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Botrytis cinerea Pers. Ex. Fr. is one of  the most 
extensively studied necrotrophic fungal pathogens 
and causes grey mould rot in more than 500 plant 
species. This pathogen has  a  disastrous economic 
impact on various economically important crops, 
including vegetables (e.g. lettuce, spinach, bean, to-
mato) and fruit (e.g. grape, strawberry, blueberry), 
and it can be present inside stems, leaves, flowers, 
fruits and seeds (Aktaruzzaman et al. 2017; Garfin-
kel 2021). Importantly, B. cinerea continues to at-

tack new plant species and is identified as a patho-
gen in new environments (Azevedo et al. 2020; Ally 
et al. 2021; Ismagulova et al. 2021). Due to its scien-
tific and economic importance, B. cinerea has been 
classified as  an "important plant pathogen". B. ci-
nerea also causes secondary soft rots of  fruit and 
vegetables in  storage, transit, and market. Post-
harvest decays of  vegetables and fruits account 
for significant levels of post-harvest losses. About 
20–25% of fruits and vegetables are estimated to be 

Supported by the Polish Ministry of Science and Higher Education, task ZM/2/2018 (2018-2023): "Development methods 
limiting the occurrence of microbiological contamination of ready-to-eat vegetables and fruit".

The potential of volatiles from Brassica juncea seeds 
against grey mould agent Botrytis cinerea and their effect 
on storage and sensory quality of spinach leaves

Beata Kowalska* , Magdalena Szczech , Maria Grzegorzewska , 
Anna Wrzodak , Kalina Sikorska-Zimny

The National Institute of Horticultural Research, Skierniewice, Poland
*Corresponding author: beata.kowalska@inhort.pl 

Citation: Kowalska B., Szczech M., Grzegorzewska M. Wrzodak A., Sikorska-Zimny K. (2025): The potential of volatiles from 
Brassica juncea seeds against grey mould agent Botrytis cinerea and their effect on storage and sensory quality of spinach 
leaves. Plant Protect. Sci., 61: 66-76.

Abstract: The potential use of volatile compounds released from milled seeds of mustard (Brassica juncea cv. Malopol-
ska) obtained from three different companies was tested in in vitro and in vivo experiments for their inhibitory effect 
on Botrytis cinerea growth on agar media and its infection on vegetable leaves of cucumber, bean and spinach. In the 
experiments with spinach, the effect of volatiles from mustards on the storage and sensory quality of fumigated leaves 
was evaluated. The antifungal effect of the volatiles depended on the source and dosage of mustard seeds and biofu-
migation time. The most efficient inhibition of B. cinerea mycelium growth on agar media and vegetable leaves was 
mustard S from SHR company. The development of grey mould on spinach leaves was inhibited in the treatment with 
4 h biofumigation with the volatiles from mustard S seeds in experiments conducted at 10 °C and also at 18 °C. In the 
sensory and storage quality analysis, the spinach leaves treated with volatiles from mustard seeds showed acceptable 
parameters that predisposed the product to consumption. The results show that it is possible to reduce the incidence 
of vegetable grey mould with the treatment of milled mustard seeds, opening a potential application of biofumigation 
in the control of B. cinerea in vegetables. 

Keywords: biofumigation; mustard; grey mould; cucumber; bean

© The authors. This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).

https://orcid.org/0000-0001-7067-3233
https://orcid.org/0000-0001-8408-6937
https://orcid.org/0000-0003-4499-6404
https://orcid.org/0000-0001-5472-888X
https://orcid.org/0000-0003-1250-4778


67

Original Paper	 Plant Protection Science, 61, 2025 (1): 66–76

https://doi.org/10.17221/44/2024-PPS

decayed by  pathogens during post-harvest han-
dling in  developed countries. Moreover, in  devel-
oping countries, post-harvest losses are often more 
severe due to  inadequate storage and transporta-
tion facilities (Garfinkel 2021; Bi et al. 2023). 

It is difficult to  control B. cinerea because it 
has a broad host range of various attack modes, and 
both asexual and sexual stages can survive in favour-
able or unfavourable conditions (Hua et al. 2018). 
The  following strategies have been used to  control 
Botrytis-incited diseases: chemical control, resistance 
inducer, and biological control. Applying synthetic 
fungicides to control diseases caused by  this patho-
gen is the  main method in  crop production. How-
ever, the protective effects of fungicides are not sat-
isfactory on B. cinerea, whose genome is plastic and 
prone to  developing drug-resistance genes (Shao et 
al. 2021). In addition, fungicides are not safe for hu-
mans and the environment; they are costly and cause 
biodiversity loss (Rani et al. 2021; Pathak et al. 2022). 
Therefore, finding new environmentally safe methods 
to  reduce B. cinerea is important, especially during 
the  shelf-life of  vegetables and fruits. A  promising 
way to protect against B. cinerea is using biologically 
active substances obtained from plants. Plants are 
a  rich source of  secondary metabolites – character-
ised by biological activity. The vast majority of high-
er plants, as  many as  85%, secrete compounds into 
the  surrounding environment that  affect living or-
ganisms. Among numerous biologically active plant 
compounds such as phenols, aldehydes, alcohols, es-
sential oils, acids and terpenes, many have inhibitory 
or lethal effects on bacterial and fungal plant patho-
gens (Aguilar-Gonzalez et al. 2015; Redondo-Blanco 
et al. 2020; Chen et al. 2023).

Among them, mustard Brassicaceae plants are 
of  special interest for  biofumigation use. Plants 
belonging to  this family contain significant lev-
els of  glucosinolate compounds. About 20 differ-
ent types of  glucosinolates are commonly found 
in Brassicaceae (Lietzow 2021). During plant tissue 
destruction, glucosinolates are hydrolysed by  my-
rosinase enzymes in the presence of water. Myrosi-
nase is stored in  specialised myrosin cells located 
separately within the plant body. When the tissues 
are damaged by mechanical stress or microbial deg-
radation, myrosinase decomposes glucosinolate, 
forming many products, including isothiocyanates, 
thiocyanates, nitriles, and oxazolidinethiones. Iso-
thiocyanates are the most toxic of several hydrolysis 
products and are known to have broad biocidal ac-

tivity (Sikorska-Zimny & Beneduce 2020). The com-
pound is also present in  mustard plants (Brassica 
juncea). Mustard, especially the seeds, is commonly 
used for food seasoning or as a medicinal plant. 

Some studies reveal that  volatile compounds 
released from milled seeds of  mustard inhibit 
the  growth of  certain plant pathogenic microor-
ganisms. For  example, Kowalska and Smolińska 
(2008) proved that  milled seeds of  mustard used 
as  a  source of  volatile compounds, inhibited soft 
rot of onion bulbs caused by Pectobacterium caro-
tovorum subsp. carotovorum, Burkholderia cepacia 
and Burkholderia gladioli pv. alliicola. Many litera-
ture reports indicate the antifungal activity of glu-
cosinolates against Verticillium dahliae, Rhizoc-
tonia solani, Fusarium oxysporum (Poveda et al. 
2020; Plaszko et al. 2021; Ziedan 2022). Ugolini et 
al. (2014) found that ally-isothiocyanate, the com-
pound present in  seeds of  mustard, inhibited 
the growth of B. cinerea in vitro and in vivo trials 
reduced the decay of strawberries. 

In the context of the present study, it is important 
to  note that  the content of  glucosinolates in  Bras-
sicaceae plants depends not only on the  plant va-
riety and genetic background of plants but also on 
the plant organs. It is known that the content of ac-
tive agents in the seeds is much higher than in the 
leaves, stems or roots. Furthermore, it is reported 
that  the glucosinolate content in  the same species 
and cultivar and the same plant parts is influenced 
by environmental factors such as  temperature, fer-
tility, fertilisers, and biological or chemical protec-
tion agents during plant growth. Storage conditions 
of plant materials also can change the content of glu-
cosinalates (Sikorska-Zimny & Beneduce 2020; Tian 
& Deng 2020; Sikorska et al. 2023; Zhu et al. 2023).

The objective of  this study was  to investigate 
the  effect of  volatile compounds released from 
milled seeds mustard obtained from three differ-
ent companies on (i) B. cinerea growth and de-
velopment of  its sclerotia on microbiological me-
dia; (ii)  the  development of  grey mould on bean, 
cucumber and spinach leaves; (iii) the  effect on 
the sensory and storage quality of spinach leaves. 

MATERIAL AND METHODS

The experiments used the strain of B. cinerea from 
pathogenic fungi collection in  a  microbiological 
laboratory. The  strain was  originally isolated from 



68

Original Paper	 Plant Protection Science, 61, 2025 (1): 66–76

https://doi.org/10.17221/44/2024-PPS

broccoli, and their pathogenicity was  confirmed. 
Pathogenicity tests were conducted by artificial in-
oculation of  some main vegetable species, includ-
ing cucumber, bean and spinach plants. The strain 
spore suspension (density 7–9  × 106  mL–1) 
was inoculated on growing plants in pots. The dis-
ease symptoms characteristic of  grey mould were 
observed after 10–14 days. The  strain was  stored 
on the PDA (potato dextrose agar, Merck) medium 
at  4–8  °C until use. The  B. cinerea sclerotia were 
produced on PDA medium for  10 days at  24  oC. 
Seeds of  mustard (Brassica juncea) cv. Malopol-
ska were obtained from three different companies 
in  Poland: SHR (seeds S), Kampol (seeds K), and 
Piast (seeds P). The seeds were stored at 8 °C in the 
laboratory. Just before use, the  seeds were milled 
in  the electric mill. In  the laboratory, the  concen-
tration of  allyl isothiocyanate in  milled and wet-
ted mustard seeds was measured according to  the 
method with AgNO3 described by  Abul-Fadl et 
al. (2011). The seeds S, K, and P contained 272.72, 
94.40 and 36.30 mg in 100 g dry mass, respectively.  

The effect of  fumigation with milled mustard 
seeds on mycelial growth of B. cinerea on agar 
medium. The experiment was  conducted in  big 
glass Petri plates (diameter 18 cm, volume 314 cm3) 
used as  incubation chambers. Five smaller Petri 
plates (45 mm diameter) filled with PDA medium 
were situated on each plate. The small plates were 
inoculated in  the centre with B. cinerea mycelial, 
and their lids were removed. In  the middle of  the 
big incubation plate, among fungus inoculated 
plates, one additional Petri plate (45 mm) was put, 
which contained milled seeds of  mustard S, K or 
P at doses 0.25 g, 0.5 g or 1 g. The mustard powder 
was watered with 0.25 mL, 0.5 mL, and 1 mL of dis-
tilled water. The plate with 1 ml of water was used 
in  the control treatment. Immediately after mus-
tard wetting, each incubation chamber was sealed 
with parafilm and put into the incubator at a tem-
perature set at 25 °C. After 1 h or 3 h of fumigation, 
the central Petri plates with mustard powder were 
removed. The  incubation chambers were sealed 
again, and the  incubation lasted for 4 days. Then, 
a mycelial diameter of B. cinerea was measured. 

The effect of  fumigation with milled mustard 
seeds on B. cinerea sclerotia germination. The 
experiment was performed as described above, but 
instead of B. cinerea mycelium inoculation PDA me-
dium in small plates, sclerotia of this pathogen were 
used. Each plate was  inoculated in  the centre with 

one sclerotium. The doses of mustard powder in cen-
tral plates were increased in this test because 0.25 g 
and 0.5 g appeared ineffective in the previous exper-
iment. The doses of mustard S, K and P were 0.75 g, 
1 g and 2 g. The powders were wetted with 0.75 mL, 
1 mL and 2 mL of distilled water, respectively. Af-
ter sealing, the  incubation chambers were put into 
the incubator with a temperature set at 25 °C. After 
3 h of fumigation, the central Petri plates with mus-
tard powder were removed. The  incubation cham-
bers were sealed again, and the  incubation lasted 
6 days. During incubation, germination of sclerotia 
was  noted, and the  diameter of  mycelium growing 
from them was measured after 2, 3, 4 and 6 days. 

The impact of volatile compounds from mus-
tard seeds on grey mould on vegetable leaves. 
The detached leaves of bean (Phaseolus vulgaris L.) 
cv. Ibiza, cucumber (Cucumis L.) cv. Iva and spin-
ach (Spinacia oleracea L.) cv. Rembrandt was used 
in vitro experiments in big glass Petri plates (diam-
eter 18 cm, volume 314 cm3). Bean and cucumber's 
second fully developed leaves were collected from 
plants grown in a growth chamber (Sanyo) in mul-
ti-pots. Fresh spinach leaves were obtained from 
a  commercial, horticultural farm (Wróblewo, Po-
land). The leaves were placed on water-moistened 
blotting paper on the  plates: five leaves for  bean 
and cucumber and seven for spinach. 

The leaves were gently damaged with a glass rod 
in their central part and inoculated in this spot with 
20 µL of the spore suspension of B. cinerea at the 
density 7–9 × 106 mL–1, prepared from a 3-week-
old culture of B. cinerea on PDA medium. The spore 
density was measured using a hemacytometer un-
der a microscope (Olympus BX 41). 

In the tests with bean and cucumber, a small glass 
petri plate (45 mm) containing 5 g of milled seeds 
of mustard S was placed in the centre of the large 
plate among inoculated leaves. Then, the mustard 
powder was  moistened with 5  mL of  water, and 
the  plate was  immediately sealed with parafilm. 
In  the tests with spinach, two doses of  mustard 
milled seeds S and P were used: 0.75 g and 1 g, and 
moistened with 0.75 or 1 mL of water, respective-
ly. The  spinach leaves are more tender and sensi-
tive; therefore, the doses of mustard powder were 
reduced. In  the control treatments in  all tests, 
the plates with water were put among the leaves in-
stead of the small plates with mustard powder. 

The sealed plates with bean and cucumber leaves 
were incubated for 8 days under provocative con-
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ditions at  25  °C. Necrosis diameter on each bean 
and cucumber leaf was  measured at  2, 4, 6 and 
8 days of  incubation. In  the tests with spinach, 
the plates with mustard powder were removed af-
ter 2 or 4 h of fumigation. Then, the leaves were in-
cubated at 18 °C in the dark for consecutive 4 days 
as  a  simulation of  conditions during supermarket 
sales. The diameter of Botrytis caused necrosis on 
the leaves was measured on the 4th day. 

The experiments described above were conduct-
ed three times, and each treatment was  prepared 
in three or four replications.

The impact of volatile compounds from mus-
tard seeds on grey mould development, senso-
ry and storage features of  spinach. As  spinach 
leaves are often stored fresh before consumption, 
it was  decided to  test their storage quality. On 
the  other hand, taste is also an  important aspect, 
which volatile compounds from mustard can influ-
ence. Therefore, the sensory quality of the spinach 
after biofumigation was checked.

The experiment was carried out in airtight plastic 
containers of  3 000 cm3. In  each container, 100  g 
of  freshly harvested spinach leaves were placed. 
In  three places, a  batch of  the leaves in  the con-
tainer was inoculated with a fragment of B. cinerea 
mycelium. Then, a small plate (45 mm) containing 
8.5  g of  milled mustard seeds, S or P, was  placed 
in  a  container. The  containers were closed tightly 
and placed in a cold store at 10 °C. After 2 or 4 h, 
the plates with mustard powder were removed from 
the  containers, and the  leaves were stored in  the 
same condition for 20 days. There were the follow-
ing treatments: (i) control without mustard; (ii) 2 h 
fumigation with S; (iii) 4 h fumigation with S; (iv) 
2  h fumigation with P; (v) 4  h fumigation with P. 
In all treatments, the  leaves were inoculated with 
B. cinerea. The same treatments but with spinach 
leaves not inoculated with Botrytis were prepared 
for sensory analysis. Each treatment was prepared 
in three replications. The leaves were systematical-
ly monitored during storage to assess the develop-
ment of  grey mould symptoms. After 12, 14, and 
20 days, the diameter of the lesions on the leaf sur-
face was measured. 

The sensory examination of treated with mustard 
S and P  spinach leaves was performed two times: 
immediately after 2 and 4  h fumigation and 24  h 
after fumigation. The method of Quantitative De-
scription Analysis, i.e., sensory profiling, was used 
in  accordance with ISO (2016). The  assessment 

was  carried out in  the sensory laboratory, meet-
ing the requirements of the standard PN-ISO 8589 
(2007). A  10-person team of  experts performed 
the  evaluation. During the  analysis, each person 
was in the individual evaluation box equipped with 
a computer and specialised software (ANALSENS 
version 7) designed to  prepare tests, record indi-
vidual assessments and process the results. For sen-
sory evaluation of  spinach leaves, the  following 
quality descriptors were selected: spinach smell, 
off-smell, colour, firmness, spinach flavour, bitter 
taste, off-taste, overall quality and product accept-
ability. The  intensity of  each descriptor was  as-
sessed on a graphical scale, corresponding to 0 (low 
intensity) – 10 (high intensity) conventional units, 
with marginal markings. The  evaluation was  car-
ried out in two sessions. 

Leaves of  spinach biofumigated with S mustard 
seeds were prepared for  quality assessment. Spin-
ach leaves (60 g) were placed into a plastic contain-
er with a volume of 1 750 cm3. The following treat-
ments were studied: control (not fumigated leaves), 
2  h-fumigation, and 4  h-fumigation. The  dosage 
of milled mustard seeds for  fumigation was 5 g per 
container. The experiment was conducted in a stor-
age room at 10 °C. Quality assessment was performed 
after 3 and 6 days of storage. The following vegetable 
characteristics were visually assessed: wilting/soften-
ing, browning/discoloration of  the cut surface, rot-
ting and commercial value. The evaluation was con-
ducted based on the 9-grade scoring scale presented 
in Table 1. Weight loss was also determined, which 
was expressed as percentage weight differences from 
the  initial weight. The  experiment was  conducted 
in four replications and it was repeated. 

Statistical analyses. The results were statistically 
analysed using a one-way analysis of variance with 
the  Tukey test, P < 0.05, using the  statistical pro-
gram Statistica (version 13.1). Data not significantly 
different from each other are marked with the same 
letters. Sensory characteristics of  the evaluated 
plant material were described using principal com-
ponent analysis (PCA) based on a correlation ma-
trix. Calculations were carried out in the statistical 
package Statistica (version 13.1).

RESULTS 

The effect of fumigation using milled mustard 
seeds on the  growth of  B. cinerea on the  agar 
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Table 1. The influence of fumigation with mustard S on spinach storage quality

Treatment Wilting Discolouration Rotting Marketable value Weight loss (%)
3 days of storage

Control 2.88 ± 0.48 3.13 ± 0.25 1.00 ± 0.00 6.75 ± 0.65 16.6 ± 7.75
2 h fumigation 3.50 ± 0.91 3.25 ± 0.50 1.00 ± 0.00 5.88 ± 0.85 18.7 ± 2.52
4 h fumigation 3.63 ± 0.25 3.63 ± 0.95 1.00 ± 0.00 5.75 ± 0.50 24.3 ± 3.17

6 days of storage
Control 4.13 ± 0.63 3.88 ± 0.25 1.00 ± 0.00 4.50 ± 0.82 23.85 ± 5.37
2 h fumigation 4.38 ± 0.48 4.50 ± 0.41 1.00 ± 0.00 3.88 ± 0.63 26.50 ± 3.30
4 h fumigation 3.88 ± 0.25 4.00 ± 0.91 1.00 ± 0.00 4.75 ± 0.65 31.3 ± 2.68

Averages from four replications ± s.d.; the data were not statistically different at P < 0.05 by ANOVA and Tukey test; 
wilting: 1 – no wilting and softening, 3 – light, 5 – medium, 7 – strong, 9 – very strong; discolouration: 1 – no discoloura-
tion, 3 – very beginning of discolouration, 5 – light brown, 7 – medium brown, 9 – brown; rotting: 1 – no rotting, 3 – up 
to three small spots, 5 – quite strong, 7 – strong, 9 – very strong; marketable value: 1 – no marketable value, 3 – limited, 
5 – fair, 7 – good, 9 – excellent

medium. The antifungal effect of  the volatiles re-
leased from milled mustard seeds was highly relat-
ed to the dose of the seed powder, fumigation time 
as well as the origin of a seed (Table 2). One-hour 
fumigation by all tested seeds was completely inef-
ficient (data not presented). The most inhibitory ef-
fect was observed with S mustard seeds when fumi-
gation time was prolonged to 3 h. Mustard seeds S 
used at the 1g dose completely inhibited the growth 
of B. cinerea mycelium. Lower doses of the mustard 
–0.25  g and 0.50  g, were less effective. However, 
mycelial growth was markedly reduced in both cas-
es compared to the control (28.5 mm and 28.2 mm 
diameter, respectively). For P and K mustard, sig-
nificant inhibition of  B. cinerea growth was  ob-
served when fumigation lasted 3 h and only at the 
highest doses of milled seeds (Figure 1A). Reduc-
ing the dose to 0.50 g and 0.25 g at 3 h fumigation 
gave a limited inhibitory effect, but the differences 
were not significant compared to control (Table 2). 

One-hour biofumigation proved to  be completely 
ineffective regardless of  the dose of mustard used 
(data not presented). 

In the  next experiment, the  fumigant effect 
of milled mustard seeds on Botrytis sclerotia germi-
nation and subsequent mycelium growth was stud-
ied. A 3 h fumigation time was implemented. After 
2 days of incubation, sclerotia germination was ob-
served only in the control group with no fumigated 
sclerotia. In all combinations with mustard, germi-
nation of  sclerotia was  completely inhibited, irre-
spective of the dose and type of mustard (Table 3). 
After 3 days of incubation, growth of the sclerotia 
treated with mustard S was still completely inhib-
ited, but in  the combinations with mustard P and 
mustard K, B. cinerea started to grow. In the case 
of  mustard P  the  growth was  more delayed and 
slower than in mustard K and control treatments. 
On the next incubation day (day 4), sclerotia fumi-
gated with mustard S and started to germinate, but 
the  growth of  mycelium was  still significantly in-
hibited compared to other mustards. However, af-
ter 6 days, intensive growth also occurred in mus-
tard S treatment. The most effective delaying effect 
on sclerotia germination and mycelium growth 
was observed for mustard S, followed by mustard 
P, and the least effective was mustard K (Table 3).

The impact of  volatile compounds released 
from mustard seeds on grey mould on vegeta-
ble leaves. The experiments with bio-fumigated, 
detached leaves of  beans, cucumber and spinach 
showed a strong impact of volatile compounds re-
leased from milled mustard seeds. The leaves were 

Table 2. The influence of volatiles released from milled seeds 
of mustard on the growth of Botrytis cinerea mycelium

Mustard dose 
(g) 

Botrytis cinerea mycelium diameter (mm) – 
3 h fumigation

Mustard S Mustard P Mustard K
0.00 45.0c 45.0c 45.0c

0.25 28.5b 38.4c 42.6c

0.50 28.2b 35.2c 40.2c

1.00 0.0a 15.2b 18.6b

Similar letters above the means indicate a significant dif-
ference at P < 0.05 by ANOVA and Tukey's test
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inoculated with B. cinerea propagules. In the tests 
with beans and cucumbers, gradual development 
of  necrotic lesions on plant tissues was  observed 
only in control treatments. No growth of the fun-
gus and no development of  grey mould was  ob-
served in treatments with mustard S (Table 4, Fig-
ures 1B–1C). 

Grey mould symptoms have progressed more 
slowly on spinach leaves than on other testing 
plants. The  average necrosis diameter, measured 
after 4 days of incubation, was 4.4 mm in the con-
trol treatment. The volatiles released from mustard 
S completely inhibited the  necrosis development 
on the  spinach leaves, regardless of  fumigation 
time. The  spinach leaves were also treated with 
the volatiles released from seed P, but their effect 
was  lower compared to  seed S. In  the mustard 
P  treatment, the  antifungal efficacy significantly 
depended on the time of biofumigation. The devel-
opment of B cinerea was completely reduced in 4 h 
fumigation. In contrast, after 2 h fumigation, grey 
mould symptoms appeared and were dose-depend-
ent – at 1 g dose, the diameter was 1.6 mm, while 
at 0.75 g dose – 3.6 mm (data not presented).  

In experiments with spinach leaves inoculated 
with B. cinerea and preserved for 20 days at storage 
conditions, a  significant reduction of  grey mould 

development by mustard S was observed (Table 5). 
The  protective effect was  related to  fumigation 
time. 2  h fumigation with mustard S reduced ne-
crosis by approximately 24% compared to control, 
but this effect was insignificant. When fumigation 
was prolonged to 4 h, the reductive effect of mus-
tard S volatiles significantly increased – after two 
weeks of storage, the mean lesion diameter on fu-
migated plant material was 4.9 mm, but in control, 
it developed to 21.9 mm. After three weeks, the ne-
crosis reached 13.3 and 32.8  mm, respectively. 
The  effect of  volatiles from P  seeds was  insignifi-
cant compared to  the control. However, the  ten-
dency to inhibit grey mould on spinach leaves fu-
migated for 4 h was observed (Table 5). 

Storage and sensory quality of spinach after bio-
fumigation. Healthy spinach leaves fumigated only 

Table 3. The effect of volatiles released from milled seeds 
of mustard on germination of Botrytis cinerea sclerotia 
and subsequent mycelium growth on PDA medium

Mustard 
dose (g)

Mycelium diameter (mm) after incubation 
for days

2 3 4 6 
Control 0 27.7b 45.0e 45.0b 45.0a

Mustard S
0.75 0.0a 0.0a 10.9a 38.0a

1.00 0.0a 0.0a 12.0a 38.3a

2.00 0.0a 0.0a 10.0a 41.7a

Mustard P
0.75 0.0a 3.8ab 40.2b 45.0a

1.00 0.0a 5.3abc 45.0b 45.0a

2.00 0.0a 1.3a 32.8b 45.0a

Mustard K
0.75 0.0a 19.3d 45.0b 45.0a

1.00 0.0a 14.1cd 45.0b 45.0a

2.00 0.0a 10.9bcd 45.0b 45.0a

 Similar letters above the means indicate a significant dif-
ference at P < 0.05 by ANOVA and Tukey's test

Table 4. The impact of volatile compounds from milled 
seeds of mustard S on the development of grey mould on 
leaves of cucumber and bean

Treatment

Diameter of Botrytis cinerea 
necrosis (mm) on the leaves 

measured after incubation for days
2 4 6 8 

Bean
B. cinerea 7.5b 12.3b 47.5b 60.0b

B. cinerea + mustard S 0.0a 0.0a 0.0a 0.0a

Cucumber
B. cinerea 3.1b 20.1b 40.0b 60.0b

B. cinerea + mustard S 0.0a 0.0a 0.0a 0.0a

Similar letters above the means in the same column sepa-
rately for each vegetable indicate significant difference 
at P < 0.05 by ANOVA and Tukey's test

Table 5. The influence of volatiles from milled seeds 
of mustard S and P on the grey mould  development 
on spinach leaves during storage at 10 oC

Treatment
Diameter (mm) measured after storage 

for days
12 14 20 

Control 16.1b 21.9b 32.8b

Mustard S for 2 h 12.8b 15.6b 25.0ab

Mustard S for 4 h 2.1a 4.9a 13.3a

Mustard P for 2 h 12.2ab 18.2b 27.8b

Mustard P for 4 h 12.4b 12.8ab 31.1b

Similar letters above the means in the same column sepa-
rately for each vegetable indicate significant difference 
at P < 0.05 by ANOVA and Tukey's test
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with mustard S were chosen to  study sensory and 
storage quality. The studied parameters of fumigated 
spinach showed that its quality did not differ signifi-
cantly compared to control plant material (Table 1). 
However, after 3 days of storage, the marketable value 
was lower because of higher wilting and discoloration 
in  biofumigation treatments than in  control. This 
trend was maintained after 6 days of storage but only 
for a 2 h biofumigation treatment. In the case of spin-

ach fumigated for 4 h, its storage quality was compa-
rable to that of the control.

Statistical similarities and differences in  the sen-
sory quality of  the assessed spinach leaves, treated 
with volatile compounds from mustard seed, are 
shown in  Figure 1. The  space on the  map was  de-
termined by the first two principal components, ex-
plaining 54.6% and 13.22% of  the overall variation, 
respectively. Overall quality was  positively related 

(A)

(B)

(C)

Figure 1. Sample photos of experiments in Petri plates – effect of volatiles from mustard seeds on the development 
of Botrytis cinerea on PDA medium; (A), cucumber leaves (B) and bean leaves (C); left side – control; right side – 
treated with mustard volatiles
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to  product acceptability and firmness (vectors fol-
lowing the same direction). The objects treated with 
mustard S and P were evaluated 24 h after biofumi-
gation, and they had the highest sensory quality and 
the best product acceptability (as evidenced by the 
close location of  these treatments near these vec-
tors). The location of the objects, mustard S (2h) and 
mustard P (2h), assessed immediately after biofumi-
gation, on the opposite side of the overall quality as-
sessment vector but close to the vectors of odour and 
extraneous taste, indicates a  lower sensory quality 
of these objects compared to the others. The results 
may suggest that the time after biofumigation with 
volatile substances from mustard seeds has a greater 
influence on the  sensory quality of  spinach leaves 
than the source of the mustard seeds.

DISCUSSION 

There is a global trend towards finding alternative 
methods to chemical treatments for managing plant 

diseases in primary production and during storage, 
post-harvest processing, and selling to  avoid dis-
carding plant products. It is especially important 
for  polyphagous pathogens, causing considerable 
damage to numerous crops, which develop resist-
ance to the range of fungicides, as in Botrytis (Shao 
et al. 2021). In  recent years, the  research for  new 
techniques and new strategies for  plant disease 
control led to the development of studies with bio-
logically active plant substances (Wood et al. 2013; 
Aguilar-Gonzalez et al. 2015; Redondo-Blanco et 
al. 2020). Plants synthesise a range of compounds 
that can be used, but increasing attention is given 
to  glucosinolates, secondary metabolites of  Bras-
sicaceae plants, and their enzymatic derivatives 
(Dai & Lim 2014; Poveda et al. 2020; Dubey et al. 
2021; Fontana et al. 2021; Lietzow 2021). The vol-
atile compounds released from these plants after 
glucosinolates hydrolysis may inhibit bacterial 
and fungal pathogens (Ugolini et al. 2014; Beck 
& Marsh 2015; Bahmid et al. 2020; Plaszko et al. 
2021). However, there is less data about the activity 
of these compounds against B. cinerea. Tian et al. 

Figure 1. The influence of fumigation with mustard S and P on spinach sensory quality. Graph of the configura-
tion of points representing variables in the first two factorial axes (principal components) system
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(2023) screened mustard cultivars to evaluate their 
biofumigation effect against B. cinerea. Among 90 
screened cultivars, only one Dilong-1 completely 
inhibited mycelial growth and sporulation of  the 
pathogenic fungus. Furthermore, biofumigation 
of  apple fruits with this mustard cultivar signifi-
cantly reduced grey mould. 

The presented study also showed the  antifungal 
effect of volatile compounds released from mustard 
seeds on the  growth of  B. cinerea mycelium and 
sclerotia. However, while Tian et al. (2023) have 
shown significant differences in fumigation activity 
between mustard cultivars, we showed the  differ-
ences between the  activity of  volatile compounds 
released from mustard seeds of  the same cultivar 
but obtained from different sources. The  best in-
hibitory effect was  obtained with milled seeds S 
of  B. juncea, obtained from SHR company, and 
then with P  and K seeds obtained from Kampol 
and Piast company, respectively. Restriction capac-
ity of B. cinerea growth was positively related to the 
dose of milled seeds and fumigation duration. 

In both Tian et al. (2023) and our studies, the in-
hibitory efficacy was  related to  the concentra-
tion of  active compounds in  plant material used 
for  biofumigation. In  the seeds of  mustard allyl 
isothiocyanate, which is the  active compound. 
Despite the  same variety – Malopolska's concen-
tration of  allyl isothiocyanate differed. The  seeds 
of  mustard S, which have proved to  be the  most 
active among others used in the experiments, con-
tained the  highest amount of  allyl isothiocyanate 
–272.72 mg in 100 g of dry seed mass. Meanwhile, 
mustard K and P  contained 94.40 and 36.30  mg 
of  allyl isothiocyanate in  100  g of  dry seed mass. 
This shows that for practical use, it is essential to ex-
amine the  content of  the active substances in  the 
batches of  material which are to  be used for  bio-
fumigation. It is not enough to use a specific vari-
ety or species of Brassicaceae plant, which is effec-
tive in disease suppression. It is important that the 
content and profile of  active compounds in  plant 
material may be dependent on many factors such 
as  crop genetic features, cultivar, cultivation type 
and conditions, temperature, humidity, light inten-
sity, water supply, drought stress, harvesting date, 
weather conditions during cultivation or seed stor-
age methods (Bohnic & Trdan 2012; Neugart et al. 
2018; Ben Ammar et al. 2023; Sikorska et al. 2023).

It is worth paying particular attention to the effec-
tiveness of the tested materials in controlling sclero-

tia. These forms are much more difficult to destroy 
than mycelium. The  results obtained in  inhibiting 
the growth of sclerotia testify to the high potential 
of the tested material in combating plant pathogens. 
Yang et al. (2021) found that  spore germination 
and fungal growth of Aspergillus ochraceus, A. car-
bonarius and A. niger were significantly inhibited 
by  allyl isothiocyanate. Moreover, the  compound 
reduced the infection of these fungi on grapes. 

The study showed the  antifungal effect of  vola-
tile compounds released from mustard seeds on 
the  growth of  B. cinerea mycelium and sclerotia 
on microbiological media and plant leaves. Our 
studies are in agreement with the results obtained 
by other researchers. The study by Aguilar-Gonza-
lez (2015) also demonstrated the effectiveness of va-
pours of mustard essential oils against B. cinerea. 
In  the presented studies, B. cinerea growth and 
grey mould development were inhibited in  bean, 
cucumber, and spinach leaves by  volatiles from 
mustard seeds. The antifungal effect was the most 
efficient on bean and cucumber leaves during con-
tinuous biofumigation with mustard seeds. The lit-
erature shows some evidence of  using volatiles 
in  plant protection. Ugolini et al. (2014) exposed 
strawberry fruit for 4 h in an atmosphere enriched 
by allyl isothiocyanate or seed meals. The allyl iso-
thiocyanate, both synthetic and released from mus-
tard seeds, reduced the decay caused by the patho-
gen by over 47.4 up to 91.5%, significantly different 
from untreated fruit. Similar results were obtained 
with benzyl isothiocyanate to  control grey mould 
rot in  inoculated strawberries (Sun et al. 2021). 
B. cinerea development was also inhibited by allyl 
isothiocyanate released from black mustard seeds 
in tomatoes (Barea-Ramos et al. 2024). 

An important aspect of the research was to show 
that spinach treated with mustard seed volatiles re-
tains its sensory and storage qualities. These prop-
erties are very important for consumers and influ-
ence their purchasing choices. This is particularly 
important because spinach is often eaten raw and 
not heat-treated. Therefore, its quality should be 
high (Jung et al. 2012). 

CONCLUSION

In conclusion, our results show it is possible 
to  reduce the  incidence of grey mould on vegeta-
bles with a  treatment of  volatile compounds re-
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leased from mustard seeds, opening the potential 
application of biofumigation in the control of B. ci-
nerea in vegetables, especially during their storage. 
These results suggest that  milled seeds of  mus-
tard can be used as  natural fungicides to  prevent 
B. cinerea from infecting spinach, cucumber, and 
beans. Spinach, bean, or cucumber leaves infected 
by B. cinerea in the field support latent infections 
that  can spread during the  post-harvest phase, 
causing a high incidence of grey mould on cucum-
ber and bean fruit and spinach leaves during stor-
age. Further research is needed to see if the volatile 
compounds from mustard seeds also work for oth-
er spinach, cucumber, and bean varieties. More 
studies are necessary to test the effect in commer-
cial storage conditions.
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