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Article History Abstract
Received: 08 June 2023 Biofumigation is the process of introducing plants and their residues into the
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purposes. These plants are rich in glucosinolates, which upon enzymatic
hydrolysis produce compounds such as isothiocyanates, which are approved
as nematicides. Raphanus, Sinapis, and Eruca species genera are the most
frequently used plants in the Brassicaceae family for biofumigation. This
technique is becoming increasingly popular as a sustainable alternative to
restricting fumigants in agriculture production. Dry plants (at vegetative and
flowering stages) of Raphanus raphanustrum and Sinapis arvensis are
incorporated into the soil and evaluated for their biofumigation effects on
some phytoparasitic nematodes in comparison to a synthetic nematicide
(tefluthrin 1.5%) and untreated control. Thirty days post-incorporation, soil
samples were collected for nematode extraction and counting, and
subsequently identified at the genus level. We identified four phytoparasitic
nematodes that are most harmful to cultivated plants (Tylenchorhynchus,
Pratylenchus, Paratylenchus, and Tylenchus). Each treatment decreased
nematode population densities from 67% to 92%. Sinapis arvensis
biofumigation was the most effective, reducing nematode densities by up to
92%. Conversely, Raphanus raphanustrum and Tefluthrin 1.5% treatments
generally resulted in increased nematode densities (up to 74% and 67%
respectively). The results of this study have given valuable information and
suggest that Sinapis arvensis could be used to manage plant-parasitic
nematodes, particularly the Tylenchorhynchus population. Biofumigation is a
promising strategy that can be used especially by subsistence farmers for the
sustainable production of crops in the presence of lower nematode pest

densities.
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1. Introduction

Defending crops against telluric organisms is more difficult than foliar pests (Matthiessen and
Kirkegaard, 2006). PPNs (plant parasitic nematodes) wreak havoc on a wide range of crops (Hansen
and Keinath, 2013; Handiseni et al., 2017). They are a significant pest of agricultural and horticultural
crops and are a major constraint on intensive agricultural production systems around the world
(Nyczepir and Thomas, 2009; Singh et al., 2013; Stirling, 2014). They can also promote secondary
infections and diseases due to root damage, which facilitates fungal and bacterial diseases. In
furthermore, PPNSs can act as vectors for various plant viruses (Jones et al., 2013). When considering
both direct and indirect crop damage caused by PPNs, the estimated annual yield loss ranges from
US$80 to US$173 billion (Elling, 2013; Youssef et al., 2013; Singh et al., 2015). Jones et al. (2013)
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identified the top ten nematode pests, with root-knot nematodes (Meloidogyne), cyst nematodes
(Heterodera and Globodera), and root lesion nematodes (Pratylenchus) taking the top three positions.
Ten of the 98 Meloidogyne species have been identified as agricultural pests, while five cyst and six
lesion nematode species are of global economic concern. Effective nematode management is therefore
critical to ensuring sustainable crop production and food security in both developed and developing
countries. During the last 20th century, under intensive conventional farming systems, control of
economically important PPNs was generally based on the application of volatile chemical compounds
with non-specific action, frequently used in a practice known as soil fumigation nematicides
(Vervoort et al., 2014, Ladha Lakshmi et al., 2015, Leite et Lopes, 2018). Historically, chemical
fumigation has relied on methyl bromide (Epstein, 2014, Rudolph et al. 2015, Brennan et al., 2020).
However, methyl bromide was phased out under the Montreal Protocol in 2005 due to its depleting
effects on the ozone layer (Laegdsmand et al., 2007, Gimsing and Kirkegaard, 2009), and thereafter
suitable substitutes are on focus. To date, the global focus on sustainability in the agricultural
environment is increasing with the main aim to produce healthy, safe, and good-quality crops and
food. This focus includes the implementation of ‘integrated pest management’ (IPM), ‘sustainable
farming’, and ‘farming for the future’ (Woolworths) (Kruger et al., 2013). The continuous use of
chemical nematicides to control plant parasitic nematodes had a considerable environmental impact
and has resulted in the onset of resistance phenomena within some populations of nematode pests and
soil sterilants, the majority of which are now prohibited, necessitating the development of cheaper,
safer and eco-sustainable alternative tools. i.e. biological and cultural methods to control plant-
parasitic nematodes to reduce the effects of widespread nematicides utilization in crop protection
(Salem and Mahdy, 2015). However, a combination of increasing interest in natural soil fertility and
sanctions against the use of chemical nematicides has directed researchers towards biofumigation
(Matthiessen and Kirkegaard 2006; Zasada et al. 2010; Kruger et al. 2013; Ntalli et al. 2017; Daneel
et al. 2018). Biofumigation, the use of naturally produced plant chemicals to control plant-parasitic
nematodes (Motisi et al. 2010), offers a creative solution to an old problem. Brassicaceae plants have
been widely used and studied for biofumigation because they produce a group of secondary anionic
metabolites called glucosinolates (GSLs), which release bioactive gases such as isothiocyanates after
enzymatic hydrolysis (Gimsing and Kirkegaard, 2009; Ntalli and Carboni, 2017; Maina et al., 2020).
So far, over 130 GSL structures have been discovered and validated in the entire Brassicaceae order
(Blazevi' and others, 2020). The family Brassicaceae (Cruciferae) consists of 350 genera and
approximately 3,500 species, including the genera Arabidopsis, Brassica, Camelina, Crambe,
Raphnus, Sinapis and Thlaspi (Abu Ghannam and Jaiswal, 2014; Fratianni et al., 2014). Research on
the use of Brassicaceae crops, their residues, and their breakdown products, acting as bionematicides,
started in the 1930s (Smedley, 1939). Today, Brassicaceae plants are still attracting renewed interest,
mainly for their pest control properties and especially as alternatives to toxic nematicides, which are
being phased out due to animal, human and environmental concerns (Cardoza and Stewart, 2004).
Brassicaceae crops are particularly known for their biofumigation effects as a result of mowing and
incorporation of aerial plant parts into the upper soil layers as soil amendments (Cardoza and Stewart,
2004), as well as the poor host status of several species used as cover and/or rotation crops to reduce
populations of various nematode pests (Hendrika et al., 2016). The aim of this study was to gain
knowledge that would allow the development of alternative approaches to chemical nematicides, by
evaluating the biofumigation effects of wild radish (Raphanus raphanustrum) and field mustard
(Sinapis arvensis) against a chemical nematicide (Tefluthrin 1.5%) on some plant-parasitic nematodes
under field conditions.

2. Materials And Methods

Two Brassicaceae, wild radish (Raphanus raphanustrum), and mustard (Sinapis arvensis) were
randomly collected in the morning during the flowering phase in April (2019). The collections were
made at different farm farm-level locations in Boumerdes, Algeria (36°78'71"N, 3°30'90"E). The day
after harvesting, the samples, which are complete plants, are placed in paper bags. The samples were
then taken to the laboratory. The plants were then divided into their aerial parts (leaves, stems, and
flowers) and their underground parts (roots). The samples were spread out on white paper and left to
air dry in the laboratory at room temperature, protected from light and moisture. After drying, the
samples are crushed in a porcelain mortar and then finely ground using an electric mixer. The
resulting powder is collected and stored in sterile, hermetically sealed bottles at room temperature and
protected from light until use.

Field Experiments
An in situ experiment was initiated on uncultivated soil, our study was carried out on a private farm in
Boumerdes (36°69'63"'N, 3°.31'51"E). The field experiment was set up to investigate the nematicide
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effect of all treatments applied (biofumigation of wild radish (Raphanus raphanustrum);
biofumigation of field mustard (Sinapis arvensis); nematicide treatment (Tefluthrin 1.5%); control
treatment (no treatment)) on a loamy soil with 39% clay, 43% loam and 18% sand, the organic carbon
content of 1.3% and pH-KCI of 7.4. Four replications were factorially combined in arandomized
complete block design with a split-plot arrangement for a total of 16 (1.5 x 3 m) subplots. There was a
1 m space between each crossed plot. The plant powder of two crucifer species was applied at a rate
of 400 g per square meter and incorporated at a depth of 10 cm by mechanical means using
randomized a rotary cultivator. After incorporation, the subplots were moistened with 18 mm of water
to facilitate hydrolysis. The soil was then compacted with a roller to seal the soil surface. The subplots
were covered with black polyethylene plastic film, which remained in place during the 14-day
incubation period (De Cauwer et al., 2019) to minimize fumigant emissions (Wang et al., 2014).
Following the burial, the soil was covered for four weeks (Yim et al., 2016). Tefluthrin 1.5% was
used as a nematicide at a recommended concentration of 10 g/m2, combined with 500 g of sand to aid
dispersion, without covering. The control plots were not treated. The 4 plots studied included 32
samples taken before and after incubation. A soil sample of 20 cm2 and 15 cm depth was collected
from each. The samples were collected with a hoe. The soil samples were placed in sealed plastic bags
with an information sheet and delivered to a laboratory on the same day as they were collected.

Extracting Nematodes from Soil Samples

The extraction of the nematodes was carried out according to the technique of Dalmasso (1966). After
several soi+ washes and siftings, the nematodes were removed. The nematodes separated from the
sample carried out in duplicate in a completely randomized design with four replicates in each of the
treatments. XLSTAT 2021 version 2.10 was used for statistical analysis of the data using one-way
ANOVA. Means were compared by Duncan's multiple range test at P=0.05 (Duncan, 1955).

3. Results and Discussion

Climatic conditions

Average growing season (February to June) air temperature was 99 and 108% of the long-term (1991-
2020) average of 16.33°C in 2019 to 2020, respectively, and total growing season precipitation was
54.4 and 77.5% of the long-term average of 235.07 mm in 2019 to 2020 (Table 1). As a result,
relatively dry soil conditions were present in February and May in both 2019 and 2020 when field
mustard and wild radish powders were incorporated.

Table 1. Average daily mean air temperature and total precipitation during the 2019-2020 growing
season in Boumerdes, Algeria between 2019 and 2020 in comparison to the long-term average (1990-
2020). Climatic data were obtained from the Algerian National Office of Meteorology (ANOM,
2021).

Average air temperature (C°) Total precipiation (mm)
Month 2019 2020  1990-2020 2019 2020  1990-2020
Feb. 10,80 13,00 11,19 18,29 0,00 60,75
Mar. 13,20 15,00 13,42 37,84 55,11 58,87
Apr. 15,40 16,70 15,52 42,41 118,63 53,90
May 18,50 20,50 18,81 21,08 5,09 46,36
June 23,10 23,20 22,72 8,37 3,30 15,19
Average or total 16,20 17,68 16,33 127,99 182,13 235,07

Nematode population density

In this study, we found 8 nematode genera throughout all samples, including 7 taxa classified as
phytoparasitic nematodes (PN), fungivorous nematodes (FN), omnivorous predator nematodes (OPN),
represented by Dorylaimidae, and other nematodes (ON), mainly composed of bacterivorous
nematodes (Fig. 1). However, we focused only on the phytoparasitic nematodes that are the most
harmful to cultivated plants (Tylenchorhynchus, Pratylenchus, Paratylenchus, Tylenchus). In this
study, when the abundance of nematodes was examined for each trophic category, significant
differences between phytoparasitic nematodes and other trophic groups were found, and the higher
overall nematode abundance was mainly caused by the high abundance of plant-parasitic nematodes
(3215).
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Fig. 1 : The abundance mean of identified species of filiform nematodes.

FN: Fungivores nematodes, PPN : Phytoparasitic Nematodes, PON : Predator-Omnivore
nematodes , ON : Other nematodes.

Among the four trophic groups, the fungivore groups Aphelenchus, Aphelenchoides, and Ditylenchus
had the lowest mean relative abundances. They are 4.26%, 5.08%, and 3.08% respectively. The genus
Tylenchorhynchus is the most represented (42.43%) of the four taxa found, followed by Tylenchus
(8.25%), Pratylenchus (5.26%), and Paratylenchus with (2.36%). The relative abundance of the
phytoparasitic group was much higher (58.30%). There are 17.68% of the predatory nematodes
Dorylaimidae (Table 2).

Table 2. Mean absolute abundance and relative / group abundance (%) of the identified taxa

) Absolute Relative/group
Trophic group
abundance mean abundance (%)
FN 685 12,42
Aphelenchoides 170 3,08
Aphelenchus 235 4,26
Ditylenchus 280 5,08
PN 3215 58,30
Tylenchorhynchus 2340 42,43
Pratylenchus 290 5,26
Paratylenchus 130 2,36
Tylenchus 455 8,25
PON 975 17,68
Dorylaimidae 975 17,68
ON 640 11,60
Total 5515 100

FN: Fungivorous nematodes, PN: Phytoparasitic Nematodes, PON: Predator-Omnivore
nematodes , ON : Other nematodes.

Phytoparasitic nematode population abundance under different treatments
The abundance of each nematode group encountered in the different plots varied considerably
between treatments (Fig. 2). Species of Tylenchorhynchus, Tylenchus, Pratylenchus, and
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Paratylenchus were detected in all plots studied ubiquitously before treatment relatively identical with
a strong dominance of Tylenchorhynchus, in a lesser way (Tylenchus, Pratylenchus, Paratylenchus).
After treatment, the abundance of the various nematode groups changes. There is a strong decrease in
the numbers of Tylenchorhynchus and a slight decrease in the abundance of other nematodes in the
treated plots.
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Fig 2 : Effect of different treatments on phytoparasitic nematode abundance under field conditions,
2019-2020 season.

Tylenchorhynchus were significantly more abundant in treated and control plots (p<0.001). Where no
significant differences in abundance were found between other nematode species, the control plots
were negative (Table 3).

Table 3 : Abundance (mean+ SE) of phytoparasitic nematodes under diffrent treatments

Abundance (mean+SE)

%

Pytoparasitic Before treatment After treatment of reductions

nematodes
Tylenchorhynchus 2340 +137a 195,625+ 18a 92
Paratylenchus 398,813+115b 103,125+ 14b 74
Pratylenchus 296,250+38b 99,375+ 8b 67
Tylenchus 242,750+£32b 81,250 +5b 67
P-value 0,0001 0,001

Means followed by different superscript letters within the same column indicate significant
differences calculated using a one-way ANOVA with post-hoc Tukey HSD test (h = 5). p < 0.05.

As part of our study, we adopted the General Linear Model (GLM) to evaluate the temporal variation
of the structure of the abundance of the different nematode species according to the treatments:
vegetable powder (R. raphanustrum and S. arvensis) and positive control (Tefluthrin 1.5%) and
negative control (no treatment). This model makes it possible to study the strict and individual effects
of the various factors, without considering the interactions between them. Based on the results
obtained, we find that trophic group factors (F-ratio=261.291, p=0.000, p<l1%o), treatments (F-
ratio=9.546, p=0.000, p<1%o), follow-up periods (F-ratio=687.592, p=0.000, p<1%o) and even their
interaction (F-ratio=2.407, p=0.000, p<1%o) show a very highly significant difference in nematode
abundance (Table 4).
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Table 4 : The abundance of phytoparsitic nematodes under different treatments using G.L.M. and
ANOVA models.

Source sum of squares  df Mean Square F-ratio P
Nematodes 2,65393E+07 8 3317417,667 261,291 0,000***
Treatments 242405,333 2 121202,667 9,546 0,000***
Times 8729832,296 1 8729832,296 687,592  0,000***
Eg;’t?:]‘;ms grotp X 921742667 16 57608,917 4537 0.000%**
Trophic group x Time 2,21664E+07 8 2770802,296 218,238 0,000%**
Treatments x Time 62393,481 2 31196,741 2,457 0.089*
Eg;’{r‘:]‘;n o Time T 489007,852 16 30562,991 2407 0,000%**
Error 2056792,000 162 12696,247 - -

* . Significant probability at 5%, ** : Significant probability at 1%, *** : Significant probability at 1
%o.

No significant differences were observed in the abundance of phytoparasitic nematodes before
treatment. Regarding the temporal effect (pre- and post-treatment) of the different treatments applied,
nematode abundance decreased significantly after each treatment application. As shown in Figure 3,
plots treated with S. arvensis and control + (tefluthrin 1.5%) had the lowest abundances, showing the
effectiveness of these treatments. In terms of their ability to reduce the nematode population, there
were no significant differences between R. raphanustrum and the negative control (Fig. 3).
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Fig 3 : The abundance of different phytoparasitic nematode populations (per 200 g soil sample)
before (Bt) and after (At) treatment according to treatments.

It is expected that dry soil conditions at the time of field mustard and wild radish incorporation in
each of the experiments in this study will reduce the effectiveness of the biofumigation process
(Mattner et al., 2008, Omirou et al., 2013). More favorable soil characteristics (temperature, pH,
water content, organic matter, and nutrient availability) (Westphal et al., 2017) and weather
conditions or areas where irrigation can be used to moisten the soil before mustard incorporation
(Chen et al., 2022) may have a greater positive effect on biofumigation effectiveness. Nematodes are
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ubiquitous and functionally diverse (Bongers and Ferris 1999), and their communities are composed
of different species that can be classified into five trophic groups based on their feeding habits:
bacterivorous, fungivorous, herbivorous, omnivorous, and predatory (Yeates et al., 1993; Wasilewska,
1997). As a result of changes in ecological and edaphic conditions, the diversity of living organisms,
including nematodes, varies with geographical location (Hanel, 1993). The structure of nematode
communities, e.g. abundance and diversity, species distribution, and related ecosystem functions, are
mainly influenced by vegetation, edaphic conditions (soil moisture, chemical, and physical
characteristics), and climate elements like temperature and precipitation (Neher et al, 2003; Nielsen et
al., 2014; Song et al., 2017; Thakur et al., 2019), which are important environmental factors for the
survival and reproduction of nematodes (Song et al., 2017; Thakur et al., 2019). Climate change can
have significant impacts on the abundance and community composition of soil nematodes (Thakur et
al., 2017; Siebert et al., 2019). This is because they are essentially aquatic animals that depend on the
water film around soil particles for their development and movement through their environment
(Griffiths and Caul, 1993). Although there has been considerable research on the effects of
temperature and rainfall on nematode diversity (Nielsen et al., 2014; Song et al., 2017; Thakur et al.,
2019; Da Silva et al., 2020; Nisa, 2021; Kiptoo et al., 2022; Kitagmi, 2022), the effects of
temperature and rainfall on nematode diversity are not well understood. The relative abundances of
phytoparasitic nematodes were negatively associated and the shift in relative abundance was best
explained by mean annual temperature, with plant parasites dominating warm sites (Procter, 1984). In
addition, plant-parasitic nematodes require free moisture to develop and live in hygroscopic water
around soil particles and surrounding plant tissues (Bridge and Starr, 2007). An increase in hematode
mobility with water flow in the soil pore space facilitates the potential for nematodes to reach plant
roots (Fujimoto et al., 2010). Considering that we used uncultivated soil for our test, the predator-
omnivore nematodes (975) were the second most abundant trophic group after plant parasitic
nematodes. This is because predatory and omnivorous hematodes are more sensitive to environmental
perturbations (Bongers, 1990; Bongers and Bongers, 1998; Georgieva et al., 2002; Sanchez-Moreno
et al., 2006; Zhao and Neher, 2013; Li et al., 2016). A large number of biotic and abiotic elements
have an influence on nematode populations in the soil. Plant parasitic nematodes require significant
moisture and aeration from absorbed soil water films (Dropkin, 1980; Kim, 2015). According to
Mateille et al. (2014) and Palomares-Rius et al. (2015), soil texture and particle size are important in
determining PPN abundance and richness (Norton, 1989; Mateille et al., 2014). The proportion of
sand, clays, and silts can affect water retention and also the number of minerals and organic matter
present (Saxton and Rawls, 2006; Mateille et al., 2014). This has implications for plant growth and
thus food quality for PPNs, but also for movement through the water film around soil particles,
stimulated by the retention of root exudates that enable nematodes to locate roots (Prot and Van
Gundy, 1981). Our results showed that the species Tylenchorhynchus, Tylenchus, Pratylenchus, and
Paratylenchus were abundant in sandy clay loam at pH 7.4, which is consistent with previous studies.
The abundance of Tylenchorhynchus had a positive correlation with pH (Liang, 2000). Pratylenchus
sp. abundance was reported to be negatively correlated with pH, suggesting that Pratylenchus may be
more abundant at lower than higher pH (Spaull et al., 2001; Kawanobe et al., 2020). Previous studies
have shown that Pratylenchus abundance is significantly influenced by soil texture (Griffin, 1996).
Pratylenchus penetrans was found in loamy sands, and these species were reportedly less abundant in
heavy soils (Szczygiet et al., 1983; Szczygiet and Zepp, 2004; Chen et al., 2012). According to Van
Gundy et al. (1964), Tylenchulus semipenetrans were able to reproduce successfully on soils with a
clay content of between 10% and 15%. This may explain the low abundance of Tylenchulus in the
studied plots with their high clay content (38%). However, the relationship between pH, clay content,
and the abundance of plant-parasitic nematodes was not demonstrated in our study. Several biotic and
abiotic elements have an influence on nematode populations in the soil. Plant-parasitic nematodes
require significant moisture and aeration from absorbed soil water films (Dropkin, 1980; Kim, 2015).
The response to biofumigation found in this study is similar to that found in previous studies. A
significant reduction in Pratylenchus sp. of 48-72% has been reported with the use of Raphanus
sativus (Al-Rehiayani et al., 1999; Hartsema et al., 2005). Mazzola et al., (2007, 2009); Zasada et al.,
(2009) using Sinapis alba showed that mustard crops were effective in suppressing Pratylenchus sp.
28-90%. Worldwide, it has been shown that various activities of biofumigants have demonstrated
nematicidal efficiency against different types of plant parasitic nematode populations to acceptable
levels (Lazzeri, et al., 2004, Ramirez et al., 2009; Ngala et al.,2015; Chowa'nski et al., 2016 ; Fourie
et al., 2016 ; Dutta and al., 2019 ; Maina et al., 2020 ; Morris et al., 2020). Brassica plants have a
highly effective and specialized chemical defense mechanism which relies on the development of a
family of secondary metabolic products known as glucosinolates (GSL) (Ntalli and Caboni, 2017;
Maina et al., 2020). GSLs have nematicidal activity (Lazzeri et al., 1993; Riga, 2011; Ntalli and
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Caboni, 2017). The use of Brassicaceae cultivars and species with different GSL content in their
tissues affects the efficiency of biofumigation in reducing nematode pest populations (Craig et al.,
2005) and the soil characteristics at the time of incorporation of plant residues into the soil (e.g. soil
moisture, temperature and pH) (Kirkegaard et al., 1998; Bending and Lincoln, 2000; Wood et al.,
2017). This variability is due to the many biological and physical factors that have an impact on the
effectiveness of biofumigation (Motisi et al., 2010). Furthermore, research has found a relationship
between the reduction of nematode pest populations and the amount of Brassicaceae green manure
incorporated into soils (Lazzeri et al., 1993; Motjahedi et al., 1993; Kwerepe and Labuschagne, 2003;
Lopez-Perez et al., 2005; Matthiessen and Kirkegaard, 2006; Youssef and Lashein, 2013). In addition,
for biofumigation to be effective, the biofumigant must be evenly distributed throughout the soil
profile in which the target nematode pest(s) are present (Morra and Kirkegaard, 2002; Roubtsova et
al., 2007). Nematicidal activity via Brassicaceae biofumigation techniques is considered a biological
alternative to conventional soil fumigation (Brown and Morra, 1997; Matthiessen and Kirkegaard,
2006; Laegdsmand et al., 2007; Clarkson et al., 2015). The suppressive effect of Tefluthrin on PPNs
population densities matched what has been achieved using other fumigants or nematicides (Rowe
and Powelson, 2002; Hassan, 2020; Chen, 2022). As the current study did not include the
phytochemical characterization of the two plants studied (glycosinolate content), the exact reason for
this was not clear.

4. Conclusion

The present study is the first field-scale demonstration that biofumigation is as effective as tefluthrin
fumigation in the suppression of PPNs. Biofumigation with S. arvensis mustard may be a potential
alternative to fumigation due to its favorable effect in reducing various PPNs populations, particularly
in fields with high Tylenchorhynchus populations and improving crop health. However, biofumigation
with R. raphanustrum did not respond well to the plant parasitic nematode populations studied. The
study recommends that in both conventional and organic farming systems, biofumigation with
mustard (S. arvensis) green manure can be used as part of an integrated pest management (IPM)
programme. Therefore, knowledge of the glucosinolate content of the plants that are to be used for
biofumigation is crucial. This requires knowledge of GSL and ITC production and systematic field
research through analytical studies. In addition, the appropriate source and quality of organic matter to
improve soil quality and suppress the growth of parasitic nematodes should be investigated in soil
management research.
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