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Abstract
This study was conducted to determine if common buckwheat (Fagopyrum esculentum Moench) residues affect a phenolics 
composition in soil, and are effective for limiting emergence, growth and metabolic changes in barnyard grass (Echinoch-
loa crus-galli (L.) P. Beauv.), wild oat (Avena fatua L.), yellow foxtail (Setaria pumila Schult.), silky windgrass (Apera 
spica-venti L.), catchweed bedstraw (Galium aparine L.), scentless mayweed (Matricaria inodora L.), and tiny vetch (Vicia 
hirsuta L.). In the study, the residues of 14-day-old buckwheat plants were used (cv. Hruszowska). After removal of the 
above-ground parts, the buckwheat root residues (BRR) remained in the soil for an additional 7 days before the weeds were 
sown. For comparison, under the same cultivation conditions, the effect of entire buckwheat plant residues (BPR) in soil 
was assessed. BPR and BRR in the soil caused a decrease in the emergence of all weed species except the tiny vetch. The 
growth of barnyard grass, wild oat, yellow foxtail, catchweed bedstraw, and scentless mayweed was inhibited by BRR, but 
not BPR. BRR had a particularly strong inhibitory effect on the growth of scentless mayweed (SM) and catchweed bedstraw 
(CB). Thirty-day-old SM and CB control plants were about 4 and 3.5 times higher, respectively, than plants growing in the 
presence of BRR. Furthermore, chlorophyll and carotenoid contents in the barnyard grass and catchweed bedstraw were more 
prominently reduced by BRR than BPR. Stressful conditions caused by buckwheat residues in the soil increased the level 
of phenolic compounds in the tissues of weeds examined. Soil with buckwheat residues contained a low level of phenolic 
compounds, which may indicate their slow release from the residue or rapid utilisation by microorganisms. These phenolic 
compounds probably cannot be directly responsible for allelopathic inhibition of weed emergence and growth.
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Introduction

Plants can control weeds by allelochemicals secreted by 
roots and/or through decomposition of plant residues (Bat-
ish et al. 2002; Xuan et al. 2005). This complex phenomenon 
is affected by the condition of the soil, age of plants and 
climatic conditions (Kobayashi 2004). Studies on allelopathy 

mainly involve the effect of extracts obtained from various 
parts of the plant, and leaves which appear to be the most 
important source of chemicals involved in phytotoxicity 
(Tanveer et al. 2010). As our earlier results have shown, 
aqueous extracts obtained from the above-ground parts of 
buckwheat are stronger inhibitors of seed germination and 
seedling growth of wheat and lettuce compared to extracts 
obtained from roots (Mioduszewska et al., 2013). Interest-
ingly, an aqueous extract from the root of fennel (Foenicu-
lum vulgare) showed a higher allelopathic effect on goose-
foot (Chenopodium album L.) than a shoot extract, although 
it had low antioxidant activity and trace phenolic content 
(Aryakia et al. 2015).

Another type of allelopathic research is based on incorpo-
ration into soil of fresh organic matter which releases phy-
totoxins and/or induces increased microbial activity which 
affects seeds germination and growth of seedlings (Mohler 
et al. 2012, 2018). Allelochemicals can be released from 
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crop residues in soil or they can be produced by microorgan-
isms that use these residues as a substrate (Kruidhof et al. 
2011). The following are responsible for the suppression by 
crop residues of seedling emergence and growth: released 
allelochemicals, reduction of nitrates by soil microbes and 
an increase in pathogen population and composition (Kumar 
et al. 2008, 2009). Soils containing residues of various 
plants exhibited reduced seedling emergence of Abutilon 
theophrasti, Chenopodium album, Amaranthus powellii, 
Setaria faberi and Echinochloa crus-galli by an average of 
30% (Mohler et al. 2012). The authors concluded that the 
depression in emergence rate was caused by a biological 
agent. This conclusion is based on the comparison of emer-
gence rates in sterilised and unsterilised soil. Time between 
residue incorporation into the soil and emergence of receptor 
plant is an additional factor for explaining the variation in 
inhibition of emergence among plants (Kruidhof et al. 2011).

Common buckwheat, often used as a cover crop, has a 
short growing season and is able to compete with many weed 
species (Björkman and Shail 2013). Buckwheat residues can 
also affect the presence and population of soil microorgan-
isms. Potato tubers grown in soil containing buckwheat 
residues had significantly lower Verticillium wilt ratings 
than potato from control plots (Wiggins and Kinkel 2005). 
Buckwheat can inhibit weed growth by root exudates con-
taining allelochemicals. Kalinova et al. (2007) showed that 
4-hydroxyacetophenone, vanillic and gallic acids from buck-
wheat roots inhibit the growth of Amaranthus retroflexus, 
Achillea millefolium and Sinapis alba. Common buckwheat 
has been cultivated to control quackgrass (Elymus repens L.) 
in Poland for hundreds of years (Tsuzuki and Dong 2003; 
Golisz et al. 2007a, b; Falquet et al. 2015). Tominaga and 
Uezu (1995) showed that extracts from the soil in which 
buckwheat had grown inhibited the root growth of barnyard 
grass and purslane (Portulaca oleracea) but not affected the 
growth of Galinsoga ciliata.

Buckwheat residues incorporated into soil might inhibit 
weed emergence and growth (Iqbal et al. 2003; Xuan and 
Tsuzuki 2004). Kumar et al. (2008) found that buckwheat 
residues in soil reduced the emergence and biomass of some 
weed species, such as redroot pigweed, shepherd’s purse, 
and corn chamomile, but not inhibited growth of barnyard 
grass. Buckwheat residues in soil also strongly hampered the 
growth of field pennycress (Thlaspi arvense), gallant soldier 
(Galinsoga parviflora), Canada thistle (Cirsium arvense) 
and narrowleaf plantain (Plantago lanceolata) (Kalinova 
2004). In studies by Gfeller et al. (2018), growth suppression 
of redroot pigweed, goosefoot and barnyard grass was found 
when weeds were co-cultivated with buckwheat.

Phenolic compounds released by plant residues present 
in soil are considered to be one of the main factors caus-
ing allelopathic effects for plants growing there (Blum et al. 
1999; Batish et al. 2002, 2007). In the soil, phenolics might 

be degraded and they can polymerise and condense with 
humic substances, adsorb to clay minerals or remain in a 
dissolved form (Blum 2004; Cecchi et al. 2004; Rabinovich 
et al. 2004; Li et al. 2013). In soils, phenolics are mainly 
degraded by fungi and bacteria. Various strains of microbes 
effectively and rapidly decomposed p-coumaric, ferulic, 
p-hydroxybenzoic and trans-cinnamic acids (Zhang et al. 
2010; Xie and Dai 2015). A variety of solvents have been 
applied to extract phenolic compounds in soils, e.g.: water, 
acetone, methanol and citrate solution. Citrate solution is 
effective for extracting phenolic acids bound to soil particles 
(Blum 1997).

Numerous allelopathic compounds, including flavonoids, 
phenolic acids, fatty acids, and alkaloids, were identified in 
common buckwheat tissues (Iqbal et al. 2002; Golisz et al. 
2007a, b; Kalinova et al. 2007; Kalinova and Vrchotova 
2009). However, there is no clear evidence which buckwheat 
compounds are directly responsible for its allelopathic prop-
erties. It is likely that a whole complex of compounds from 
this species, as well as microorganisms present in the soil 
are involved in this proces (Wirth and Gfeller 2016; Gfeller 
et al. 2018).

The following phenolic acids have been determined 
in the hypocotyl and cotyledons of buckwheat seedlings: 
o-, m-, and p-coumaric acids (2-, 3-, and 4-hydroxycin-
namic), sinapic acid (4-hydroxy-3,5-dimethoxycinnamic), 
caffeic acid (3,4-dihydroxycinnamic), and two isomers of 
ferulic acid (4-hydroxy-3-methoxycinnamic and 3-hydroxy-
4-methoxycinnamic) (Horbowicz et al. 2015; Wiczkowski 
et al. 2016). Moreover, hydroxybenzoic, protocatechuic, 
gallic and syringic benzoic acid derivatives have also been 
found in both the buckwheat organs. Major phenolic acids in 
buckwheat cotyledons are o-coumaric acid and sinapic acid, 
while caffeic and chlorogenic acid in the hypocotyl.

Most studies on buckwheat allelopathic features focus on 
the impact of extracts from the crop tissues or the residues of 
entire plants in the soil. An influence of 1% aqueous extract 
obtained from 14-day-old common buckwheat plants on 
wild oat (Avena fatua L.), yellow foxtail (Setaria glauca L.), 
barnyard grass (Echinochloa crus-galli L.), common wind-
grass (Apera spica-venti (L.), catchweed bedstraw (Galium 
aparine L.), scentless mayweed (Matricaria inodora L), 
gallant soldier (Galinsoga parviflora Cav.) and tiny vetch 
(Vicia hirsuta L.) has been examined recently (Szwed et al. 
2019a). The obtained results showed that the buckwheat 
extract exerted less influence on the growth of shoots than 
roots of the test species. The buckwheat extract added to the 
nutrient medium resulted in an inhibition of root growth of 
all the species except tiny vetch. In the case of weed shoot, 
growth inhibition by the buckwheat extract occurred only 
in wild oat. Moreover, the buckwheat extract activated an 
antioxidant response and increased the content of most phe-
nolic acids and flavonoids in the test weed species. We have 
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also demonstrated that there are differences in an impact on 
weeds of entire buckwheat plant residues and buckwheat 
root residues in the soil (Szwed et al. 2019b). These results 
showed an inhibition of barnyard grass and cleavers biomass 
accumulation caused by buckwheat root residues in the soil.

The studies presented here are a continuation of our pre-
vious work (Szwed et al. 2019b) and were carried out to 
assess the effect of buckwheat residues on the emergence, 
growth and basic metabolic reactions of weed seedlings and 
to check whether phenolic compounds released to soil from 
the buckwheat residues are related to allelopathic features 
of this species.

Materials and methods

Plant material and growth conditions

European monocotyledonous and dicotyledonous weed 
species that display strong competitive interactions were 
examined: barnyard grass (Echinochloa crus-galli (L.) P. 
Beauv.), wild oat (Avena fatua L.), yellow foxtail (Setaria 
pumila Schult.) and silky windgrass (Apera spica-venti L.), 
and dicotyledonous weeds included: catchweed bedstraw 
(Galium aparine L.), scentless mayweed (scentless chamo-
mile) (Matricaria inodora L.), and tiny vetch (hairy vetch) 
(Vicia hirsuta L.).

Weed seeds were collected from a natural population 
in arable fields in the vicinity of Radzyń Podlaski (51°48′ 
N, 22°38′ E, eastern Poland). In the case of yellow foxtail 
and catchweed bedstraw, seed dormancy was broken by 
two-week wet stratification. Vetch seeds were scarified as 
described by Kimura and Islam (2012). The seeds were then 
sterilised with 70% ethanol and sodium hypochlorite and 
stored at room temperature in dark and dry conditions.

The study was conducted in controlled conditions 
in a pot experiment with temperature 24 ± 2  °C during 
the day (16 h) and 18 ± 2 °C during the night (8 h). PAR 
(100–120 µmol m−2 s−1) was provided by high-pressure 
sodium lamps (400 W, Plantaster, Osram, Germany). Seeds 
of common buckwheat, cv. Hruszowska (ca. 300; 10 g per 
one container), were sown containers (80 × 15 × 15 cm; 
length × with × depth) filled with 6 kg (18 dm3) of commer-
cial garden soil (HIT-TORF, pH = 6.48; 6.9 g N kg−1; 0.65 g 
P kg−1, Poland). The containers were watered in the morning 
as needed. After 14 days of buckwheat plant growth, the 
above-ground parts of buckwheat plants at 4 containers were 
removed. In another set of 4 containers the above-ground 
parts were cut with a knife and thoroughly mixed with 
roots and the soil. In the third set of containers buckwheat 
was not cultivated. An initial root biomass (BRR) in the 
soil of one container was 193 ± 32 g, and whole buckwheat 
plants (BPR) was 521 ± 44 g, on average. After dividing the 

containers into parts using glass plates, a different species of 
weeds were sown in each of them. The total number of sown 
weed seeds was 100–120. The same species were sown in 
each of the four containers.

Assay of emergence rate and growth of weeds

Each combination (control, BPR, and BRR) consisted of 
four containers in which weed seeds were sown (at the depth 
of 2–3 cm). Emergence rate was estimated 7 days after sow-
ing. The height of above-ground parts of weeds was deter-
mined after 30 days from sowing (DAS). The mean height 
of plants from each container was considered one replicate.

Analysis of phenolic compounds in soil

The profile and content of phenolic acids and flavonoids in 
soil after 7 days of decomposition of buckwheat residues 
were determined according to the method described previ-
ously (Wiczkowski et al. 2016; Szwed et al. 2019b). Extracts 
were obtained from 50- to 200-g soil samples by shaking 
with water, citrate, acetone and methanol for 1 day, and then 
concentrated to dryness in a freeze dryer. Pulverised samples 
were analysed by HPLC–MS/MS for the concentration of 
various forms of phenolic acids and flavonoids (free, esters, 
and glycosides).

Other analytical details were described previously (Szwed 
et al. 2019b). The following phenolic compounds were ana-
lysed in soil extracts: ferulic acid, p-coumaric acid, chloro-
genic acid, caffeic acid, sinapic acid, vanillic and iso-vanillic 
acid, protocatechuic acid, syringic acid, luteolin, apigenin, 
kaempferol, and quercetin were. Each phenolic compound 
was quantified based on the HPLC–MS/MS peak area at 
the appropriate multiple reaction monitoring (MRM) 
according to the corresponding linear calibration curves 
(0.01–0.5 μg mL−1).

Analysis of metabolites in weeds

Analyses of the influence of BRR and BPR in soil on some 
biochemical indicators of weed species were carried out 
for barnyard grass, as a representative of monocotyledon-
ous plants, and catchweed bedstraw, as a dicotyledonous 
plant. The measurements were taken in above-ground parts 
of weeds at the end of the experiment (30 DAS) which were 
freeze-dried and pulverised in a laboratory mill. Total solu-
ble protein measurements were made using the Bradford 
method (1976). Samples of fresh plant tissues were homog-
enised with potassium phosphate buffer (pH 7.0) containing 
4% (w/v) polyvinylpyrrolidone. The homogenate was cen-
trifuged for 0.5 h at 12,000 g at 4 °C. Bradford reagent was 
added to the obtained supernatant. The samples were incu-
bated at room temperature and absorbance was measured 
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at 595 nm. The protein content was read from the standard 
curve prepared for known concentrations of bovine albumin.

The rate of lipid peroxidation process was analysed on 
the basis of measurements of the malondialdehyde (MDA) 
in freeze-dried plant tissues. After homogenisation with 
80% ethanol content of MDA was measured as a result of 
the reaction with thiobarbituric acid (TBA). Samples were 
heated at 95 °C for 0.5 h, and after cooling were centrifuged 
(0.5 h, 3000g) and absorbance at 440, 532 and 600 nm was 
measured, and appropriate formulae were used to calculate 
MDA content (Hodges et al. 1999).

Chlorophyll a and b, and total carotenoids were analysed 
in 80% acetone extracts of freeze-dried and pulverised plant 
tissues. Samples were extracted for 24 h at room tempera-
ture in darkness with occasional shaking, and after filtration, 
quantified with a spectrophotometer (645, 883 and 470 nm) 
using formulas published by Lichtenthaler and Wellburn 
(1985)

Total phenolics were determined spectrophotometrically 
using Folin–Ciocalteau reagent (Singleton et  al. 1999). 
Phenolics from freeze-dried tissue were extracted with 80% 
ethanol. The extracts were diluted with water and Folin–Cio-
calteau reagent was added. Reagent mixtures were allowed 
to react at ambient temperature in darkness for 2 h, and the 
absorbance of supernatants was measured at 725 nm. Chlo-
rogenic acid was used for a standard curve preparation.

Anthocyanin content was measured as described by Man-
cinelli (1984). Freeze-dried samples were extracted with 1% 
HCl in methanol for 24 h at room temperature in darkness 
with occasional shaking. The extracts were filtered and their 
absorbance was measured at 530 and 657 nm. For calcula-
tion of anthocyanins content the formula A530–0.25A657 was 
used to compensate for the absorption of chlorophylls degra-
dation products. Anthocyanin content was calculated using 
a molecular extinction coefficient of cyanidin-3-glucoside 
(29,600).

The method described by Ordonez et al. (2006) was used 
for the analysis of the total flavonoid content. Freeze-dried 
samples were homogenised with 80% ethanol, the extract 
was filtered, and after dilution with water, 5% sodium nitrite 
was added. After 5 min. of incubation, 10% aluminium chlo-
ride was added. The samples were incubated for 5 min. and 
1-M NaOH was added. The absorbance was measured at 
510 nm. The total flavonoid content was calculated on the 
basis of a standard curve made for rutin.

A spectrophotometer UV-1800 UV/Vis, Rayleigh, was 
used to take the measurements of proteins, photosynthetic 
pigments, total phenolics, and MDA.

Statistical analyses

Analysis of variance (one-way ANOVA) and Tukey’s post 
hoc test were used to check the significance of differences. 

Calculations were performed using Statistica 12 (StatSoft, 
Poland).

Results

The presence of BPR and BRR in the soil caused a decline 
in an emergence of all the weed species, except tiny vetch 
(Fig. 1). BPR caused the highest reduction of emergence 
(more than twice compared to control) in the case of wind-
grass, yellow foxtail, catchweed bedstraw and scentless 
mayweed. A particularly large reduction in emergence rate 
was caused by BRR in the case of catchweed bedstraw and 
scentless mayweed, the suppression being nine- and fivefold 
higher, respectively, compared to control. The emergence 
decline due to BRR was significantly higher than that caused 
by BPR. The average emergence rates for dicotyledonous 
and monocotyledonous weeds under the influence of BPR 
and BRR were 31.5 and 29.4%, respectively, and were sig-
nificantly lower than for control plants (52.2%).

BRR inhibited the seedling growth of barnyard grass, 
wild oat, yellow foxtail, catchweed bedstraw, and scentless 
mayweed, and the inhibition was significantly higher than 
in the presence of BPR (Fig. 2). BPR had no effect on the 
growth of these weeds, but it stimulated the growth of wind 
grass seedlings. Similar to the influence on emergence, BRR 
greatly inhibited catchweed bedstraw and scentless mayweed 
growth (by 71 and 85%, respectively). For barnyard grass 
and yellow foxtail, growth decline reached 41 and 28%, 
respectively.

BRR evidently decreased soluble proteins in barnyard 
grass leaves and epicotyls, being twice as low as in the 
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Fig. 1   Effect of entire buckwheat plant (BPR) and buckwheat root 
(BRR) in the soil on emergence of weed species. 1, barnyard grass 
(Echinochloa crus-galli L.); 2, wind grass (Apera spica-venti L.); 3, 
wild oat (Avena fatua L.), 4, yellow foxtail (Setaria pumila Schult.), 
5, catchweed bedstraw (Galium aparine L.); 6, scentless mayweed 
(Matricaria inodora L.) 7, tiny vetch (Vicia hirsuta L.). Results 
(mean SD) marked with the same letter are not significantly different 
at P < 0.05
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tissues of control plants (Table 1). Also, BPR reduced pro-
teins in epicotyls of barnyard grass, but increased their level 
in catchweed bedstraw leaves and stems. BRR significantly 

increased the accumulation of phenolic compounds (total 
phenols, total flavonoids and anthocyanins) in both test 
weed species (Table 1). The impact of BPR on levels of 
these compounds was lower and not always statistically sig-
nificant. In general, the level of malondialdehyde (MDA) 
increased under the influence of BPR and BRR, although 
the significance of this increase was demonstrated only for 
barnyard grass epicotyls in plants grown in the presence of 
BRR (Table 1).

Chlorophyll a and b contents in the tissues of barnyard 
grass and catchweed bedstraw were reduced by BPR and 
BRR (Table 2). Levels of the chlorophylls in barnyard grass 
tissues were more than twice as low as in the presence 
of BRR in soil compared with control plants, while BPR 
reduced them by only about 40%.

Also in catchweed bedstraw leaves, BRR significantly 
reduced chlorophyll contents, being about 3.5 times as low 
as in the leaves of control plants (Table 2). The influence 
of BPR and BRR on the level of total carotenoids in weed 
tissues was low (Table 2). However, BRR was found to be 
a stronger inhibitor of the accumulation of these pigments 
than BPR.

After a seven-day decomposition of buckwheat residues, 
only a few phenolic compounds present in buckwheat tissues 
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Fig. 2   Effect of entire buckwheat plant (BPR) and buckwheat root 
(BRR) in the soil on growth of weed species (expressed as a height of 
above-ground parts). 1, barnyard grass (Echinochloa crus-galli L.); 2, 
wind grass (Apera spica-venti L.); 3, wild oat (Avena fatua L.), 4, yel-
low foxtail (Setaria pumila Schult.), 5, catchweed bedstraw (Galium 
aparine L.); 6, scentless mayweed (Matricaria inodora L.) 7, tiny 
vetch (Vicia hirsuta L.). Results (mean SD) marked with the same let-
ter are not significantly different at P < 0.05

Table 1   Effect of entire 
buckwheat plant residues (BPR) 
or buckwheat root residues 
(BRR) in the soil on proteins, 
phenolic compounds and 
malonic dialdehyde (MDA) in 
the tissues of barnyard grass 
(Echinochloa crus-galli L.) and 
catchweed bedstraw (Galium 
aparine L.)

All data are presented as the mean ± SD. Results followed by the same letter within a rows are not signifi-
cantly different at P < 0.05. Comparisons were made between control, buckwheat plant residues (BPR) and 
buckwheat root residues treatments (BRR) within each combination of constituents and within leaves and 
epicotyls or within leaves and stems

Analysed constitutent Analysed tissue Control BPR BRR

Barnyard grass
 Soluble proteins (mg g−1 FW) Leaves 34.75 ± 6.41a 26.23 ± 2.24a 17.55 ± 0.79b

Epicotyl 35.80 ± 5.33a 16.07 ± 1.40b 14.35 ± 0.87b

 Total phenols (mg g−1 DW) Leaves 13.17 ± 1.59b 15.65 ± 0.27b 22.51 ± 1.54a

Epicotyl 7.58 ± 0.20b 8.96 ± 0.26a 10.20 ± 0.58a

 Total flavonoids (mg g−1 DW) Leaves 20.35 ± 1.99c 27.08 ± 0.81b 37.11 ± 2.35a

Epicotyl 9.64 ± 0.18b 12.32 ± 0.28ab 14.31 ± 0.56a

 Anthocyanins (µg g−1 DW) Leaves 114.05 ± 8.57c 145.11 ± 14.22b 282.86 ± 9.97a

Epicotyl 106.73 ± 4.36c 185.58 ± 5.73b 342.43 ± 8.23a

 MDA (nmol g−1 DW) Leaves 53.88 ± 8.84a 58.97 ± 2.37a 68.15 ± 6.59a

Epicotyl 63.92 ± 2.95b 66.15 ± 4.72b 87.03 ± 5.10a

Catchweed bedstraw
 Soluble proteins (mg g−1 FW) Leaves 71.84 ± 1.32b 87.96 ± 4.28a 55.02 ± 2.33c

Stem 24.54 ± 1.51ab 27.04 ± 2.98a 19.00 ± 1.45b

 Total phenols (mg g−1 DW) Leaves 22.50 ± 0.85b 19.14 ± 0.87b 36.41 ± 1.81a

Stem 11.91 ± 0.51b 11.74 ± 0.33b 29.45 ± 2.11a

 Total flavonoids (mg g−1 DW) Leaves 42.61 ± 1.74b 34.13 ± 1.40c 67.50 ± 3.04a

Stem 19.35 ± 1.06b 18.93 ± 0.53b 51.79 ± 2.76a

 Anthocyanins (µg g−1 DW) Leaves 226.5 ± 8.12b 191.7 ± 16.70b 272.6 ± 4.68a

Stem 359.8 ± 7.88c 399.1 ± 8.06b 847.5 ± 20.44a

 MDA (nmol g−1 DW) Leaves 267.0 ± 14.74a 239.5 ± 7.19a 239.2 ± 5.82a

Stem 288.4 ± 21.13ab 236.0 ± 35.11b 315.5 ± 9.76a
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occurred in the soil extracts (Tables 3 and 4). Water extracts 
contain ortho-, meta- and para-coumaric acids, and low lev-
els of apigenin. The share of free forms of these compounds 
was low, and they appeared mainly as esters. The level of 
phenolic acids and apigenin in the sodium citrate extract 
was much higher than in the aqueous extract. In this case, 
also ester forms were present at the highest concentrations. 
When acetone and methanol were used for soil extraction, 
p-coumaric, ferulic and caffeic acids were found. Among 
these acids, only p-coumaric acid was found at relatively 
high levels, caffeic acid being found at trace amounts. As 
with the aqueous extract, esters were the primary form of 
these acids.

Apart from the acids listed in Tables 3 and 4, the follow-
ing acids determined by HPLC–MS method were absent in 
soil extracts: sinapic, trans-cinnamic, chlorogenic, gallic, 
protocatechuic, vanillic and syringic acid. Quercetin, luteo-
lin and kaempferol derivatives were not found, either. It is 
worth noting that the content of phenolic compounds in the 
control soil in many cases was higher or equal to that in the 
soil with root residues (BRR) or whole buckwheat plants 
(BPR). And in several cases, phenolics content in soil with 
BRR was even higher than in soil containing BPR.

Table 2   Effect of entire buckwheat plant residues (BPR) or buck-
wheat root residues (BRR) in the soil on content (mg g−1 DW) of 
chlorophylls and carotenoids in the tissues of barnyard grass (Echi-
nochloa crus-galli L.) and catchweed bedstraw (Galium aparine L.)

All data are presented as the mean ± SD. Results followed by the 
same letter within a rows are not significantly different at P < 0.05. 
Comparisons were made between control, buckwheat plant residues 
(BPR) and buckwheat root residues treatments (BRR)

Analysed pigment or tissue Control BPR BRR

Barnyard grass
 Chlorophyll a, leaves 4.65 ± 0.25a 2.93 ± 0.02b 1.78 ± 0.06c

 Chlorophyll a, epicotyl 1.05 ± 0.04a 0.66 ± 0.03b 0.39 ± 0.02c

 Chlorophyll b, leaves 1.32 ± 0.12a 0.82 ± 0.04b 0.51 ± 0.02c

 Chlorophyll b, epicotyl 0.39 ± 0.04a 0.23 ± 0.04b 0.16 ± 0.03b

Catchweed bedstraw
 Chlorophyll a, leaves 3.88 ± 0.08a 3.27 ± 0.12a 0.88 ± 0.03b

 Chlorophyll a, stem 0.82 ± 0.04a 0.93 ± 0.03a 0.40 ± 0.01b

 Chlorophyll b, leaves 1.57 ± 0.05a 1.20 ± 0.07a 0.32 ± 0.01b

 Chlorophyll b, stem 0.33 ± 0.02a 0.38 ± 0.02a 0.17 ± 0.02b

Carotenoids
 Barnyard grass, leaves 0.73 ± 0.04a 0.53 ± 0.03b 0.38 ± 0.03c

 Barnyard grass, epicotyl 0.20 ± 0.01a 0.13 ± 0.01b 0.09 ± 0.02b

 Catchweed bedstraw, 
leaves

0.70 ± 0.01a 0.59 ± 0.03b 0.25 ± 0.01c

 Catchweed bedstraw, 
stem

0.18 ± 0.01ab 0.20 ± 0.02a 0.13 ± 0.02b

Table 3   The content of various 
forms of phenolics in the 
aqueous extract and citrate 
extract from the control soil 
and containing the residues of 
entire buckwheat plants (BPR) 
or buckwheat roots (BRR) (µg 
g−1 of soil)

All data are presented as the mean of two replicates. Results followed by the same letter within a rows are 
not significantly different at P < 0.05. Comparisons were made between control, buckwheat plant residues 
(BPR) and buckwheat root residues treatments (BRR) within each combination of constituents

Analysed soil Water extract Citrate extract

Free Esters Glycosides Free Esters Glycosides

para-Coumaric acid
Control 0.001b 0.100a Nd Nd 2.921a Nd
BPR Nd 0.046b Nd Nd 0.969c Nd
BRR 0.010a 0.093a Nd Nd 1.859b Nd
ortho-Coumaric acid
Control Nd 0.089a Nd Nd 0.045b Nd
BPR Nd 0.027b Nd Nd 0.076b Nd
BRR Nd 0.103a Nd Nd 0.142a Nd
meta-Coumaric acid
Control 0.011a 0.214a Nd 0.897a 5.437a Nd
BPR 0.013a 0.085b Nd 0.460b 3.113b Nd
BRR 0.030a 0.258a Nd 0.469b 3.290b Nd
Apigenin
Control 0.004a Nd Nd 0.879a Nd Nd
BPR 0.009a Nd Nd 0.941a Nd Nd
BRR 0.006a Nd Nd 1.129a Nd Nd
Total phenolics
Control 0.016b 0.403a Nd 1.838a 8.434a Nd
BPR 0.022b 0.155b Nd 1.339c 4.127c Nd
BRR 0.046a 0.454a Nd 1.598b 5.291b Nd
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Discussion

In studies on allelopathic weed control, measurements of 
seed germination and seedling growth in in vitro culture are 
mainly used (Yang et al. 2002; Kalinova et al. 2007; Golisz 
et al. 2007a, b; Oyerinde et al. 2009; Kaur et al. 2012). In 
soil conditions, however, the remains of entire buckwheat 
plants are used to assess the allelopathic effect on weeds 
(Iqbal et al. 2003; Xuan and Tsuzuki 2004; Kumar et al. 
2008, 2009). Results of these studies showed that com-
mon buckwheat was effective for suppressing the growth 
of quackgrass (Elymus repens L.) (Golisz et al. 2007a, b), 
amaranth (Amaranthus powellii), shepherd’s-purse (Cap-
sella bursa-pastoris), and corn chamomile (Anthemis arven-
sis) (Kumar et al. 2008, 2009). The residues of buckwheat 
in soil also curbed the growth of field pennycress (Thlaspi 
arvense L.), gallant soldier (Galinsoga parviflora), Canada 
thistle (Cirsium arvense) and narrowleaf plantain (Plantago 
lanceolata) (Kalinova 2004).

In our previous study, the biomass of 30-day-old barn-
yard grass (Echinochloa crus-galli) and catchweed bedstraw 
(Galium aparine) plants grown in bare soil was approxi-
mately 5- and 3.5-fold higher, respectively, than in plants 
grown in soil with buckwheat root residues (BRR) (Szwed 
et al. 2019b). The biomass of wind grass and tiny vetch 
plants was not affected by BRR but the antioxidant response 
was increased by raising peroxidase activity and content of 
phenolic compounds. This indicates that the weeds have 
adapted to stress conditions. It was demonstrated in the 

present study that BRR and BPR inhibited emergence of 
all weed species, except tiny vetch. Both types of residues 
had a particularly marked inhibitory effect on windgrass, 
catchweed bedstraw and scentless mayweed emergence. 
The growth inhibition of seedlings in the majority of the 
evaluated species was evident in the presence of BRR and 
not BPR. BRR significantly inhibited growth of 30-day-old 
seedlings of barnyard grass, wild oat, yellow foxtail, catch-
weed bedstraw, and scentless mayweed. These results partly 
confirm previous observations in which water extracts from 
the soil from buckwheat cultivation inhibited the elonga-
tion of barnyard grass roots under in vitro conditions (Tomi-
naga and Uezu 1995; Kalinova and Vrchotova 2009). Fur-
thermore, in recently described experiments, Gfeller et al. 
(2018) have found that barnyard grass height was reduced by 
77% when it was grown together with buckwheat. Aryakia 
et al. (2015) also showed that water extracts from fennel 
roots (Foeniculum vulgare) had a higher allelopathic effect 
on goosefoot (Chenopodium album L.) than extracts from 
above-ground parts.

The reason why buckwheat root residues more effectively 
inhibit the growth of weeds than residues of entire buck-
wheat plants is not clear. It is assumed that the mechanism 
by which allelochemicals directly suppress weeds may be 
accompanied by indirect effects related to the control of 
fungal pathogens and competition for soil nutrients (Kumar 
et al. 2009). When the buckwheat residues are deposited 
in the soil, nitrogen can become immobilised, which can 
lead to a shortage of this element and thus additional growth 

Table 4   The content of various 
forms of phenolics in the 
acetone and methanol extract 
from the control soil and 
containing the residues of entire 
buckwheat plants (BPR) or 
buckwheat roots (BRR) (µg g−1 
of soil)

All data are presented as the mean of two replicates. Results followed by the same letter within a rows are 
not significantly different at P < 0.05. Comparisons were made between control, buckwheat plant residues 
(BPR) and buckwheat root residues treatments (BRR) within each combination of constituents

Analysed soil Acetone extract Methanol extract

Free Esters Glycosides Free Esters Glycosides

para-Coumaric acid
Control 0.008a 4.391a Nd 0.001a 0.704a Nd
BPR 0.004a 2.346c Nd 0.001a 0.541b Nd
BRR 0.006a 3.465b Nd 0.001a 0.505b Nd
Ferulic acid
Control Nd 0.056a Nd Nd 0.017a Nd
BPR Nd 0.044a Nd Nd 0.015a Nd
BRR Nd 0.051a Nd Nd 0.018a Nd
Caffeic acid
Control Nd 0.003a 0.012a Nd 0.003a 0.005a

BPR Nd 0.002a 0.010a Nd 0.003a 0.002a

BRR Nd 0.003a 0.010a Nd 0.003a 0.004a

Total phenolics
Control 0.008a 4.450a 0.012a 0.001a 0.724a 0.005a

BPR 0.004a 2.392b 0.010a 0.001a 0.559b 0.002a

BRR 0.006a 3.519a 0.010a 0.001a 0.526b 0.004a
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restriction (Kumar et al. 2008, 2009). The time of incor-
poration of plants into the soil is also important for weed 
control to be effective (Kruidhof et al. 2011). It is commonly 
believed that allelopathic effects are usually not related to 
a single substance but a mixture of allelochemicals (Cheng 
and Cheng 2015). Therefore, it is possible that the decaying 
roots of buckwheat produce an active set of allelochemicals 
in soil, and the decomposition of entire plants can disturb 
production of these compounds directly or indirectly through 
microorganisms existing there, as was suggested by Kumar 
et al. (2009).

During decomposition of plant residues, phytotoxic 
compounds such as phenolics can be released into the soil. 
Buckwheat tissues rich in phenolic compounds were the 
subject of studies evaluating their allelopathic properties 
(Tominaga and Uezu 1995; Xuan and Tsuzuki 2004; Golisz 
et al. 2007a, b; Kalinova et al. 2007; Kalinova and Vrchotova 
2009; Szwed et al. 2019a). However, current results showed 
that the content of these compounds in the soil was low and 
below 6 µg g−1, i.e., below 10–7 M. These results indicate 
that the direct allelopathic effect of phenolic compounds 
derived from decomposing buckwheat tissues is small or 
insignificant. Moreover, the share of free forms of these 
compounds was negligible. Their content in the control soil 
was generally equal to or even higher than in soil containing 
root residue (BRR) or whole buckwheat plants (BPR).

Most of the phenolic compounds present in buckwheat 
tissues were not found in soil extracts. No sinapic, trans-
cinnamic, chlorogenic, gallic, protocatechuic, vanillic and 
syringic acid. were found in the soil. Quercetin, luteolin and 
kaempferol derivatives were not found, either. Furthermore, 
it is particularly surprising that the soil lacks trans-cinnamic 
acid which occurs at high concentrations in buckwheat tis-
sues (Wiczkowski et al. 2016). This may indicate that they 
are probably rapidly chemically/biochemically transformed 
or used by soil micro-organisms. It may indicate that the 
direct effect of buckwheat phenolic compounds on inhibi-
tion of germination and growth of the test weed species is 
insignificant. Our results partly confirm the previously pub-
lished data on the impact of buckwheat on redroot pigweed 
(Amaranthus retroflexus) (Wirth and Gfeller 2016). These 
authors suggest that buckwheat inhibiting the growth of 
redroot pigweed is not due to the presence of allelopathic 
compounds. The reason for this may be that buckwheat 
allelochemicals are rapidly degraded or their concentra-
tion in the soil solution is too low. An example of indirect 
influence of allelopathic compounds in soil is the fact that 
ferulic acid, p-hydroxybenzoic acid and hydroxamic acid 
may curb the population of soil microorganisms responsible 
for the nitrification process (Ma 2005). Another reason for 
this might be the fact that a kind of symbiosis or balance 
between roots and soil microorganisms is established during 
cultivation of buckwheat. On the basis of the root exudates, 

microorganisms can produce and release allelopathic com-
pounds into the soil, thus reducing the emergence and 
growth of other plants. The introduction of above-ground 
parts of buckwheat (BPR) rich in various phenolic com-
pounds into the soil probably disturbs this symbiosis and/or 
the microorganism population. As a result, the microorgan-
isms may reduce the production of compounds that may have 
allelopathic properties. This hypothesis (or rather specula-
tion) requires confirmation by extensive microbiological and 
chemical examination of the soil.

Another way that can cause changes in the composi-
tion and content of phenolic acids in soil is associated with 
lignin synthesis. Lignin, the end product of phenylpropanoid 
metabolism in plants, plays an important role in their resist-
ance to stress conditions (Boerjan et al. 2003). It is known 
that lignins can be acylated by various phenolic acids, 
including derivatives of benzoic and cinnamic acids (Ralph 
2010; Zhang et al. 2019).

The effect of phenolic compounds on a decline in chloro-
phyll and carotenoids contents and photosynthesis is known 
(Baziramakenga et al. 1994; Yang et al. 2002; Oyerinde et al. 
2009). Reduction in the photosynthetic pigments may be 
associated with the inhibition of their biosynthesis and/or 
its degradation as a result of the allelopathic stress (Yang 
et al. 2002). Peng et al. (2004) have pointed out that many 
phenolic allelochemicals affect the photosynthesis and plant 
growth by destroying chlorophyll. The results obtained in 
this study indicate that the presence of buckwheat residues 
reduced the content of photosynthetic pigments: chloro-
phylls and carotenoids. In the tissues of barnyard grass and 
catchweed bedstraw, a high decrease in the accumulation of 
these pigments was particularly evident in the case of BRR.

The inhibition of growth and the decline in photosyn-
thetic pigments was accompanied by a decrease in soluble 
proteins, which indicates that the presence of buckwheat res-
idues interferes with the basic metabolic processes of weeds. 
The results confirm previous findings where allelochemi-
cals from other plants caused a decrease in protein content 
(Padhy et al. 2000; Gulzar et al. 2014). Baziramakenga et al. 
(1997) suggest that this decrease is due to the interruption of 
the inclusion of certain amino acids in protein chains.

According to the available data, the accumulation of 
reactive oxygen species (ROS) in plant cells is affected by 
numerous allelopathic compounds present in the environ-
ment (Pergo and Ishii-Iwamoto 2011; Kaur et al. 2012). ROS 
decompose the polyunsaturated lipids, forming malonic dial-
dehyde (MDA) which is a biomarker of the magnitude of 
oxidative stress (Davey et al. 2000).

In response to the stress caused by buckwheat residues 
in the soil, higher levels of phenolic compounds, especially 
flavonoids, were accumulated in the tissues of barnyard 
grass and catchweed bedstraw. This was particularly evi-
dent under the influence of BRR. BRR also increased MDA 
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levels in the leaves of barnyard grass, but not in catchweed 
bedstraw. Therefore, the results obtained should be treated 
with caution.

Conclusions

In a pot study, entire buckwheat plant residues (BPR) and 
buckwheat root residues (BRR) inhibited the emergence and 
growth of most test weed species. Growth of barnyard grass, 
wild oat, yellow foxtail, catchweed bedstraw, and scentless 
mayweed was inhibited by BRR, but not BPR. The height 
of 30-day-old control seedlings of scentless mayweed and 
catchweed bedstraw was approximately fourfold and 3.5-
fold higher, respectively, than plants grown in the presence 
of BRR. Moreover, BRR had a stronger inhibitory effect 
on chlorophyll and carotenoid accumulation in tissues of 
examined weed species than BPR. BPR and especially BRR 
increased the level of phenolic compounds, especially flavo-
noids and anthocyanins in weed tissues. Soil with buckwheat 
residues contained a low level of phenolic compounds, 
which may indicate their slow release from these residues 
and/or rapid utilisation by microorganisms. A low concen-
tration of phenolic compounds may not be directly respon-
sible for allelopathic inhibition of emergence and growth 
of weeds.
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