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Article 

Strategies for Selecting Potentially Effective 
Biofumigant Species for Optimal Biofumigation 
Outcomes 

Juan Manuel Arroyo 1, Jose Soler 1, Rubén Linares 1 and Daniel Palmero 1,* 
1 Departmento de Producción Agraria, Escuela Técnica Superior de Ingeniería Agronómica, Alimentaria y 

de Biosistemas, Universidad Politécnica de Madrid, Avenida Puerta de Hierro, 4, 28040 Madrid, España. 
* Correspondence: daniel.palmero@upm.es 

Abstract: Soil-borne diseases threaten sustainable agriculture, traditionally managed by chemical 
fumigants, whose use is now restricted due to environmental and health concerns. This study 
evaluates the biofumigation potential of Brassicaceae species, specifically Brassica carinata A.Braun., 
Brassica juncea (L.) Vassiliĭ Matveievitch Czernajew., Raphanus sativus L., and Sinapis alba L., 
cultivated in central Spain. Field trials across two growing cycles assessed biomass production, 
glucosinolates (GSLs) concentration, photosynthetically active radiation (PAR) interception, and 
radiation use efficiency (RUE). Biomass production varied across species and sampling dates, with 
S. alba and R. sativus outperforming other species in shorter cycles, while B. juncea and B. carinata 
showed more efficient GLS profile to soil-borne diseases control, particularly in aliphatic GSLs like 
Sinigrin. Results highlight B. juncea and B. carinata as potent biofumigants due to their high GSL 
levels, whereas S. alba and R. sativus are more suited to early biomass production. The study also 
explores the Chlorophyll Content Index (SPAD) as a potential field indicator of GSL concentration, 
providing a practical approach for optimizing biofumigation timing. These findings support the 
selection of specific Brassicaceae species adapted to climatic conditions and crop cycles for effective 
biofumigation in sustainable agricultural practices. 
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1. Introduction 

Soil-borne diseases pose a significant threat to sustainable agricultural production, primarily 
impacting crop yields and quality through infections caused by fungi, bacteria, and nematodes. 
Traditional control measures often rely on chemical fumigants. However, the negative environmental 
effects, health hazards, societal concerns, and the development of new environmental strategies, such 
as the “Farm to Fork Strategy,” have heavily restricted the use of these synthetic chemical 
compounds. This growing concern has spurred the search for sustainable alternatives that may 
reduce the quantity and toxicity of synthetic chemicals applied to agricultural fields, with 
biofumigation emerging as a particularly promising strategy [1–3]. 

The term biofumigation was initially proposed by [4]. Although initially defined as the 
cultivation of specific plants that naturally produce bioactive compounds with biocidal properties, 
followed by the incorporation of plant residues into the soil through chopping and rapid mixing 
[3,5,6], biofumigation now encompasses various application methods. These include cover cropping, 
whole plant incorporation, and the use of isolated plant products, such as industrially formulated 
defatted seed meals or concentrated applications of plant essential oils or distilled essences [2,7,8]. 

While various species and residues have been investigated for biofumigation (e.g., Allium spp., 
Lavandula spp., Sorghum spp., Tagetes lucida Cav, Azadirachta indica A.Juss) [9–14], studies have shown 
that plants of the Brassicaceae family are among the most effective. These plants grow rapidly, 
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produce large amounts of biomass [15], and some species synthesize high levels of GSLs in their 
tissues. 

Due to their high GSL concentrations, genera such as Brassica, Raphanus, Sinapis, and Eruca are 
the most commonly used for biofumigation [16–19]. GSLs are secondary metabolites found in some 
plants (e.g., Brassicaceae, Capparidaceae, Tropaeolaceae, Moringaceae, and Amaryllidaceae families) [6,20]. 
GSLs are composed of β-thioglucoside N-hydroxysulfates (a common functional group), with a side 
group (R – a variable aglycone side chain derived from one of eight natural amino acids) and a sulfur-
linked β-d-glucopyranose moiety [21]. The R group is retained in the resulting isothiocyanates (ITC), 
influencing their biocidal activity [22]. 

The decomposition of brassica tissues and enzymatic hydrolysis of GSLs by myrosinase produce 
toxic ITC, in addition to other compounds such as thiocyanate, nitriles, organic cyanides, methyl 
sulfide, dimethyl sulfide, and methanethiol, formed through various chemical reactions. Although 
these additional compounds are typically less toxic than isothiocyanates, they are often present in 
large quantities and may also contribute to biofumigation [23–25]. Among these compounds, notably 
ITC are highly effective for disease control due to their broad-spectrum antimicrobial properties [18–
26]. 

In general, the highest GSL concentrations are found in seeds, followed by above-ground and 
below-ground tissues [17–28]. GSL concentration in seeds is typically 8-10 times higher than in other 
parts of the plant [1], although it varies with growth stage, environment, and species interactions 
[27,29]. 

High ITC levels are needed for effective soil disinfection through biofumigation. For example, 
soil sterilization is calculated at effective values of 517 to 1294 µmol/g soil of methyl isothiocyanate 
[30]. However, lower ITC concentrations in the soil (150 µmol/g soil of ally or 182 µmol/g soil of 
methyl isothiocyanate) are sufficient to control most soil-borne and diseases, such as Verticillium 
dahlia or larvae of the black vine weevil [31,32]. Thus, although plant GSL concentration is crucial to 
the success of biofumigation, the key factor is the release of ITCs into the soil [33]. 

Biofumigation has several potential benefits, not only providing a natural alternative to synthetic 
fumigants with reduced environmental and human health risks but also offering a diverse array of 
bioactive chemicals that soil-borne diseases may not be adapted to resist. Biofumigation contributes 
organic matter to the soil, improving soil structure, enhancing soil health through erosion prevention, 
increasing nutrient availability, reducing nitrogen leaching, stimulating beneficial or pathogen-
suppressive microbial communities, and suppressing weed pressure, potentially reducing costs for 
growers) [2,22]. 

 
As several studies have shown the effectiveness of biofumigation is linked to GLSs tissues 

concentration but also, in especially with each species ability to biomass accumulation [34,35]. In turn, 
biomass accumulation ability is influenced by specie ability to intercept and utilize 
photosynthetically active radiation (PAR), as well as their RUE [15].  

 
This study aims to evaluate biofumigant species suitable for use in extensive horticultural crops 

in central Spain. Specifically, the research focuses on identifying species that not only possess high 
levels of bioactive GSLs but also demonstrate effective adaptation to the region’s climatic conditions 
and cultivation cycles. By evaluating these species in terms of biomass production, GSL 
concentration, and seasonal variations, this study seeks to optimize biofumigation practices that can 
be integrated into local crop rotation and management systems.  

2. Materials and Methods 

2.1. Location and Soil and Climatic Conditions 

The trial was conducted at the Experimental Fields of ETSIAAB (Polytechnical University of 
Madrid) during the 2022-2023 and 2023-2024 agricultural growing cycles, hereafter referred to as first 
and second cycle, respectively. The soil in the experimental plot has a sandy loam texture, with a 
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basic pH of 7.8 and low organic matter content (1.2%). The carbon/nitrogen (C/N) ratio is 8, and the 
electrical conductivity (EC) measured in a 1:5 extract is 0.16 dS/m. High levels of calcium (Ca ≥ 2500 
mg/kg), magnesium (Mg ≥ 250 mg /kg), potassium (K ≥ 300 mg/kg), and phosphorus (P ≥ 60 mg/kg) 
were detected, based on analyses carried out on four soil samples, one per trial block, collected from 
the 0-30 cm and 30-60 cm horizons. 

According to the Köppen classification, the climate in the region is temperate with dry or hot 
summers (Csa), with a mean annual rainfall of 379 mm and a mean annual temperature of 14.6 °C 
(Castilla-La Mancha, i.e., Toledo, Ciudad Real, Albacete). According to the UNESCO-FAO 
classification, the specific climate at the trial site (Madrid) is described as a “temperate climate with 
mild winters, xeric, attenuated thermomediterranean,” with an average annual rainfall of 421 mm 
and an average annual temperature of 15.1 °C. 

The weather conditions in 2022 and 2023 in terms of thermal and rainfall patterns were very 
different: 2022 had a very dry autumn and cold winter with a prolonged frost period, whereas 2023 
was characterized by abundant rainfall in autumn and mild winter. 

2.2. Experimental Design 

The experimental design followed a randomized block layout with four replicates, with the 
biofumigant species being the main factor. Four species were included: B. carinata (cv. Eleven), B. 
juncea (cv. Scala), R. sativus (cv. Córdoba), and S. alba (cv. Venice). Each elementary plot measured 10 
m in length and 3.6 m in width, with a total area of 36 m². 

Sowing took place on September 22, 2022, and September 29, 2023, using a 1.2 m wide 
experimental seeder. Seeding rates were 12.5 kg/ha for B. carinata and B. juncea, and 25 kg/ha for R. 
sativus and S. alba. To promote germination in 2022, two emergency irrigations of 15 mm each were 
applied at the end of September and early October. In 2023, rainfall during the same period was 
sufficient to ensure good germination, with nascence rates of 75-80% for all species except B. juncea, 
which exhibited a rate of 32%. Given this low rate, germination and viability tests (tetrazolium test) 
were conducted, confirming that the low germination was not due to seed quality but to intrinsic 
characteristics of the species. Mineral fertilization in both growing cycles consisted of the application 
of 400 kg/ha of a complex N-P-K (S) 15-15-15 (13) fertilizer before sowing. 

2.3. Analytical Determinations 

In each elementary plot, various parameters were evaluated throughout the growth cycle of the 
biofumigant species, focusing on biomass production and distribution, as well as the physiological 
development of the plants. The determinations included: 

Biomass Production: Total biomass was quantified, distinguishing between the aboveground 
part and the roots, at different points during the cycle. For this, a 0.5 m² area (1 m x 0.5 m) from each 
elementary plot was manually harvested on the following dates: January 23 and March 27, 2023 (123 
and 186 days after sowing, respectively), and December 11, 2023, and January 29, 2024 (73 and 122 
days after sowing, respectively). After plant extraction, the roots were separated from the 
aboveground part for all plants, and fresh biomass was measured for both root and aboveground 
portions. A subsample of three representative plants was then selected, and the dry matter content 
of the root and aboveground biomass was determined separately after drying in a forced-air oven at 
65°C until a constant weight was achieved. By applying the dry matter content of the root and 
aboveground tissues to their respective fresh biomasses, root (RDB) and aboveground dry biomasses 
(ADB) were obtained, with the sum of these values representing the total dry biomass (TDB). 

GLS extraction, purification, desulfatation, and analysis followed ISO Norm (1992) with some 
adaptations. In short, 50 mg of ground powder was placed in two 10 mL test tubes, to which 1.5 mL 
of 70% methanol and 100 µL of glucotropaeolin (5 mM and 20 mM, respectively), as internal 
standards (reference 89216; PhytoLab GmbH & Co. KG, Vestenbergsgreuth, Germany), were added. 
The tubes were kept in a water bath at 80 ºC for GLSs extraction. After 20 minutes at room 
temperature, the tubes were centrifuged at 3600 rpm for 20 minutes, and the supernatants were 
reserved for analysis. 
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For GLSs purification, 96-well filter plates loaded with A25 DEAE Sephadex ion-exchange resin 
were prepared using a Millipore multiscreen column loader. 150 µL of 60% methanol was added to 
each well. After one hour, the liquid was removed with a vacuum pump. 300 µL of the sample 
supernatant was transferred to each well, and the liquid was again removed using the vacuum pump. 
After this, the wells were washed twice with 150 µL of 60% methanol and twice with water. 

For enzymatic desulfatation of GLSs, 10 µL of water and 10 µL of sulfatase solution were added 
to each well, and the plates were kept overnight at room temperature. Desulfoglucosinolates were 
eluted by washing twice with 100 µL of 60% methanol and twice with water. The resulting collected 
samples containing desulfoglucosinolates were stored at −20 ºC until analysis by HPLC. 

The HPLC system consisted of a Waters 1525 binary pump, a Waters 2489 UV/visible detector 
set at 229 nm, and a Waters 2707 Autosampler (Waters Corporation, Milford, MA, USA). The column 
used was a Kinetex C18 of 250 x 4.6 mm, 100 Å ID, with a particle size of 5 µm (Phenomenex, Torrance, 
CA, USA). HPLC analysis was performed using water (solvent A) and 20% acetonitrile (solvent B) as 
eluents, with the following gradient: 2 minutes of solvent B at 0%, 23 minutes increasing solvent B to 
100%, 5 minutes reducing solvent B back to 0%, and 5 minutes maintaining solvent B at 0%, at a flow 
rate of 1 mL/min and an oven temperature of 40 °C. Water quality was maintained at 18.2-megohm 
Milli-Q Direct Water (Merck Millipore, Darmstadt, Germany) for all analytical steps. Quantification 
of desulfoglucosinolates was done using response factors previously reported by ISO Norm (1992) 
and Yi et al. (2016) for GLSs not included in the ISO Norm. The GLSs analyzed are shown in Table 1. 

Table 1. Nature and characteristics of the glucosinolates analyzed in the biomass of the biofumigant 
species (Adapted by [21,35]). 

Type   Chemical name Main Hydrolysis Product 
Trivial name 

Aliphatic   

Epiprogoitrin 2(S)-Hydroxy-3-
butenylglucosinolate 

Oxazolidine-2-thiones 

Glucoalyssin 5-Methylsulphinylpentyl Isothiocyanate 
Glucobrassicanapin 4-Pentenyl Isothiocyanate 

Glucoerucin 4-Methylthiobutyl Isothiocyanate (Erucin) 
Glucoiberverin 3-Methylthiopropyl Isothiocyanate 

Gluconapin 3-Butenyl Isothiocyanate 

Glucoraphanin 4-Methylsulphinylbutyl Isothiocyanate 
(Sulforaphane) 

Glucoraphasatin 4-Methylsulfanyl-3-butenyl Isothiocyanate 
Napoleiferin 5-Allyl-1,3-oxazolidin-2-thione Isothiocyanate 

Progoitrin 2-Hydroxy-3-butenyl Oxazolidine-2-thiones 
Sinigrin 2-Propenyl Isothiocyanate (Allyl) 

Aromatic   
Gluconasturtiin 2-Phenylethyl Isothiocyanate (Phenethyl) 
Glucotropaeolin Benzyl Isothiocyanate (Benzyl) 

Sinalbin 4-hydroxybenzyl glucosinolate; Nitrile 
Indolyl   

4-Hydroxyglucobrassicin 4-Hydroxy-3-indolylmethyl Thiocyanate 
Glucobrassicin 3-Indolylmethyl Indolyl-3-carbinol 

The fraction of Photosynthetically Active Radiation (PAR) intercepted by the canopy (fIPAR) 
was calculated as the ratio between intercepted PAR (incident PAR – transmitted PAR) and incident 
PAR, measured at solar noon on each sampling date, always under clear sky conditions. Based on 
the fIPAR values, the calculation of PAR intercepted by the crop from sowing to each biomass 
sampling date was divided into as many sub-periods as there were fIPAR measurements. The 
intercepted PAR value for each sub-period was calculated by multiplying the incident PAR for that 
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sub-period (daily incident PAR data obtained from the meteorological station located near the trial 
site) by the arithmetic mean of the fIPAR values determined at the beginning and end of that sub-
period. 

In turn, the RUE was calculated as an average RUE value for the period between the sowing date 
and each of the two biomass sampling dates for the biofumigant species. This was determined as the 
ratio between the TDB, in g of dry matter/m², and the amount of PAR intercepted by the canopy, in 
MJ/m², during the same time period. Thus, RUE, in g of dry matter/MJ, expresses the efficiency of the 
plant in converting intercepted radiation into biomass. 

Chlorophyll content in the leaves of the biofumigant species was measured using a SPAD meter 
at different points in the growth cycle as an indicator of the plant’s nutritional status. On each 
sampling date, 15 measurements were taken in each elementary plot (one leaf per plant from 15 
plants). 

Table 2 provides information on the procedures and equipment used to carry out the analytical 
determinations in 2022 and 2023, respectively. 

Table 2. Parameters and Determinations Carried Out in the Biofumigant Species Trial. 

Parameter 
Measurement 
dates 2022/23 

(das *) 

Measurement 
dates 2023/24 

(das) 
Equipment Method/procedure 

Fraction of 
intercepted PAR 

(fIPAR)  

22, 41, 67, 110, 
123, 137,  161, 

186 

 
LI-191-R 

Quantum line 
sensor  

fIPAR = [Incident PAR - 
Transmitted PAR] / Incident 

PAR  
Transmitted PAR: average value 

of 3 measurements per 
elementary plot 

SPAD  49, 70, 114, 138, 
160, 174, 186. 122 

SPAD-502® 
chlorophyll meter 
(Konica Minolta 

Inc., Japan) 

Average value of 15 
measurements (one leaf from 15 
plants) per elementary plot and 

measurement date 
Biomass 

produced: total, 
root, and aerial 

part 

123 ,186 73 ,122 
Precision balances 
and drying oven 

Sampled area per elementary 
plot: 0.5 m² (1 m x 0.5 m) 

Glucosinolate 
concentration 

and types in the 
aerial part 

123, 186 120, 190 

Lyophilizer 
(Lyoquest 55 plus-
Telstar), IKA A11 
basic analytical 

mill (IKA-Werke 
GmbH & Co. KG) 

  

Leaf or root samples were 
frozen shortly after collection at 

-80 °C. The samples were 
lyophilized and maintained in a 
drying oven at 80 ºC for 24 h for 

myrosinase inactivation, then 
ground. 

(*): Days after sowing date. Emergence (50% germination rate) occurred approximately 9 days after sowing. 

2.4. Statistical Analysis 

An analysis of variance on the Biomass, fIPAR, RUE, SPAD, GSLs concentration were performed 
using Fisher’s least significant difference (LSD) tests at 95.0% confidence. The tests were carried out 
using STATGRAPHICS Centurion XVIII statistical package software (StatPoint, Inc., Herndon, VA, 
USA). In order to estimate the correlation between the different parameters evaluated, the simple 
regression analysis was adjusted to the non-linear inverse-X model as it showed the highest R2 value. 
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3. Results 

3.1. Agronomic Performance and Biomass Production   

The field trial was repeated over two consecutive growing cycles, and in both cycles, significant 
differences were detected in the biomass produced by the biofumigant species analyzed. These 
differences and sampling variations were dependent on the growing cycle and the timing of the 
sampling (Table 3). 

Table 3. Values and statistical analysis of Total Dry Biomass (TDB) production parameters and its 
components (Aboveground Dry Biomass - ADB and Root Dry Biomass - RDB) for the biofumigant 
species in the two analyzed growing cycles. 

Growing cycle 1st cycle (2022-23) 2nd cycle (2023/24) 
Sampling date 23-01-23 (123 das) 27-03-23 (186 das) 11-12-23 (73 das) 29-01-24 (122 das) 

 Specie ADB1 RDB TDB ADB RDB TDB ADB RDB TDB ADB RDB1 TDB 
B. carinata 763,9 73,1 837 576,4 ab 39,9 c 616,3 ab 315,0 b 73,1 c 388,1 b 515,6 85,3 b 600,9 
B. juncea 642,5 124,8 767,3 735,3 a 92,1 ab 827,5 a 130,1 c 31,3 d 161,5 c 383,8 148,4 b 532,2 
R. sativus 641,6 122 763,6 598,9 ab 131,4 a 730,3 ab 380,4 b 202,0 a 582,4 a 354,1 238,5 a 592,6 

S. alba 647,2 67,4 714,7 493,5 b 56,5 bc 550,1 b 507,3 a 143,4 b 650,7 a 605 83,7 b 688,7 
p value ns2 ns ns * ** * *** *** *** n.s. ** n.s. 

1 g of dry matter/m²; ² n.s.: p > 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001. Means followed by the same letter were 
not significantly different at P ≤ 0.05 according to the Fisher’s least significant difference (LSD). 

In the sampling conducted on January 23, 2023 (123 das), the four biofumigant species tested 
reached dry biomass production levels that did not differ significantly, either in total biomass or in 
its two components (root and aboveground). The values ranged from 837 g dry matter/m² for B. 
carinata to 715 g dry matter/m² for S. alba. Furthermore, in all species, it was clear that the 
aboveground biomass contributed more significantly to the total dry biomass, representing between 
84% and 91% of the total, depending on the species. 

Approximately two months after the first sampling, and following a period of intense frost, the 
comparative analysis between the species showed changes in their ability to produce and accumulate 
biomass, compared to what was observed in the January 23 sampling. In this second sampling, both 
the ADB and TDB produced by B. juncea were significantly higher than those produced by S. alba, 
with B. carinata and R. sativus falling in an intermediate position. This was a result of the minimal 
variations in biomass accumulation levels shown by B. juncea and R. sativus compared to the previous 
sampling, in contrast to the significant decrease experienced by B. carinata and S. alba (Table 3). 

Consequently, although none of the four species appears to be well-adapted to producing and 
accumulating biomass during periods of low temperatures (frost), it is evident that B. carinata and S. 
alba are extremely sensitive to such conditions (Figure 1). This fact is crucial when determining the 
most appropriate timing for their incorporation into soil in regions where frosts occur. 

The results obtained from the 2022 autumn sowing highlighted the need to adjust the sampling 
schedule for biomass determination in the 2023 autumn sowing (Figure 1). The first biomass sampling 
was moved forward to 73 das (December 11, 2023), while the second sampling remained at a similar 
date to the first cycle (around 120 das). This adjustment was based on the species’ sensitivity to frost, 
aiming to assess their biomass production capacity in shorter cycles, concluding before the onset of 
the frost period. The decision was further supported by the noticeably higher initial growth rates of 
R. sativus and S. alba, as corroborated by their higher levels of PAR interception. 
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Figure 1. Comparative analysis of the Total Dry Biomass (TDB) produced by each biofumigant species 
in the two growing cycles and the two sampling dates. Means followed by the same letter were not 
significantly different at P ≤ 0.05 according to the Fisher’s least significant difference (LSD). 

In the sampling conducted on December 11, 2023 (73 das), in terms of TDB, the four species were 
grouped into three levels with statistically significant differences: the first group consisted of S. alba 
and R. sativus, which surpassed B. carinata in TDB, and the latter, in turn, produced and accumulated 
more biomass than B. juncea. These results confirm the higher capacity of S. alba and R. sativus to 
produce biomass in short cycles (around 70 das), compared to the potential shown by B. carinata and, 
especially, by B. juncea at that stage. 

As for the analysis of the two components that determine TDB (ADB and RDB), the key 
difference is that S. alba accumulates more biomass in the ADB than R. sativus, while in the RDB, the 
situation is reversed. 

By the end of January 2024, 48 days after the previous sampling (122 das), the four biofumigant 
species reached very similar TDB values, in line with the results observed in the equivalent sampling 
from the 2022 autumn sowing trial. This is because R. sativus and S. alba maintained similar 
production levels to the previous sampling, showing virtually no growth during that period. In 
contrast, B. carinata and, particularly, B. juncea, showed significant increases in TDB during that time, 
reaching levels comparable to the other two species (Figure 1). Regarding the analysis of the two 
components (ADB and RDB), the most noteworthy observation is the greater accumulation of root 
biomass (RDB) in R. sativus compared to the other three species. 

Having conducted homologous samplings in both trial growing cycles (approximately 120 das) 
for biomass determination in the four biofumigant species, a statistical analysis was performed using 
the results from both growing cycles, confirming the findings identified in the individual analyses 
from each trial growing cycle (Table 4). 

Table 4. Values and statistical analysis of Total Dry Biomass (TDB) and its components (Aboveground 
Dry Biomass - ADB and Root Dry Biomass - RDB) for the biofumigant species at 120 das, across both 
growing cycles. 

Sources of 
variation ADB1 RDB TDB 

B. carinata 639,8 79,2 b 719,0 
B. juncea 513,1 136,6 ab 649,7 
R. sativus 497,8 180,2 a 678,1 

S. alba 626,1 75,6 b 701,7 
Species ns2 * ns 
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Cycle * n.s. * 
First 569,2 a3 117,9 687,1 a 

Second 464,6 b 139,0 603,6 b 
Species x cycle ns ns ns 

1 g of dry matter/m²; ² ns: p > 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001. 3Means followed by the same letter were 
not significantly different at P ≤ 0.05 according to the Fisher’s least significant difference (LSD). 

Although differences in biomass production were observed between the two growing cycles, 
particularly in terms of TDB, the general biomass distribution patterns remained consistent. B. 
carinata and S. alba showed a greater contribution of ADB to the TDB, while R. sativus stood out for 
its accumulation of root biomass RDB. Furthermore, the differences in production efficiency between 
the cycles reinforce the idea that climatic conditions and the duration of the cycle significantly 
influence the final performance of the biofumigant species. Nevertheless, the consistent behavior of 
the species in terms of biomass distribution suggests that management strategies, such as the timing 
of incorporation into the soil, should be adjusted according to these patterns. The results confirm that 
all species are capable of reaching similar levels of biomass accumulation, but with significant 
differences in how they allocate resources between the aboveground and root, which is a key factor 
to consider when implementing biofumigation strategies. 

3.2. Radiation Interception and Radiation Use Efficiency 

3.2.1. Fraction of Photosynthetically Active Radiation Intercepted by the Canopy (fIPAR)  

The evolution of fIPAR by the different biofumigant species throughout the 2022-23 agronomic 
cycle undergoes significant variations (Figure 2). 

The main differences in the evolution of fIPAR between the biofumigant species occurred in the 
initial and final stages of the 2022-23 cycle. In the initial stage (22 das), R. sativus and S. alba had higher 
fIPAR values than B. carinata, as a result of more vigorous early germination and growth. In turn, B. 
carinata showed higher fIPAR values than B. juncea. 

 
Figure 2. Evolution of the Fraction of Photosynthetically Active Radiation intercepted by the canopy 
(fIPAR) of the biofumigant species throughout the 2022-23 cycle. 

As the cycle progressed, these initial differences between the species gradually decreased. By 
early November 2022 (41 das), only B. juncea showed lower PAR interception levels compared to the 
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other species, which had already reached fIPAR values above 0.95. By the end of November 2022 (67 
das) (Figure 2), fIPAR values approached 1 (between 0.99 and 1) in all four species. 

 
Figure 3. Image of the biofumigant species trial on November 22, 2022 (67 das). 

The frost period began in late November 2022 with three days of mild frost (minimum 
temperature ≥ -1.7º C). During December 2022 and the first half of January 2023, there were almost 
no frosts, and all four species continued to show very high fIPAR levels. However, in the last ten days 
of January 2023, much of February, and the first week of March 2023, the crop was subjected to a 
prolonged frost period (45 frost days, of which 25 days had minimum temperatures below -2º C, with 
some days reaching as low as -8º C). 

As a result, by the end of January 2023, the species began to experience a decline in soil coverage 
or canopy shading, which was reflected in their fIPAR values. This decline was more pronounced in 
B. carinata, B. juncea, and S. alba compared to R. sativus. The process worsened in the following 
months, such that by early March, fIPAR values had dropped to around 0.5-0.6 for the first three 
species, while R. sativus maintained an fIPAR of around 0.85. This species was able to “renew and 
maintain” its canopy through continuous regrowth of the shoot, fueled by reserves stored in the root 

3.2.2. PAR Intercepted During the Cycle and Radiation Use Efficiency 

The integrated effect of the evolution of fIPAR was reflected in the total values of PAR 
intercepted by each of the biofumigant species from sowing until each of the two biomass sampling 
dates (123 and 186 das) (Figure 4). 
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Figure 4. Intercepted PAR (MJ/m²), by the foliar cover on two dates (123 and 186 das), and PAR RUE, 
(g/MJ), of the biofumigant species during the entire cycle. Means followed by the same letter were not 
significantly different at P ≤ 0.05 according to the Fisher’s least significant difference (LSD). 

On the two analyzed dates, statistically significant differences were observed in the overall 
values of intercepted PAR between the species, with a similar general pattern in both cases. The RUE, 
a coefficient that indicates how the intercepted or absorbed PAR is used by the crop for biomass 
production, is known to vary based on multiple factors, including environmental stresses, 
phenological stages, genotypes [36], water and nitrogen availability [37], 2, species, crop management, 
weather conditions [38], and plant density [39], as well as the interactions between these factors [36]. 
R. sativus and S. alba intercept a greater amount of PAR due to faster initial growth and development 
compared to B. carinata, which in turn surpasses B. juncea in intercepted PAR. This is primarily the 
result of poorer and more irregular germination and slower initial growth in B. juncea. The only 
notable difference in the comparative analysis between species on both dates is that in the late March 
sampling (186 das), R. sativus intercepts more PAR than S. alba, as R. sativus was able to maintain a 
greater green foliar cover during the frost period. 

Regarding the RUE values at 123 das, no statistically significant differences (5% significance 
level) were observed among the different biofumigant species, although both R. sativus and S. alba 
show slightly lower average values compared to the other two species. Therefore, there seems to be 
a clear compensatory effect between the two factors that determine biomass production (RUE and 
intercepted PAR), which explains why there are no statistically significant differences in accumulated 
biomass production up to that date among the four tested species. In line with previous studies, 
Brassica species tend to cover the soil rapidly, resulting in high radiation capture (517 MJ/m²), 
although their radiation use efficiency remains low (0.80 g/MJ) when compared to other cover crops 
[15]. 

Considering a cycle of 186 das, B. juncea reaches much higher RUE values compared to the other 
three species (Figure 4), with highly significant differences between the two groups. It is noteworthy 
that all four species show a decline in RUE due to greater foliar cover senescence, partly caused by 
the extended cycle through the end of winter and partly by the frost period they experienced during 
much of the winter. In any case, B. juncea exhibited the smallest decline in RUE. Once again, the 
integrated analysis of both parameters (intercepted PAR and RUE) perfectly explains the differences 
observed in biomass production among the different biofumigant species in the late winter sampling 
(186 das). B. juncea is the specie with the highest biomass production (with statistically significant 
differences compared to S. alba), as its lower capacity to intercept PAR—due to reduced growth under 
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low-temperature conditions—is compensated by higher RUE values. In the case of R. sativus, the 
lower biomass production is attributed to its low RUE, not the amount of intercepted PAR. For the 
remaining two species (B. carinata and S. alba), the lower biomass accumulation is due to both a 
decrease in intercepted PAR and in RUE, which indicates that these two species are the most affected 
by low-temperature conditions in terms of biomass production and accumulation. 

Furthermore, in the analysis of the correlations between accumulated biomass and the two 
factors that determine it (intercepted PAR and RUE), in both samplings (123 and 186 das), it is evident 
that the relationship between biomass and RUE is much stronger than that between biomass and 
intercepted PAR. This supports previous findings that show RUE as a more determinant factor for 
biomass production than PAR interception alone, particularly under varied environmental 
conditions and crop management approaches [36]. Ultimately, RUE better explains the biomass 
production capacity of the four tested biofumigant species than intercepted PAR (Figure 5).  

  

Figure 5. Analysis of the relationships between accumulated biomass at 123 and 186 days after sowing 
(das) and its determining components: intercepted PAR (left) and RUE (right). 

3.3. Chlorophyll Content Index 

In the first three SPAD measurement dates, corresponding to the period of the cycle during 
which frost had barely occurred (up until January 13, 2023), the statistical analysis of the results 
reveals that the four biofumigant species are grouped into two distinct categories with significant 
differences between them. The first group consists of B. carinata and B. juncea, with SPAD values 
ranging from approximately 37 to 39, while the second group includes R. sativus and S. alba, with 
SPAD values between approximately 30 and 33. 

Table 5. Values and statistical analysis of the SPAD of biofumigant species on different sampling 
dates throughout the 2022-23 cycle. 

Sampling date 10-11-22 01-12-22 13-01-23 06-02-23 01-03-23 
B. carinata 36,9 a1 37,2 a 38,1 a 40,5 a 13,2 c 
B. juncea 37,3 a 36,0 ab 38,9 a 37,4 ab 20,0 b 
R. sativus 31,1 b 31,2 c 30,4 b 33,0 b 30,9 a 

S. alba 33,6 ab 33,1 bc 32,9 b 25,2 c 12,7 c 
p-value *2 * *** *** *** 

2n.s.: p > 0,05; *: p < 0,05;  **: p < 0,01;  ***: p < 0,001. 1Means followed by the same letter were not significantly 
different at P ≤ 0.05 according to the Fisher’s least significant difference (LSD). 

In the data collection from early February 2023, the most notable difference compared to the 
previous observations is the significant decrease in the SPAD experienced by S. alba, which became 
statistically distinct from the SPAD values of R. sativus. 

Finally, in early March 2023, after enduring a prolonged period of low temperatures, the 
differences in SPAD values among the biofumigant species became much more pronounced. This 
was due to the sharp decline in SPAD values observed in B. carinata, B. juncea, and S. alba, a trend not 
observed in R. sativus, which either maintained or only slightly decreased its SPAD values compared 
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to previous measurements. As a result, at that time, the four biofumigant species grouped into three 
distinct levels with highly significant differences between them. 

During the autumn of second sowing cycle (2023-2024), the SPAD was measured on January 29, 
2024 (122 das). The results obtained on this date confirm a similar trend to that observed in the 
previous cycle (2022-23), both in the absolute SPAD values and in the significant differences among 
the biofumigant species. 

In this cycle, B. juncea showed the highest SPAD values with a mean of 40.3 ± 2.6. These values 
are consistent with the results of the previous cycle, where B. juncea also exhibited high values, 
reflecting a strong ability to maintain elevated chlorophyll levels in its leaves. B. carinata also recorded 
a high SPAD values, with a mean of 38.7 ± 1.11, suggesting a consistent trend for this species 
regarding the SPAD parameter. 

In contrast, R. sativus and S. alba displayed significantly lower SPAD values, with mean SPAD 
values consistently below 30. This difference between groups is in line with observations from the 
previous cycle, where both species also presented lower SPAD values compared to B. carinata and B. 
juncea. 

These results reinforce the hypothesis that the SPAD index is strongly influenced by the 
biofumigant species, highlighting the importance of further investigating the relationship between 
this parameter and other key factors, such as the concentration of GLSs, which may contribute to the 
biofumigant potential of the species. 

3.4. Glucosinolate Profiles and Isothiocyanate Potential 

The GLSs profiles in the Brassica species analyzed during January and March of 2023 and 2024 
showed a marked differentiation between aliphatic, aromatic, and indolic types, with significant 
variations in concentration among species (Figure 6). Specifically, B. juncea exhibited the highest 
overall GSLs concentration in both cycles and across months, with the values in January being 
notably higher than those in March. S. alba also presented high GSL levels, particularly in the second 
cycle’s March sample, where it reached its peak concentration. In contrast, B. carinata and R. 
sativus demonstrated comparatively lower GSLs concentration, with B. carinata showing a substantial 
decrease from January to March, especially in the second cycle, suggesting seasonal or environmental 
influences on GSLs biosynthesis. 

The Figure 6 illustrates these trends, where B. juncea and S. alba consistently dominate in GSLs 
levels, potentially highlighting their enhanced metabolic capacity for GSLs synthesis under varying 
conditions. The differences between cycles, represented by varying shades of blue, underscore 
potential annual environmental impacts or adaptations, as the second cycle showed slightly reduced 
concentrations for B. juncea in March, while S. alba reached its maximum in that period. These 
fluctuations point to species-specific responses to environmental variables, possibly due to 
differences in genetic regulation of GSLs pathways. The visual separation of values by month and 
cycle further emphasizes the importance of timing and environmental context in GSLs concentration 
and composition among Brassica species. 
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Figure 6. Total GSLs concentration in biofumigant plant species during first and seconc cycle (January 
and March sampling). 

Aliphatic GSLs exhibited the highest concentrations in most species in both growing cycles, with 
Sinigrin standing out as a key compound in B. juncea and B. carinata, known for releasing ITC with 
fungicidal effects. Among these, Sinigrin was one of the most predominant aliphatic compounds, 
whose main product is allyl isothiocyanate, known for its bioactive properties. Other notable 
aliphatic GSLs included Glucoraphanin and Glucoerucin, which produce ITC such as sulforaphane 
and erucin, respectively, compounds with well-known effects on plant defense. 

Additionally, Gluconapin and Glucotropaeolin contributed to the aliphatic profile in lower 
concentrations, with hydrolysis products such as benzyl isothiocyanate. Between January and March, 
aliphatic GSLs decreased by an average of 15-20% in these species, particularly in B. juncea, which 
could indicate an early defensive adjustment. 

In contrast, the aromatic GSLs, primarily Sinalbin in S. alba, were more stable over the two 
growing cycles of analysis, showing a less seasonally dependent profile. 

Regarding aromatic GSLs, Sinalbin and Gluconasturtiin were notable for their presence, with 
major products such as nitriles and phenethyl isothiocyanates. This stability in Sinalbin, which 
produces nitriles instead of ITC, may suggest a complementary defensive function, with fewer direct 
fungicidal effects. In S. alba, Sinalbin levels remained practically constant between January and 
March, suggesting a more consistent defensive role against other types of pathogens or 
environmental stress. 

On the other hand, indolic GSLs, such as Glucobrassicin and 4-Hydroxyglucobrassicin, do not 
produce ITC, instead releasing hydrolysis products like indoles. These compounds serve critical 
defensive functions, possibly against herbivores or as signaling molecules in response to tissue 
damage, and do not provide direct fungicidal effects. In R. sativus, indolic GSLs were significantly 
concentrated in January, showing reductions of up to 25% by March. This could indicate a strategic 
defensive adaptation, with indolic compounds being preserved in early stages and reduced as the 
need for direct defense diminishes during the later growth phase. 

Comparing species, B. juncea exhibited the most robust aliphatic GSLs profile, followed by B. 
carinata, suggesting its potential use in biofumigation strategies with stronger fungicidal effects. In R. 
sativus, the profile was more mixed, combining both aliphatic and indolic GSLs, which may not only 
provide an advantage in environments with a greater diversity of pathogens but also be of great 
importance as an alternative for rotating biofumigant species with different GSL profiles (Figure 7). 
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Between the growing cycles, there was a trend of stability in aromatic GSLs and a slight reduction in 
aliphatic GSLs in 2024, particularly in March, suggesting an interannual adaptation in the defensive 
response of these species to environmental factors. 

 
Figure 7. Comparison of aliphatic, aromatic, and indolic GSLs concentration in biofumigant plant 
species: 2023-2024. 

These results stress the importance of considering both seasonal and interannual variations when 
developing Brassica-based biofumigation strategies, tailored to the specific challenges of each season 
and environment. 

3.5. Correlation Analysis of Measured Variables  

As highlighted in the previous section, the concentrations and profiles of GSLs show clear 
differences between the tested species, which indicates their likely differential biofumigant effect. 
These differences are much greater than those observed in the amounts of biomass produced by the 
species in 120-day cycles, suggesting that the differences in the total amounts of GSLs incorporated 
into the soil by the end of their cycle will largely depend on their GSLs concentration. The precise 
determination of these concentration and profiles requires labor-intensive sampling, treatment, and 
preservation procedures, as well as costly analytical determinations. Therefore, it is of great interest 
to analyze the potential relationships between crop indicators (biofumigant species) that are quick 
and easy to measure through proximal and/or remote sensors, and GSLs concentration, as a tool to 
assist decision-making regarding the optimal point in the cycle for incorporating biofumigant species 
biomass into the soil. One of these quick and easy-to-measure indicators is the SPAD index. 

Figure 8 graphically shows the relationship between the total GSLs concentration in the biomass 
of the biofumigant species and the SPAD index from the samples taken in January and March 2023. 
In the January 2023 sampling, this relationship is consistent (r² = 0.74), exhibiting an exponential 
relationship: the higher the SPAD index, the higher the GSLs concentration. 

In the March 2023 sampling, however, the relationship is much less consistent (r² = 0.23). It is 
very likely that the frosts occurring between the two samplings, which strongly affected the SPAD 
index of the species, were the most determining factor in the loss of consistency in this relationship. 
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Figure 8. Individual analysis of the relationship between total GSL concentration in the biomass of 
biofumigant species and the SPAD values in the January (blue) and March (red) 2023 samplings. 

As mentioned, SPAD values and GSLs concentration and profiles appear to be strongly 
dependent or linked to the species. However, many other environmental and agronomic 
management factors affect both parameters. In this regard, when analyzing results from multiple 
years, it is necessary to express the results in relative terms compared to a reference to eliminate the 
effect of additional sources of variation that may distort the analysis of this relationship. In this case, 
B. juncea was chosen as the reference species, as it showed the highest GSLs concentration and, along 
with B. carinata, was also among the species with the highest SPAD values. 

The global analysis of this relationship, corresponding to the January 2023 and 2024 samplings 
(Figure 9), shows a very similar consistency (r² = 0.71) to that obtained in the individual analysis of 
January 2023 (Figure 8). This opens interesting possibilities for further investigation into this 
relationship and its consideration as a practical tool in the implementation of biofumigation 
strategies.  
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Figure 9. Global analysis of the relationship between relative total GSLs concentration in the biomass 
of biofumigant species and the relative SPAD values in the January 2023 and 2024 samplings (120 
das). 

In summary, these results highlight the potential of using the SPAD values as an indirect 
estimator, at least in relative terms, of total GSLs concentration in the biomass of these four 
biofumigant species, serving as a tool to aid in the practical implementation of biofumigation. The 
need to use a reference species may present a “minor” practical inconvenience, but it is advisable 
whenever working with crop indicators, whose absolute values depend on many uncontrollable 
variables. 

Additionally, these results also open the door to exploring other crop indicators of different 
types: chlorophyll-related indicators, such as Normalized Difference Red Edge (NDRE) index; 
vegetative development indicators, such as Normalized Difference Vegetation Index (NDVI) and 
Green Normalized Difference Vegetation (GNDVI); and combined indices such as Transformed 
Chlorophyll Absorption in Reflectance Index/ Optimized Soil-Adjusted Vegetation Index 
(TCARI/OSAVI), determined using remote sensors (multispectral cameras mounted on drones, 
satellite imagery). These indicators hold great potential for application on a larger scale (large plots) 
compared to the SPAD measurements obtained with portable reflectometers.  

4. Discussion 

While significant differences between the biofumigant species became evident in the second 
sampling date of the first cycle, particularly in aboveground biomass, the second cycle shows 
consistency in species with higher initial growth rates, such as S. alba and R. sativus. The aboveground 
biomass of B. carinata measured at mid-flowering stage, according to [35], ranged between 435–2417 
g/m², with S. alba and B. juncea at 140–387 g/m² and 205–1792 g/m², respectively, reinforcing these 
species` significant biomass yield potential. These two species again outperformed B. juncea and B. 
carinata in biomass accumulation during the early samplings. This consistency across both cycles 
confirms that S. alba and R. sativus are more efficient at producing biomass in the early stages of 
cultivation, making them better suited for short cycles, such as those ending before frosts. Despite 
variation in biomass production, GSLs concentration within plant tissues is largely genetically 
determined but is also influenced by factors such as plant organs, developmental stage, and 
environmental conditions [17,28,35,40,41]. On the other hand, B. juncea and B. carinata, although 
initially showing slower growth, managed to catch up with the other species in the later stages of the 
cultivation cycle, suggesting a compensatory ability under more extended conditions. 

Thus, the results from both cycles highlight the importance of tailoring the choice of biofumigant 
species to the duration of the cultivation cycle and specific climatic conditions, with particular 
attention to the sensitivity of some species to low temperatures. This selection process should also 
take into account biofumigant characteristics beyond GSLs concentration, such as biomass yield, 
adaptability to specific environmental conditions, and the species’ ability to release bioactive 
compounds like ITC, as demonstrated in studies by [3].  

The results of this study underscore the potential efficacy of Brassica species as biofumigants, 
particularly those with high levels of aliphatic GSLs, such as Sinigrin in B. juncea and B. carinata. 
According to [29], aliphatic GSLs are notably effective due to their ability to release volatile ITCs, 
which exhibit broad-spectrum toxicity against fungal pathogens and nematodes [29,35]. Our results 
show that aliphatic GSL concentrations were highest in these species during the January analysis, 
suggesting an adaptive strategy to maximize the release of bioactive compounds in the early growth 
stages. In fact, aliphatic GSLs such as sinigrin (0.1–26.5 and 10-20 µmol/g in B. juncea and B. carinata, 
respectively) were shown by [35] to dominate the aboveground biomass, contributing to their higher 
biofumigation efficacy [34,35]. 

Similarly, aromatic GSLs, such as Sinalbin in S. alba, showed less variability between sampling 
dates, which may reduce their efficacy compared to aliphatic ITCs for biofumigation, according to 
previous studies on ITC toxicity [29]. This behavior aligns with the stability of Sinalbin between 
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January and March observed in our study, suggesting that aromatic GSLs may play a more constant 
defensive role against less volatile threats, such as insects [42]. However, aromatic GSLs, while highly 
toxic in controlled laboratory conditions [31], may be less effective in soil biofumigation due to their 
lower volatility and greater sorption to organic matter, reducing their diffusion in field settings 
[22,43]. 

Finally, although indolic GSLs, such as Glucobrassicin, do not produce ITCs, they may offer 
indirect benefits. Research by [35] indicates that indolic GSLs may induce defense responses in host 
plants, activating defense signals such as auxins and other related compounds [35]. This characteristic 
contributes to their lesser biofumigation potential but highlights their ecological role in plant defense. 
In our study, intermediate levels of indolic GSLs in R. sativus, particularly elevated in January, may 
indicate an early-stage adaptation to environmental conditions, potentially as a response to abiotic 
stress. 

5. Conclusions 

This comprehensive evaluation of Brassicaceae species for biofumigation reveals significant 
species-specific variations that are crucial for optimizing biofumigation strategies. Future research 
should focus on longitudinal studies to assess the impact of climatic variations on GSLs profiles and 
explore the genetic underpinnings of these traits to enhance biofumigant breeding programs. Overall, 
these findings suggest that the GSL profile and its seasonal variations can be optimized for 
biofumigation applications, and they highlight the potential of Brassica species for suppressing 
specific pathogens in crop rotation and management systems. Additionally, the possibility of using 
the SPAD index as an indirect indicator of GSL concentration for in-field decision-making should be 
further explored, as it could provide a practical tool for optimizing the timing of biomass 
incorporation in biofumigation practices. 
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