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Abstract

Juglone (JU; 5-hydroxy-1,4-naphthoquinone) is an allelochemical synthetized by a wide range 
of Juglandaceae members. This compound evokes a wide array of detrimental effects in susceptible 
acceptor plants, including growth inhibition and impairments in the course of biochemical and 
physiological processes. Therefore, juglone may be considered as a potential bioherbicide in weed 
control in cereal crops. The purpose of our study was to determine the influence of JU treatment on 
the content of superoxide anion radical (O2

•−) - sensitive and early marker of oxidative stress, and the 
activity of superoxide dismutase (SOD) - enzyme that functions as a crucial component of the first 
line antioxidative defense in seed tissues. In the study we tested seeds of four selected plant species 
of cereal agrosystem: corn poppy (Papaver rhoeas L.), corn cockle (Agrostemma githago L.), spring 
wheat (Triticum aestivum L., cv. Nawra), and spring oat (Avena sativa L., cv. Maczo). Additionally, 
the allelopathic influence of JU on seed germination of the studied plant species was investigated. The 
seeds were exposed to three examined juglone concentrations: 0.001, 0.1, and 10 mM (4% methanol-
deionized water solutions), whereas the control seeds were treated with aqueous methanolic solutions 
(4%). Obtained results evidenced much more severe suppression of germination process and robust 
generation of superoxide anion radical in the tested weeds, compared to the cereals, and the crucial role 
of superoxide dismutase in limiting the juglone-induced oxidative stress in the studied seeds.
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Introduction

Nowadays, the phenomenon of allelopathy is 
increasingly used in agriculture, especially in organic 
farming. So far, numerous examples of secondary 
metabolites applied in regulation of weed infestation 
in various agricultural crop systems have been 
reported [1-8]. A strong allelopathic potential of walnut 
trees (Juglandaceae members) which synthesize the 
phytotoxin juglone (JU; 5-hydroxy-1,4-naphthoquinone) 
has been reported [9-13]. This allelocompound is 
able to induce a broad range of severe morphological 
changes such as necrosis, chlorosis, suppression of 
seed germination, and seedling growth, and decrease 
the fresh and dry mass of shoots and roots of 
susceptible acceptor plants [14-16]. Juglone-affected 
damages in the plant tissues arise as a result of both 
biochemical and molecular alternations in the cells 
[17-18]. Juglone interrupts the course of several 
physiological processes such as cellular respiration 
and photosynthesis by interfering with the transport  
of electrons in mitochondrial and chloroplast  
membranes [16]. Moreover, this naphthoquinone may 
also disturb the uptake of nutrients through inhibiting 
the activity of plasma membrane H+-ATPase [19] 
and stimulate the lignification process [20], which 
is associated with the repression of plant growth. 
Additionally, studies performed by Chi and co-authors 
[21] evidenced that juglone treatment upregulated 
827 genes in the rice root cells and simultaneously 
downregulated 142 genes linked to secondary 
metabolism. Sytykiewicz [17] also found that juglone 
applications caused significant alternations in expression 
of GstI gene (encoding glutathione transferase, GST) 
in maize coleoptiles and roots. Elevation in abundance 
of GSTI transcript in maize seedlings after 4-day JU 
exposure has been revealed, along with a decline in 
expression of the tested gene at 6 and 8 days of the 
experiments [17]. 

It has been hypothesized that juglone treatments  
may trigger excessive formation of reactive oxygen 
species (ROS) in plant cells [22]. Despite many 
allelopathic studies, the exact mode of action of 
5-hydroxy-1,4-naphthoquinone has not yet been 
fully understood. Therefore, in the current work, an 
attempt was made to investigate the impact of this 
allelocompound on the generation of oxidative stress in 
the seeds of selected weeds and cereals occurring in the 
cereal agrosystem. 

The purpose of the performed study was to establish 
the effect of JU treatments on levels of two commonly 
used and sensitive biochemical markers of oxidative 
stress in plant tissues: the content of superoxide anion 
radical (O2

•−) and the activity of superoxide dismutase 
(SOD), in seed tissues of selected plant species of cereal 
agrosystem (i.e., corn poppy, corn cockle, spring wheat, 
and spring oat). In addition, germination of the studied 
seeds under JU exposure was compared. 

Material and Methods

Plant Materials and Conditions of the Experiment

Seeds of four plant species of cereal agrosystem 
were tested (two weeds: corn poppy (Papaver rhoeas 
L.), corn cockle (Agrostemma githago L.), and two 
cereals: spring wheat (Triticum aestivum L., cv. Nawra) 
and spring oat (Avena sativa L., cv. Maczo)). The seeds 
were purchased from local grain companies: Strzelce 
Sp. z o.o., IHAR Group (Kończewice, Poland), PNOS 
(Ożarów Mazowiecki, Poland), and Przedsiębiorstwo 
Hodowlano-Nasienne W. Legutko (Jutrosin, Poland). 
Seed germination was performed under controlled 
conditions (22±2ºC/day and 16±2ºC/night, relative 
humidity 65±5%, and photoperiod 16L:8D) in an 
environmental chamber. The seeds of examined plants 
were placed on Petri dishes lined with Whatman No. 1 
filter paper and moistened with JU solutions at 0.001, 
0.1, and 10 mM (4% methanol-deionized water). The 
examined concentrations of JU were selected on the 
basis of preliminary studies performed by our research 
group. The control seeds were treated with aqueous 
methanol solution (4%). The seed germination process 
of the tested plant species was assessed after 8 days 
of continuous JU treatments, according to the protocol 
of Polish Norm: PN-R-65950 [23]. All the biotests 
were performed in four replications. Each round of the 
experiments comprised 100 seeds of the studied plant 
species per JU concentration.

Biochemical Analyses

The content of superoxide anion radical and the 
activity of superoxide dismutase in seeds of the 
investigated plants were determined at 1, 2, and 3 days 
of JU exposure. The analyses were conducted using a 
microplate UV-Vis spectrophotometer (Epoch, BioTek 
Instruments, Inc., USA). Chemical reagents used in the 
study were purchased from Sigma-Aldrich (Poland). 
The content of superoxide anion radical in the seed 
samples was quantified according to the method of 
Shah et al. [24], based on a reduction of nitrotetrazolium 
blue (NBT). The seeds (0.5 g) were homogenized in  
a mortar with 5 cm3 Na-phosphate buffer (100 mM; 
pH = 7.2) containing 1 mM of diethyldithiocarbamate 
(SOD inhibitor). The samples were centrifuged at 
18,000 × g for 15 min. at 4°C. The reaction mixture 
contained 1 cm3 of the supernatant and 0.5 cm3 
0.25 mM NBT. The initial absorbance (A0) at λ = 540 nm 
was measured. The reaction mixtures were incubated 
for 30 min., and next the final absorbance (A1) was 
recorded at the same wavelength. Absorbance increase 
was calculated based on the following equation:  
ΔA540 = A1 - A0. The content of superoxide anion radical 
was expressed as ΔA540 × min-1 × g-1 fresh weight (f.w.). 

Superoxide dismutase activity was determined 
in accordance with the Beauchamp and Fridovich 
procedure [25], with minor modifications. The method 
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is based on inhibition of superoxide anion radical 
production in reaction with xanthine oxidase (XOD) 
and xanthine (XS). The seeds (portions of 0.2 g) were 
homogenized in a mortar with 5 cm3 K-phosphate 
buffer (50 mM; pH = 7.0) and then centrifuged at  
10,000 × g for 10 min. (at 4ºC). Three types of the 
reaction mixtures were prepared: 1) test sample: 1.1 cm3 

Tris-HCl buffer (pH = 7.8), 0.1 cm3 XS, 0.1 cm3 0.25 mM
NBT, 0.1 cm3 of the supernatant, and 0.1 cm3 XOD 
(1.3 U × mg-1 protein); 2) positive control: 1.1 cm3 

Tris-HCl buffer, 100 mm3 XS, 0.1 cm3 NBT, and 
0.1 cm3 XOD; 3) blank sample: 1.2 cm3 Tris-HCl buffer, 
0.1 cm3 XS, and 0.1 cm3 NBT. The test sample and 
positive control were incubated for 25 min. at 25ºC, then 
the absorbance at λ = 560 nm was measured. The unit of 
SOD activity (U) was defined as the amount of enzyme 
extract that inhibited the NBT reduction rate by 50%. 
The specific SOD activity was expressed as U × mg-1 
protein.

Statistical Analysis

Results were displayed as mean (±SD) from four 
randomized series of the biotests. Biochemical analyses 
were carried out in three technical replications. 

STATISTICA 10 software (StatSoft, Poland) was 
employed to perform factorial ANOVA with consecutive 
Tukey’s post-hoc test, which assessed the influence 
of three examined factors (i.e., plant species, juglone 
concentrations and exposure time) and their interactions 
on the content of superoxide anion radical and SOD 
activity in the seed tissues. In addition, Pearson’s 
correlation coefficient (r) was evaluated in order to 
analyze relationships between JU concentrations and the 
number of germinated seeds. 

Results 

The tested treatments of juglone (0.001, 0.1, and  
10 mM) caused a decrease in the number of germinated 
seeds of all four examined plant species of the cereal 
agrosystem (i.e., spring wheat, spring oat, corn 
poppy, corn cockle); however, weed seeds were more 
sensitive to the studied allelochemical (Fig. 1, Table 1).  
The lowest applied concentration of JU (0.001 mM) 
evoked only about a 25% decrease in the number 
of germinated seeds of the examined cereals, but 
germination process of the seeds of corn poppy and 
corn cockle was more severely suppressed (88% and 
73%, respectively). After the application of 0.1 mM 
JU, at least 50% of cereal kernels germinated, whereas 
seeds of corn cockle germinated in only 15%, but in  
the case of corn poppy seeds this process was  
completely arrested. The highest investigated 
concentration of JU (10 mM) caused an inhibition of 
germination of wheat kernels by only 30% and oat by 
nearly 80%, whereas the seeds of two studied weed 
species did not germinate. 

Analyses carried out on seeds of the tested plants 
revealed that JU exposure triggered the generation of 
superoxide anion radical, compared to the non-treated 
control (Fig. 2, Table 2). The increases in the content 
of O2

•− in the examined seeds were dependent on JU 
concentration, duration of exposure time and plant 
species. In most cases, the highest overproduction 
of analysed ROS form in cereal kernels occurred at  
10 mM JU, while in weed seeds at 0.001 or 0.1 mM JU. 
In oat kernels, 12-48% increases in the content of O2

•− 
after 1-day of JU application were found, but longer 
exposure to the tested naphthoquinone (2 and 3 days) 
resulted in higher elevations in production rate of the 
quantified radical (20-218% in relation to the control). 
Additionally, the wheat kernels responded in 29-95% 
increments in the content of O2

•− at 1-day JU treatment, 
and further increases (36-151%) were noted in the next 
two days of the biotests. In the case of the studied 
weeds, the highest level of O2

•− was recorded in the corn 
cockle seeds in the first two days of JU treatments, 
whereas in corn poppy seeds it was on the last day of 
the experiments. Generally, averaging the impact of all 
tested concentrations of JU and all days of exposure, 
seed tissues of the weeds produced c.a. 45% more O2

•− 
amount than the cereals compared to untreated controls. 

Fig. 1. The effect of juglone treatments on seed germination 
of tested plant species of cereal agrosystem after 8 days of 
experiments.
Control – germinated seeds of the examined plant species, 
untreated with juglone; different letters display significant 
differences between the mean values of germinated seeds 
(P<0.05; Tukey’s test).

Table 1. Pearson’s correlation coefficient (r) calculated between 
tested juglone concentrations and number of germinated seeds 
after 8 days of biotests.

Plant species Seed germination

Spring wheat -0.233

Spring oat -0.540

Corn poppy -0.992*

Corn cockle -0.904*

*significant at P<0.05
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JU at the lowest tested concentration (0.001 mM) caused 
about 4-fold higher formation of superoxide anion 
radical in the weed seeds than in the cereal kernels. In 
addition, weed seeds treated with 0.1 mM JU produced a 
c.a. 2-fold amount of O2

•− in comparison with the cereals. 
On the other hand, the highest concentration of juglone 
(10 mM) stimulated nearly 2-times higher generation of 

the quantified free radical in the cereal kernels than in 
the weed seeds in relation to the controls.

JU significantly modified the activity of superoxide 
dismutase in the tested seeds, depending on 
concentration, exposure time, and studied plant species 
(Fig. 3, Table 2). One-day exposure to all examined JU 
concentrations resulted in a decline of SOD activity  

Fig. 2. Impact of juglone exposure on the content of superoxide anion radical (O2
•−; ∆A

540
 × min

-1
 × g

-1 
f. w.) in seeds of the examined 

cereal  agrosystem plants after 1, 2, and 3 days of experiments.
a) spring wheat; b) spring oat; c) corn poppy; d) corn cockle; control – seeds of the tested plant species non-treated with juglone; different 
letters display significant differences in the content of O2

•− between seed tissues of the studied plant species (P<0.05; Tukey’s test).

Table 2. Three-factorial ANOVA results for the tested indicators (plant species, juglone concentrations, treatment time) and interactions 
on the activity of superoxide dismutase (SOD) and the content of superoxide anion radical (O2

•−) in seeds of the studied plant species 
(spring wheat, spring oat, corn poppy, corn cockle).

Source
SOD O2

•−

df F df F

Plant species (S) 3 834.2 (***) 3 355.4 (***)

Juglone concentrations (C) 3 273.0 (***) 3 593.1 (***)

Treatment time (T) 2 1,126.8 (***) 2 190.7 (**)

S × C 9 60.2 (*) 9 86.5 (*)

C × T 6 91.9 (*) 6 65.4 (*)

S × T 6 184.6 (**) 6 4.0 (ns)

S × C × T 18 47.3 (*) 18 1.5 (ns)

S – spring wheat, spring oat, corn poppy, corn cockle; C – 0 (untreated), 0.001, 0.1 and 10 mM;  
T – 1, 2, 3 days; * (P<0.05); ** (P<0.01); *** (P<0.001); df – degrees of freedom; ns – non-significant. 
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in the seeds of three tested species: spring oat, corn 
poppy, and corn cockle (2-47%, 7-35%, 12-65% 
decreases, respectively), but the reverse tendency in  
the enzyme activity was found in the wheat kernels  
(45-106% increases). In most cases, JU applications for 
2 or 3 days led to significant increments in the level of 
SOD activity in seed tissues of all tested plant species. 
Furthermore, it was established that lower juglone 
concentrations (0.001 and 0.1 mM) stimulated higher 
enhancement of SOD activity in examined seeds than  
a 10 mM JU treatment. In addition, it should be 
underlined that 10 mM JU applications resulted in 
repression of the analysed enzyme activity in seed 
tissues of two studied weeds (corn poppy and corn 
cockle). The highest elevations in SOD activity occurred 
in cereal kernels (spring wheat - 97% increase at 1-day 
exposure to 0.001 mM JU; spring oat - 106% increase 
after 2 days at 0.1 mM JU). In the case of investigated 
weed seeds, the maximal stimulation of SOD activity 
occurred after 3 days of JU exposure and reached much 
lower levels (corn poppy - 28% increase at 0.001 mM; 
corn cockle - 60% increment at 0.1 mM), in comparison 
with the control. Overall, the studied naphthoquinone 
caused an increase in the activity of SOD (the mean 
calculated for all investigated JU treatments) in seeds of 
spring wheat, spring oat, and corn cockle (29%, 23%, 
and 15%, respectively), but conversely, SOD activity in 
corn poppy seeds was inhibited by 20% in relation to 
the control.

Discussion

The carried out research showed that two tested 
dicotyledonous weeds (i.e., corn poppy and corn cockle) 
were more sensitive to the influence of juglone than the 
examined monocotyledonous cereals (i.e., spring wheat 
and spring oat). The recorded changes occurred in both 
morphological and biochemical levels of the tested 
plants, which could have been caused by the induction of 
oxidative stress by the JU, leading to disturbances in the 
functioning of the cells. Previous studies on the impact 
of JU on germination of cereal kernels included such 
species as barley, maize, and wheat [15, 17, 26]. Terzi 
and Kocaçalişkan [27] elucidated that JU treatment (1 
mM) had no negative impact on germination of wheat 
kernels, but inhibited this process in barley kernels 
(c.a. 10% reduction, relative to the control). Hao et al. 
[26] established that JU used at low concentrations (4 
and 20 μM) accelerated germination of wheat, while 
at higher levels (100-1250 μM) they inhibited this 
process. In other studies, it was shown that corn kernels 
treated with JU (0.1 and 10 μM) inhibited germination 
by about 10% and 20%, respectively [17]. Terzi [27] 
ascertained that the use of JU at concentrations of  
0.01-1.0 mM did not affect the germination of melon 
seeds, but caused a decrease in the number of germinated 
cucumber seeds from 20 to 50% (depending on the 
concentration). Other studies have shown that juglone 
(0.1 mM) reduced germination of corn poppy seeds in 

Fig. 3. Influence of juglone treatments on the activity of superoxide dismutase (SOD; U × mg
-1
 protein) in seeds of the tested cereal    

agrosystem plants after 1, 2, and 3 days of biotests.
a) spring wheat; b) spring oat; c) corn poppy; d) corn cockle; control – seeds of the tested plant species untreated with juglone; different 
letters display significant differences in SOD activity between seed tissues of the studied plant species (P<0.05; Tukey’s test).
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100%, tomato in over 30%, and dandelion in 70% [14]. 
Furthermore, Arabidopsis thaliana L. seeds did not 
germinate after exposure to juglone at concentrations 
of 0.5-1 mM [28]. These results indicate a crucial role 
of interspecies differences in plant response to the 
presence of juglone and differences in the reaction of 
a given species depending on the used concentration 
of this allelochemical. It has been reported that the 
investigated allelochemical induced circumstantial 
disturbances in cell division, elongation processes, 
and cell death [16, 29-30]. Terzi and Kocaçalişkan [15] 
revealed that exogenous application of JU (1 mM) 
markedly declined the length of wheat roots and shoots 
by 80% and 62%, respectively. In addition, the length of 
barley roots and shoots has been reduced by 48% and 
81%, respectively. Matok [14] also observed that JU at 
0.01 and 0.1 mM concentrations completely inhibited 
the growth of winter wheat roots and shoots by over 
60%, and decreased their biomass (by 55% and 95%, 
respectively). Furthermore, Hejl and Koster [19] noted 
that JU applications reduced the length of corn roots 
and shoots (25% and 20% declines, respectively) and 
decreased the dry mass of seedlings by 40%. In addition, 
Sytykiewicz [17] showed that even low concentrations 
of JU (0.1-10 μM) reduced the fresh weight of maize 
seedlings (15-53%) and also inhibited root growth  
(8-45%). Exposure to this naphthoquinone at 0.001 and 
0.05 mM concentrations also resulted in a reduction of 
the root length of rice by 10% and 80%, respectively 
[21]. Morphological changes caused by juglone were  
also studied for a few weed species [31]. JU treatments 
(1.15-5.74 mM) led to a strong inhibition of seedling 
growth and decline in the biomass in a concentration-
dependent manner. The tested naphthoquinone at the 
highest concentration evoked an inhibition of seedling 
growth of the pink corylus (Lamium amplexicaule L.) 
by 70% and the field osteoarthritis (Cirsium arvense 
/L./ Scop.) by 80%. There was also a decrease in the 
fresh mass of the pink corylus (65%) and the field 
osteoarthritis (99%), compared to the controls [31].

In the current study, it was strongly evidenced that 
JU exposure induced significant pro-oxidative responses 
in the tested seeds. However, higher increases in the 
content of superoxide anion radical occurred in the 
examined weed seeds in comparison with wheat and 
maize kernels. Conversely, the studied cereal seeds 
responded to considerably greater enhancement in 
SOD activity, evidencing more efficient antioxidative 
responses compared to the weed ones. Overproduction 
of highly toxic and reactive O2

•− radicals may lead to 
oxidative damage to the structures of nucleic acids, 
proteins, lipids, and sugars, as well as initiate the 
mechanism of programmed cell death in plant tissues 
[16, 32]. Superoxide dismutases (SODs) comprise a 
diverse group of plant enzymes involved in the first 
line of anti-oxidative defense reactions. SOD isoforms 
are localized in several cell compartments (e.g., 
mitochondria, peroxisomes, chloroplasts, cytosol) and 
catalyze dismutation reaction of superoxide anion radical 

to less toxic hydrogen peroxide (H2O2) and molecular 
oxygen [33-34]. Despite the content of superoxide anion 
radicals and activity of the superoxide, dismutase are 
largely considered as sensitive markers of pro- and anti-
oxidative responses, respectively, in plants subjected to 
adverse environmental stimuli [22, 32-41]. The effects 
of JU exposure on the level of these parameters in the 
seeds of cereal or weed species are largely unknown. 

Recently, Nowicka et al. [42] revealed that JU 
treatments (20 μM) stimulated the formation of lipid 
hydroperoxides and decreased the content of prenyllipid 
antioxidants in microalga Chlamydomonas reinhardtii 
in relation to the control. Furthermore, the formation 
of semiquinone radicals in JU-stressed cells with the 
application of electron paramagnetic resonance (EPR) 
spectroscopy were confirmed. Furthermore, Kurtyka et 
al. [22] documented JU-induced increases in the amount 
of hydrogen peroxide, in parallel with augmentation 
in SOD and catalase activities in maize coleoptiles. 
It has been found that JU exposure increased the 
accumulation of H2O2, especially in the cytosol and cell 
wall spaces in maize tissues. According to Chen and co-
workers [43], pretreatment with proline (Pro), alleviated 
allelochemical stress in JU-exposed tobacco seedlings. 
Moreover, it was found that JU applications increased 
the expression of two genes (ornithine aminotransferase 
and pyrroline-5-carboxylate synthetase) and participated 
in Pro biogenesis, as well as downregulating the proline 
dehydrogenase gene linked to catabolic turnover of 
this amino acid in tobacco roots. The involvement 
of proline in overcoming JU-induced stress in plant 
cells has been suggested. Additionally, a few reports 
have elucidated that the transport of JU in soil may 
be significantly enhanced by fungal hyphae, hence 
modifying its biological effects [44-45]. On the other 
hand, results of numerous in vitro studies evidenced a 
strong antimicrobial and antiparasitic impact of JU or 
extracts derived from walnut tissues [46-52]. The use of 
allelopathy phenomenon in crop production is gaining 
increased recognition, particularly in organic farming. 
One of the important tasks of the integrated agronomic 
systems is protection of biodiversity and the use of 
natural compounds to combat plant diseases, pests, and 
weed infestation in the crop cereals. Examples of plant 
species (or secondary metabolites derived from their 
tissues) used for regulation of weed infestations in a 
variety of agricultural crops have been widely described 
[18, 53-55]. However, only in-depth insight into the 
basis of both biochemical and molecular mechanisms of 
allelochemical interactions between plants comprise a 
rationale application of allelopathy in agrosystems. 

Conclusions

It has been evidenced that JU applications have 
caused a markedly higher suppression of germination 
process of the examined weed seeds (i.e., corn poppy 
and corn cockle) in comparison with the cereal ones 
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(i.e., spring wheat and spring oat). In general, we found 
a substantially greater overproduction of superoxide 
anion radical and lesser increment in SOD activity in 
JU-treated weed seeds compared to the cereals. The 
allelopathic potential of JU toward the seeds of corn 
poppy and corn cockle is associated with triggering 
oxidative stress. The obtained results indicated that JU 
at lower concentrations may be potentially used as the 
bioherbicide in weed management strategies, including 
cereal agrosystems. However, further comprehensive 
studies should be performed. 
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