic acid + 0.614 taxifolin derivative + 0.121 prunetin 0.925 277989 3 o
Shoot length -0.922 gallic acid 0.849 394.754 1 o
Aster squamatus
Germination - 0.539 p-hydroxybenzoic acid - 0.518 protocatechuic acid - 0.454 apigenin - 0.281 syringic acid 0.618 10.027 4 o
Root length n.p.
Shoot length 0.895 ferulic acid - 0.522 eriodictyol - 0.460 p-courmaric acid + 0.193 taxifolin derivative 0.733 46.097 4 ok
Bassia scoparia
Germination -5.452 naringenin - 0.442 apigenin derivatives + 4.771 prunetin 0.581 29619 3 ok
Root length - (0.237 apigenin derivatives - (.682 chlorogenic/caffeic derivative + 0.134 taxifolin
derivative + 1.074 p-hydroxybenzaldehyde
- 3.546 ellagic acid + 2.612 kaempferol derivative - 0.280 syringic acid - 0.440 vanillic acid + 0.303 vanillin ~ 0.828 33.103 9 R
Shoot length - 2.852 kaempferol derivative + 0.258 taxifolin derivative - 0.920 apigenin derivatives - 17.036 0.868 60.194 7 ok

apigenin + 16.846 kaempferol + 3.527 p-hydroxybenzaldehyde + 0.191 syringic acid

The values of the independent variables (compounds) are the standard coefficients (beta), which represent the proportion of each compound contribution to the variance of the measured parameter (dependent
variable), expressed in the regression equations in a positive (increase) or negative (decrease) effect. n.p., not predictive; Sig., significance of the predicted effect: ***P<(0.001.
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reducing erosion, among other advantages. Our results add further
evidence of the allelopathic potential of F. arundinacea, pointing
out an extra agroecosystem service as a cover crop in vineyards.
The phytotoxicity of F. arundinacea was previously reported by
Bertoldi et al. (2012), who observed a 33% reduction of in vitro
lettuce germination, and effective control of Anagallis sp. or Sinapis
sp. in field conditions when incorporating F. arundinacea cv.
‘Villegeoise’ biomass to the soil.

Some authors have studied P. tanacetifolia for weed control:
Tursun et al. (2018) observed that P. tanacetifolia produced a high
amount of biomass and was the most effective cover crop to
suppress weeds at field scale (almost 75% of efficacy). On the
contrary, Schappert et al. (2019) reported that this species could
reach a high soil cover and biomass but weed control efficacy was
lower than 40%.

Other Bromus species have been used as cover crops with good
weed control results, such as Bromus catharticus Vahl. cv. ‘Samson’
(Ibafiez et al., 2011). Serajchi et al. (2017), in greenhouse
experiments, reported the allelopathic potential of Bromus porteri
(Coult.) Nash against Taraxacum officinale Weber, Matricaria
perforate Mérat, and Hordeum jubatum L.

The mulch of Pinus sp. has been widely adopted for weed
suppression. However, Pinus sylvestris showed an intense
phytotoxic effect in our study, especially on C. bonariensis and A.
squamatus germination. Similar to our results, Bulut and Demir
(2007) and Aklibasinda et al. (2017) reported bioassays where P,
sylvestris leaves showed dose-dependent inhibitory effects on seed
germination and growth of different grass species, and Bielinis et
al. (2019) observed similar effects on S. alba.

In general, root growth was more affected than shoot growth.
Almost all extracts of the cover crops showed some stimulatory
effects on shoot growth of C. bonariensis, especially when assayed
at the lowest dose (50%). Some allelopathic compounds can
promote stimulatory growth effects when acting at low
concentrations, displaying an effect known as ‘hormesis’ (e.g.,
Reigosa and Pazos-Malvido, 2007). Xuan et al. (2003) observed
that the acidic fraction of M. sativa in low concentrations promoted
shoot and root elongation of rice compared to control or high
concentrations. Likewise, Pannacci et al. (2020) found that low
concentrations of mugwort extract inhibited the germination and
growth of Amaranthus retroflexus L. but stimulated the radicle,
mesocotyl, and plant growth of maize. Thus, some plant extracts at
low concentrations could also be exploited as plant biostimulants
for agricultural purposes.

The different herbicidal potential of each plant species and/or
the target physiological process affected depends on the richness
and amounts of each phytotoxic compound and the mixture of
compounds present in the plant extract (Inderjit, 1996; Puig et al.,
2018; Pardo-Muras et al., 2020). Hence, the characterization of the
chemical profile and the elucidation of which of these compounds
might be responsible for the observed phytotoxic effects are
essential to choosing the most suitable cover crop or mulch, or a
combination of them, to control the weed seed bank in each case.
Via HPLC-DAD, differences in the richness and abundance of
phenolic compounds were observed among the different plant
species’ aqueous extracts.

Sinapis alba aqueous extract yielded the highest amounts of
phenolic compounds, luteolin and ellagitannin derivatives being the
most abundant. It is well known that S. alba seeds contain phenols,
mainly phenolic acids (Kozlowska et al., 1983; Zielniok et al.,
2016); however, only Hura ef al. (2006) identified the phenolic
profile of ethanolic extracts of S. al/ba plant material, characterized
by the presence of trans-cinnamic, salicylic, ferulic, chlorogenic,
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protocatechuic, p-hydroxybenzoic, p-coumaric, and vanillic acids.
The last three compounds were also detected in the chemical profile
of our aqueous extract.

From a qualitative point of view, the aqueous extract of H.
vulgare was the most diverse (13 identified compounds), rich in
apigenin and luteolin derivatives. While that of H. murinum,
characterized here for the first time, was the second richest aqueous
extract, both qualitative and quantitatively, with high apigenin
derivatives contents. Unlike H. murinum, the phenolic composition
of H. vulgare is well known for its antioxidant, antifungal, and
allelopathic properties (Ferreres et al., 2009; Piasecka et al., 2015;
Deng et al., 2020; Horvat et al., 2020). Piasecka et al. (2015)
reported 152 phenolic compounds in H. vulgare seedlings by
organic solvent extraction, mostly flavonoids, among which some
apigenin and luteolin derivatives were identified. However, barley’s
phytotoxic properties have usually been related to the synthesis of
phenolic acids such as p-hydroxybenzoic, protocatechuic, vanillic,
ferulic, and p-coumaric (Chon and Kim, 2004; Hura et al., 2006),
also identified here.

The differences in polyphenol contents between chemical
profiles from the literature and ours are consistent with using
different solvents and extraction methods (Bajkacz et al., 2018;
Deng et al., 2020), besides the particular phenotype expressed by
different varieties in distinct environments and phenological stages.
It is worth emphasizing that the compounds present in an aqueous
plant extract are those prone to be released in the soil water by the
decaying material, root exudates from the living cover crop, or
decomposing mulch, thus having a potential allelopathic effect in
nature. Then, the aqueous extract’s phytotoxicity is the definitive
symptom to consider the bioherbicide potential of particular plant
material (Xuan et al., 2003).

Only six phenols were identified in the aqueous extracts of
Bromus mixture and P. tanacetifolia, chlorogenic/caffeic derivatives
being the most copious compounds in both species. No literature
references were found concerning the phenolic profiles of B.
hordeaceus and B. rubens, giving here the first report. For P.
tanacetifolia, Bajkacz et al. (2018) identified a total of twelve
phenolic acids and thirteen flavonoids in different solid-liquid
extractions of flowers, leaves, stems, and roots; rutin and 4-
hydroxybenzoic acid were predominant in all investigated phacelia
samples. The aqueous extract of F. arundinacea followed by V.
ciliata showed the lowest total amounts of identified phenols.
Bertoldi et al. (2012) revealed several classes of allelochemicals
(pyrrolizidine alkaloids, flavonol glycosides, and flavonols) in F
arundinacea organic solvent extracts, but, unlike our case, the
presence of phenolic acids was not determined. Buta and Spaulding
(1989) reported phenolic allelochemicals (ferulic, p-coumaric, and
abscisic acids) in leachates of tall fescue in high enough
concentrations to cause growth inhibition.

In M. sativa and M. rugosa, similarities in the composition of
their aqueous extracts were observed, with ferulic acid and one
luteolin derivative as their primary compounds. According to the
literature, this is the first phenolic profile of M. rugosa reported to
date. For M. sativa, Bajkack et al. (2018) identified twenty-eight
phenols using organic solvents; however, apigenin, luteolin and
kaempferol, present in our water-soluble profile, were not
determined. Chon and Kim (2002) identified nine phenolic acids
(including p-coumaric and ferulic) in the aqueous extracts of the
different vegetative parts of M. sativa, the leaves showing the
highest phytotoxicity and richness of compounds. P-
hydroxybenzoic, vanillic, p-coumaric, and ferulic acids were
previously identified in M. sativa aqueous extracts by Xuan et al.

(2003).
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Considerable differences were found in the phenolic
composition between the aqueous extract of 7. subterraneum and
T. incarnatum. Trifolium subterraneum presented a higher
concentration of phenolic acids (primary caffeic and ferulic) than
flavonoids. 7. incarnatum was characterized by a higher
concentration of flavonoids (mainly one apigenin derivative). In the
organic extracts of 7. subterraneum, Tava et al. (2019) found only
low amounts of phenolic compounds (glycosyl derivatives of caffeic
acid and ferulic and coumaric acids), and Oleszek et al. (2007)
described high concentrations of isoflavonoids and low
concentration of phenolic acids and flavonoids. The last authors and
Kolodziejezyk-Czepas et al. (2015) found shallow total contents of
phenolic acids and high amounts of flavonoids -specifically,
apigenin and luteolin derivatives (Zgorka, 2011) - in organic extracts
of T. incarnatum. These findings are consistent with ours, whereas
naringenin and prunetin had not been reported in 7. subterraneum
until now.

Pinus sylvestris aqueous extract was characterized by high
contents and diversity in phenolic acids, being the only plant
material with measurable quantities of gallic and trans-cinnamic
acids and high vanillin levels. Dziedzinski ez al. (2020) observed
that P. sylvestris shoots aqueous extract was particularly rich in
phenolic acids such as caffeic, ferulic, chlorogenic, 4-
hydroxybenzoic, p-coumaric, and gallic acids, all of them with
reported phytotoxicity.

Finally, the stepwise regression analysis clarified the
relationship between the cover crop or mulch phytotoxic activity
and their allelochemical profiles by summarizing the variance of
the effects of phenolic compounds identified in all the aqueous
extracts. The regression indicated that the compounds involved in
inhibiting C. bonariensis and A. aquamatus germination were the
protocatechuic and syringic acids and apigenin. Noteworthy, the
aqueous extracts containing high amounts and/or various of such
compounds: Bromus sp., H. murinum, H. vulgare, M. sativa, and T.
incarnatum, had comparable phytotoxic effects on the germination
and root length of both target weeds. Ellagitannins (abundant in M.
rugosa and even more in S. alba and P. tanacetifolia), the ubiquitous
vanillic acid, and naringenin (only detected in 7. subterraneum and
P, sylvestris) were also predicted for explaining part of the inhibition
of C. bonaerensis germination. On the other hand, Gallic and trans-
cinnamic acids, exclusively detected in P. sylvestris, were evidenced
to have counteracting effects on C. bonaerensis, the former
inhibiting shoot growth and the latter stimulating root elongation.
Previous studies reported that gallic acid prevented the growth of
cress and Italian ryegrass seedlings (Hossen et al., 2020), as well as
Leucaena leucocephala (Lam.) de Wit (Jose et al., 2016) and
Phaseolus mungo L. (Li et al., 2010).

The quite ubiquitous p-hydroxybenzoic and p-coumaric acids
also predicted inhibitory effects on A. squamatus germination and
shoot growth, respectively. Apigenin, very abundant in M. sativa
aqueous extract, and eriodyctiol, found only in P. tanacetifolia, were
pointed out as responsible for inhibiting the germination and early
shoot growth of 4. squamatus. P-coumaric acid has been identified
in various plants, and its allelopathic potential was demonstrated in
several studies (Reigosa and Pazos-Malvino, 2007; Li et al., 2010;
Pardo-Muras et al., 2020). Otherwise, Zhang et al. (2017) observed
that eriodyctiol decreased the seed germination and seedling growth
of Agrostis stolonifera L. and L. sativa.

The phytotoxicity of many of the mentioned phenolic
compounds has been well recognized (Macias et al., 2003; Reigosa
and Pazos-Malvino, 2007; Li et al., 2010). The fact that no specific
compound was predictive for the inhibition of A. squamatus root
growth suggests that many of the compounds, if not all, would
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contribute to the observed phytotoxicity, as has been argued by other
authors (Blum, 1996; Reigosa et al., 1999). The same argumentation
applies to C. bonariensis, for which the model that explained more
than 92% of the variance for root elongation did not identify any
sole compound as inhibitory, but only minority compounds in
particular aqueous extracts as stimulatory. We do not discard that
root length reduction could be due to other non-detected or non-
analysed compounds with phytotoxic activity (e.g., benzoxazinoids
in Poaceae, and terpenes, alkaloids, or other previously reported
phenolic compounds) in the aqueous extracts.

For the less sensitive weed species B. scoparia, the flavonoids
naringenin, with very high relative weight, and to less extend
apigenin derivatives were revealed as responsible for the
germination inhibition. Naringenin was only detected in T
subterraneum and P. sylvestris to a minor concentration, the former
being the only aqueous extract capable of inhibiting B. scoparia
germination below 50%, followed by P. sylvestris. The stepwise
regression equation included nine predictor compounds (mainly
apigenin and chlorogenic/caffeic derivative, ellagic, syringic, and
vanillic acids) that explained more than 82% variance associated
with root reduction. Masi et al. (2020) found that stoechanones A
and B and p-coumaric acid methyl ester, derivatives from Lavandula
stoechas L., inhibited seed germination of Amaranthus retroflexus,
while caffeic acid methyl ester and apigenin did not significantly
affect the germination of this weed. The flavonoids apigenin and
kaempferol derivatives were also predicted to have reduced the
shoot growth of B. scoparia. Cipollini et al. (2008) found that
apigenin alone inhibited the germination of Arabidopsis thaliana
(L.) Heynh seeds. There is evidence that apigenin and kaempferol
derivatives from Cistus ladanifer L. can reduce the growth rate of
Rumex crispus L. (Chaves et al., 2001). Recently, Pardo-Muras et
al. (2020) observed that naringenin reduced the root length of 4.
retroflexus, and ellagic acid and kaempferol inhibited the shoot
growth in Digitaria sanguinalis (L.) Scop. only when applied at low
concentrations.

Interestingly, syringic acid negatively affectedthe root length
but positively the shoot length of B. scoparia; the opposite was
observed with kaempferol derivatives. These effects might be
explained by the specificity of target physiological processes of
allelochemicals suggested in previous works (Inderjit et al., 2005;
Hiradate, 2006). Therefore, from our results, the aqueous extracts’
phytotoxicity was probably due to phenolic compounds’ specificity
and joint action and possibly the interactions among them and other
non-detected or non-analysed compounds, both synergistic and
antagonistic.

Conclusions

In vitro germination and early root growth of C. bonariensis and
A. squamatus were almost entirely restricted by any of the twelve
plants’ aqueous extracts. Such finding supports the allelopathic
potential of the species to be used as cover crops or mulch for weed
control in vineyards, some of them evaluated here for the first time.
The phenolic acids and flavonoids identified by HPLC-DAD (both
qualitatively and quantitatively) from the different plant aqueous
extracts gave us an approximation of those allelochemicals
potentially released from the cover crops or mulches into the
agricultural soil. The regression analysis selected some compounds
responsible for the effects on C. bonariensis and A. squamatus,
namely protocatechuic and syringic acids and apigenin, present in
Bromus sp., H. murinum, H. vulgare, M. sativa, and T. incarnatum;
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ellagitannins, abundant in M. rugosa, S. alba, and P. tanacetifolia;
the almost ubiquitous vanillic, p-hydroxybenzoic and p-coumaric
acids; naringenin, present in 7. subterraneum and P. sylvestris; gallic
acid, exclusively detected in P. sylvestris; and eriodyctiol, found
only in P. tanacetifolia. The participation of other non-detected or
non-analysed compounds with phytotoxic activity should not be
discarded.

Bassia scoparia germination was relatively much less sensitive
to the extracts, except for 7. subterraneum, for which the flavonoid
naringenin was predicted to underlie its specific phytotoxicity.
Otherwise, the early shoot growth of B. scoparia was more sensitive
to the majority of the plant aqueous extracts than the other two weed
species.

Of course, the potential effects on weeds of these cover crops
and mulches in the field would depend on many interacting biotic
and abiotic factors. The next necessary step would be to test these
species for weed control in vineyards, at least those never used
before as cover crops, to measure their weed suppression abilities
(by both resource competition and allelopathy) and their stability
through the seasons. However, knowing the phytotoxic nature of
any cover crop or mulch a priori and the magnitude of their
allelopathic potential on one or another target weed species would
contribute to on-site decision-making.
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