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An optimized biofumigant improves pepper 
yield without exerting detrimental effects 
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Abstract 

Background:  Biofumigation is a non-chemical sustainable approach that reshapes soil microbiota to overcome 
challenges in way of continuous cultivation. However, the type and quantity of substrate have a significant impact 
on microbiota shifts and the subsequent success of biofumigation. Moreover, studies on the effects of biofumigant 
concentration in combination with fumigation duration on soil microbiota dynamics are very rare.

Research methods:  We performed microcosm experiments to investigate how a biofumigant (Korean canola cul‑
tivar, HanRa) at various concentrations (0.5%, 1%, 2–4% w/w: biofumigant/soil) and fumigation periods (2–4 weeks) 
affects the soil bacterial and fungal communities. Subsequently, pot experiments employing two Korean canola 
cultivars (HanRa and YongSan) at 1% (w/w) were carried out.

Results:  Illumina MiSeq analysis revealed that 2–4% biofumigant, regardless of incubation period, had a significant 
negative impact on microbial diversity and network complexity. In contrast, 1% biofumigant transformed the bacte‑
rial, fungal, and inter-kingdom networks into a highly connected and complex network without affecting microbial 
diversity. Bacillus, Clostridium, and Pseudomonas were the most highly stimulated bacterial genera in the biofumi‑
gated soils, whereas the abundance of Acidobacteria members was greatly reduced. The 2–4% amendments had 
substantially and more differentially abundant Fusarium than the 1%. Soil nutrition (e.g., pH, nitrate, ammonium, and 
exchangeable potassium), fruit yield, and weed suppression were enhanced in subsequent pot experiments. Of the 
nine soil chemical properties, phosphate and exchangeable potassium were the main factors influencing the micro‑
bial community assembly.

Conclusions:  Optimized biofumigation-mediated increase in nitrate, ammonium, and potassium availability in the 
soil without causing any negative effects on soil microbial diversity indicates its potential as a preplant to improve 
crop productivity. This study contributes significantly to our understanding of how an optimal biofumigant can help 
ameliorate obstacles in continuous cropping.
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Graphical Abstract

Background
The long-term cultivation of high-value crops is a mod-
ern farming method to boost yield and meet ever-
increasing consumer needs for food on limited land [1, 
2]. Thus, high-value crops are cultivated intensively 
throughout the year with excessive use of fertilizers and 
pesticides [2]. However, these practices have resulted in 
nutrient imbalance, buildup of soil-borne pathogens, 
autotoxicity, soil acidification, heavy metal accumulation, 
and groundwater contamination [1]. These issues have 
raised concerns regarding the sustainability of continu-
ous mono-cropping systems [3]. Chili pepper (Capsicum 
annum), a highly profitable crop farmed in many parts of 
the world, including South Korea, is plagued by obstacles 
in continuous pepper cultivation. To address soil nutri-
ent imbalances, crop productivity declines, and biodiver-
sity losses [4], the South Korean government has devised 
long-term soil management action plans [5]. Some solu-
tions suggested to address the challenges of continu-
ous farming include crop rotation, soil solarization, and 
organic amendments [6, 7].

Biofumigation entails creating an anaerobic soil envi-
ronment with decomposable carbon biofumigants, irri-
gating to saturation, and covering it with plastic mulch 

for a 2–6 week period. Biofumigation is an environmen-
tally friendly and sustainable alternative that improves 
soil fertility and crop productivity while reducing mono-
cropping-related constraints [8]. Biofumigation is gaining 
popularity as a sustainable management option because 
it improves the biological and physicochemical proper-
ties of soil. Various volatile organic compounds such as 
acetic acid and butyric acid, which are toxic to soil-borne 
pathogens, weed seeds, and insect pests, are produced 
and accumulated as a result of organic matter decompo-
sition [9, 10]. Biofumigation also creates a favorable envi-
ronment for many beneficial microbes [10–12], which 
can potentially suppress the emergence of soil-borne bac-
terial and fungal pathogens and play an invaluable role in 
soil nutrient cycling and crop yield [11, 13]. However, the 
efficacy of biofumigation varies depending on the type 
of substrate and application rate [3, 9, 12]. For instance, 
Chen et al. [14] have reported that the inconsistent per-
formance of biofumigation across different growing sea-
sons was attributed to the quantity of the incorporated 
biomass. Furthermore, the impact of biofumigation dura-
tion on the taxonomic and functional diversity of soil 
microbial communities remains unclear. This suggests 
that additional research on the effects of biofumigant 
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concentration in combination with fumigation duration 
on soil microbiota dynamics is necessary.

Brassica species contain glucosinolates (GSLs), which 
are toxic to soil-borne pathogens, weeds, and insect pests. 
Thus, brassicas would exert better biofumigation effects, 
thereby boosting disinfestation efficiency and significantly 
alleviating the issues of continuous cultivation [12, 15]. In 
addition, although biofumigation improves soil health and 
productivity in many other crops [10, 13], little is known 
about its effects on pepper fruit pungency. Capsaicinoids, 
particularly capsaicin and dihydrocapsaicin, are the pri-
mary components that impart pungency to chili peppers 
[16]. Given that microbial communities are essential for 
plant health and plant productivity, we tested a hypothesis 
that the soil microbial community shift can be optimized 
using different concentration and fumigation periods. 
We also tested a hypothesis that an optimized biofumi-
gation method may be applied to various biofumigants. 
Thus, we first carried out microcosm experiments to 
determine the impact of a biofumigant (Korean canola, 
HanRa) at various concentrations and fumigation peri-
ods on soil bacterial and fungal communities. The impact 
of optimized biofumigant concentration and fumigation 
duration (based on microcosm data) using two Korean 
canola cultivars (HanRa and YongSan), which had varying 
concentrations of GSLs, were then tested further in pot 
experiments on soil chemical properties, pepper produc-
tivity, fruit pungency, and soil microbiota.

Materials and methods
Experimental material
HanRa and YongSan canola cultivars were obtained from 
the National Institute of Crop Science (NICS), Rural 
Development Administration, South Korea. These canola 
cultivar seeds were sown, and biomass was harvested 
when the cultivars achieved approximately 50% bloom-
ing. The HanRa and YongSan canola cultivars had varying 
levels of total GSLs concentrations and nutrients, includ-
ing nitrogen, phosphorus, and potassium (Additional 
file 1: Table S1). Field soil that had been subjected to pep-
per monocropping for many years and had low produc-
tivity was used for the microcosm and pot experiments. 
The soil was sourced from Gunwi-gun, Gyeongsangbuk-
do Province, South Korea (36°10′09′′N,128°38′24′′E). The 
soil was sieved through an 8-mm sieve and homogenized.

Microcosm experiment
Microcosm experiments were performed to determine 
the effects of biofumigant concentration and fumiga-
tion duration on the soil bacterial and fungal commu-
nity dynamics under controlled conditions. The soil was 
mixed with crushed biomass of the HanRa canola cultivar 
at rates of 0.5%, 1%, 2%–4% (w/w) on a dry weight basis 

in a small plastic container (70 mm (w) × 100 mm (l)). As 
a control, soil without biofumigant amendment was used. 
The mixes were watered at 70% water holding capac-
ity with sterile distilled water and incubated indepen-
dently for 2–4  weeks in a controlled environment (day/
night cycle: 16/8 h, 22/18 °C, and 60% relative humidity). 
To inhibit volatilization of fumigants during biofumiga-
tion, the plastic containers were sealed. At the end of the 
experiment, the containers were opened, and the soil was 
air-dried for 60 d to dissipate the remnant toxic volatiles. 
Experiments had a completely randomized design with 
three replicates. One gram soil sample was taken from 
each treatment (different concentrations and fumigation 
periods) after 60 days of aeration and stored at − 80  °C 
until used for DNA extraction.

Pot experiment
Pot experiments were performed to determine the 
impact of optimized biofumigant concentration and 
fumigation duration (based on microcosm data) using 
two canola cultivars (HanRa and YongSan) on soil chemi-
cal properties, soil microbiota, and pepper plant growth 
performance. The same soil used for the microcosm 
experiments was mixed separately with the biomass 
of the HanRa and YongSan canola cultivars at a rate of 
1% (w/w) on a dry weight basis. Non-amended soil 
served as a control. Triplicate plastic containers (50  cm 
(w) × 50 cm (l)) were filled with soil from each treatment 
and then watered to 70% field capacity with sterile dis-
tilled water. The soil was incubated for 30 days and air-
drained, as mentioned in the microcosm experiments. 
After 60 days of aeration, 2 kg soil was placed into pots 
measuring 15 cm in diameter and 31 cm in height, with 
holes at the bottom. 1-month-old pepper seedlings of 
the cultivar Dongmudae were transplanted into each pot 
and grown for 3 months. Experiments had a completely 
randomized design with three replicates, each containing 
five pots (15 pots per treatment). The pepper plants were 
grown for 3 months after transplanting and were watered 
twice a week.

Soil samples for DNA extraction and chemical property 
analyses were collected immediately before pepper seed-
ling transplantation. Soil sampling was performed from 
each pot by removing the top 2 cm soil. Soil samples from 
each pot were pooled and three random samples (repli-
cates) were chosen for the analysis of soil microbiota and 
chemical properties. The samples for DNA extraction 
were stored at− 80 °C until use, and samples for chemical 
analysis were dried at room temperature.

Soil chemical property analysis
The soil chemical properties were analyzed at Kyung-
pook National University, South Korea, according to 
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Choe et al. [17]. The pH and electrical conductivity (EC) 
of soil samples were assessed using a pH and EC meter 
(SP2000, Skalar BV, Netherlands) from a soil suspen-
sion (1:5 (w/v)). Soil organic matter (SOM) content was 
determined using the titration method and an auto-
matic titrator (Metrohm 888, Switzerland). Cadmium 
reduction [18] and salicylate [19] colorimetric meth-
ods were used to measure the concentrations of nitrate 
(NO3

−) and ammonium (NH4
+), respectively, on BLTEC 

QuAAtro (BLTEC KK, Osaka, Japan). The concentration 
of total nitrogen (TN) was measured using the method 
employed by Dumas [20] with S832DR (Leco, USA). The 
concentration of exchangeable potassium (K) in the soil 
was measured using a PerkinElmer Optima 8300 ICP-
OES (PerkinElmer, Inc., MA, USA). The concentration 
of available P2O5 (AP) in the soil was measured using a 
SKALAR San +  + system autoanalyzer (Skalar Analytical 
B.V., Breda, Netherlands). The BaCl2–H2SO4 exchange 
method [21] was employed to measure the soil cation 
exchange capacity (CEC).

Weed suppression, pepper productivity, and fruit 
pungency
Pepper growth parameters, such as stem diameter, plant 
height, chlorophyll content, and primary branch length 
and diameter were measured. Chlorophyll concentra-
tion was determined using a chlorophyll meter (SPAD 
unit) (Konica Minolta, Japan). Weed germination, fruit 
yield, and fruit pungency were also assessed. Fully devel-
oped green pepper fruits on pots were harvested 3 times 
and fruit pungency was determined using freeze-dried 
pepper fruits. For this, a high performance liquid chro-
matography (HPLC) method as described by Han et  al. 
[22] was used for the quantification of capsaicin and 
dihydrocapsaicin.

DNA extraction, library preparation, and sequencing
Microbial DNA from soil samples from the two experi-
ments was extracted using the DNeasy PowerSoil® Pro 
Kit (Qiagen, Hilden, Germany) (0.5  g), according to the 
manufacturer’s protocol. The purity of the extracted DNA 
was checked by gel electrophoresis and DNA was quanti-
fied using a Qubit® 2.0 Fluorometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). The quality-checked DNA 
was stored at− 80 °C until used for sequencing.

The extracted DNA was used to amplify the V4–V5 
hypervariable region of the bacterial 16S rRNA gene 
using the universal primers 515F/907R (5′-barcode-GTG​
CCA​GCMGCC​GCG​GTAA-3′ and 5′-barcode-CCG​YCA​
ATTCMTTT​RAG​TTT-3′) [23]. The fungal region target-
ing the ITS1 (internal transcribed spacer 1) was ampli-
fied using ITS86F/ITS4R primer pairs (5′-barcode-GTG​
AAT​CAT​CGA​ATC​TTT​GAA-3′ and 5′-barcode-TCC​

TCC​GCT​TAT​TGA​TAT​GC-3′) [24, 25]. The PCR con-
ditions used are listed in Additional file 1: Table S2. The 
PCR mixture (50  µL) contained 25  µL EmeraldAmp® 
PCR Master Mix (Takara, Shiga, Japan), 1 µL DNA tem-
plate, 1 µL (0.5 µM/µL) each primer, and 22 µL double-
distilled water. The final PCR products were purified 
using AMPure XP beads (Beckman Coulter, CA, USA) 
and pooled at equimolar concentrations. Before load-
ing the pooled library, the concentration and size of the 
library were checked on an Agilent Bioanalyzer (Santa 
Clara, CA, USA). Samples (final loading concentration: 
7  pM) were sequenced on the Illumina MiSeq platform 
(Illumina) at Kyungpook National University’s NGS Core 
Facility (Daegu, South Korea).

Bioinformatics analysis
Demultiplexing, denoising, chimera filtering, and trun-
cating of bacterial and fungal raw sequences of each 
soil sample were performed using the QIIME2 pipeline 
(https://​qiime2.​org) and DADA2 [26]. After quality filter-
ing non-biological sequences, representative sequences 
(amplicon sequence variants (ASVs)) were taxonomi-
cally assigned using a q2-feature-classifier trained on 
the reference SILVA 99% full-length database (version 
138.1) [27] for bacteria and UNITE database (version 8.3) 
[28] for fungi. Taxonomic assignments of mitochondria, 
chloroplasts, and unclassified taxa at the kingdom level 
were excluded from downstream analysis. Sample reads 
were rarefied, and the rarefaction curve reached satura-
tion (Additional file 1: Fig. S1), indicating that all samples 
had sufficient sequencing depth to estimate the diver-
sity indices. Functional annotation of prokaryotic taxa 
(FAPROTAX) [29–31] and fungal functional guild (FUN-
Guild) [32] were used to predict the ecological functional 
changes of bacterial communities and fungal communi-
ties, respectively, at different biofumigant concentrations.

Statistical analysis
Statistical analyses of one-way and two-way ANOVA 
and data visualization were performed using R software 
(version 4.1.3) [33]. Levene’s test and PERMDISP [34] 
[35] were used to check the homogeneity of variance 
and multivariate homogeneity of dispersion, respec-
tively. The data normality assumption was tested using 
the Shapiro–Wilk test. ANOVA with the least significant 
difference (LSD) test was used to compare statistically 
significant differences among biofumigant concentra-
tion, and fumigation period of all alpha diversity indices, 
soil chemical properties, and pepper growth parameters 
using the dplyr package in R. Permutational multivariate 
analysis of variance (PERMANOVA) (Adonis; vegan, ver-
sion 2.5.7) was employed to analyze the overall statistical 
variation in microbial community structure in response 

https://qiime2.org
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to different treatments [36]. The relationship between 
soil microbiota and chemical properties was determined 
using distance-based redundancy analysis (dbRDA) in 
R. Differentially abundant bacteria that could serve as 
potential microbial biomarkers to distinguish biofumi-
gated and non-amended control treatments were deter-
mined using LEfSe [37], metastat [38], metagenomeSeq 
[39], and random forest [40] in R. The random matrix 
theory (RMT) method was used to explore the co-occur-
rence network of microbial communities in different 
treatments. The method was based on Spearman’s rank 
correlation method from microbial community compo-
sitional data at ASV level (> 0.01%), with the correlation 
coefficient threshold set to 0.8 at p ≤ 0.05.

Results
Microcosm experiment
Microbiota dynamics at different biofumigant concentrations 
and fumigation periods
There was a significant (p ≤ 0.05) interaction between 
concentration (control, 0.5%, 1%, 2%, and 4%), fumiga-
tion period (2–4 weeks) on alpha and β diversity (Fig. 1, 
Table 1, and Additional file 1: Table S3). The lowest bac-
terial and fungal diversities were found following treat-
ments with 2–4% biofumigant amendments during either 
of the fumigation periods. However, at 1% biofumigant 
with 4  weeks of fumigation, the fungal and bacterial 
diversities were not negatively affected. Furthermore, the 
recovery in bacterial diversity (Fig. 1a, b) after biofumiga-
tion (especially at 4%) was more noticeable than that in 
fungal diversity (Fig. 1c, d).

The soil bacterial and fungal community structures 
from 4% amendment, regardless of the fumigation dura-
tion, were highly distinct from those at other concentra-
tions and were clustered separately. In addition, the 1–2% 
biofumigant amendments, particularly at 2  weeks of 
fumigation, exhibited different bacterial and fungal com-
munity structures and grouped apart from the control. In 
contrast, at 0.5% amendment, regardless of the fumiga-
tion duration, the fungal community, but not the bacte-
rial community, clustered together with the community 
in the control sample, indicating a similar community 
structure profile (Fig. 1e, f ).

The bacterial and fungal taxonomic compositions at 
the phylum level were significantly influenced by biofu-
migant concentration, fumigation duration, and their 
interactions (Fig. 1g, h, Additional file 1: Table S4). How-
ever, some phyla, such as Chloroflexi, Acidobacteriota, 
Nitrospirota, and Deinococcota, were only influenced 
by fumigant concentration. Bacteroidota was one of the 
most dominant phyla in all treatments during the 2-week 
fumigation, particularly at 4%, but it declined and was 
replaced by Bacillota at 4 weeks. The relative abundances 

of Acidobacteriota, Armatimonadota, Nitrospirota, and 
Verrucomicrobiota drastically reduced regardless of 
the fumigation period as the biofumigant concentration 
increased, especially at 2–4%. However, 1% biofumigant 
had no significant effect on Verrucomicrobiota, Nitro-
spirota, or Armatimonadota abundances compared to 
control. In addition, the abundances of Chloroflexi and 
Desulfobacteria were drastically reduced at 4%, whereas 
those of Pseudomonadota, Actinomycetota, and Deino-
coccota were highly enriched in comparison to the other 
treatments during both fumigation periods (Fig.  1g). 
Ascomycota dominated the fungal population for both 
fumigation durations at all fumigant concentrations. On 
the other hand, Basidiomycota were specifically and tem-
porarily favored following the addition of biofumigant at 
a rate of up to 2% after 2  weeks of fumigation (Fig.  1h, 
Additional file 1: Table S4).

Differential taxon abundance after biofumigation
To identify potential microbial biomarkers that were dif-
ferentially abundant following treatments with differ-
ent biofumigant concentration and fumigation period, 
we used a variety of differential abundance tools; a ran-
dom forest model, LEfSe analysis, metagenomeSeq, 
and metastat were used (Fig.  2, Additional file  1). Over 
400 bacterial and 79 fungal taxa were significantly and 
differentially abundant between the biofumigant con-
centrations. Members of the p_Acidobacteriota, such 
as Acidibacter and Vicinamibacteraceae, which were 
enriched in the control, were less abundant after biofu-
migation, especially at higher concentrations, according 
to all the differential abundance tools used. On the other 
hand, biofumigation, particularly at 2% and 4% concen-
trations, stimulated members of Pseudomonadota and 
Bacteriodota such as Castellaniella, Pseudomonas, Fer-
mentimonas, Luteimonas, and Lysobacter. Some benefi-
cial genera, such as Bacillus and Clostridium, were more 
abundant at 0.5% and 1% amendment, moreover others, 
such as Nitrospira, were not adversely affected (Fig. 2a, c, 
Additional file  1: Fig. S2). Fusarium and Botryotrichum 
were differentially more abundant in 4% amendment, 
whereas Gamsia, Chaetomium, and Apiotrichum abun-
dances were significantly reduced by the same treatment. 
In contrast, 1% biofumigant amendment had less relative 
abundance of Fusarium, whereas the same treatment sig-
nificantly enriched Apiotrichum (Fig.  2b, d, Additional 
file 1: Fig. S2).

Microbial network complexity and functional diversity 
changes with biofumigation
Microbial co-occurrence network analysis aids in under-
standing the complex relationships among microbial 
communities in soil ecosystems. Thus, we performed an 
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Fig. 1  Microbial diversity and community structure shift after biofumigation with different concentrations and fumigation periods. Observed and 
Shannon diversity indices of bacterial community (a, b) and fungal community (c, d) at 2 and 4 weeks of fumigation period with 0%, 0.5%, 1%, 
2%, and 4% biofumigant concentrations. Principal coordinate analysis (PCoA) based on Bray–Curtis distance depicts the dissimilarity of bacterial 
(e, f) and fungal community structure at different concentrations of biofumigant amendment and fumigation periods. Phylum-level taxonomic 
composition of bacteria (g) and fungi (h) (> 0.1%)
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RMT-based analysis to investigate how agricultural prac-
tices affect these relationships. Biofumigants at various 
concentrations caused remarkable variation in network 
topological properties and structure (bacteria–bacteria 
and fungi–fungi [intra-kingdom], and bacteria–fungi 
[inter-kingdom]) (Table 2 and Additional file 1: Tables S5, 
and S6, Fig. S3). Application of 1% biofumigant trans-
formed the bacterial, fungal, and inter-kingdom net-
works into a highly connected and complex network, 
with a large number of nodes and links, and high average 
weighted degree (avWD), graph density (GD), and mod-
ules (Additional file  1: Fig. S3c). Conversely, 2–4% bio-
fumigant reduced the intra- and inter-kingdom network 
complexities of the soil, characterized by a low number of 
nodes, links, avWD, and modules (Additional file 1: Fig. 
S3d and S3e).

FAPROTAX analysis was performed to evaluate the 
changes in the ecological functions of the bacterial com-
munities following biofumigation. Forty-two predicted 
functions of the bacterial communities were noted in 
the biofumigated and non-amended controls. Among 
the predicted functions, chemoheterotrophy and aerobic 
chemoheterotrophy were the most abundant (Fig.  3a). 
More importantly, bacterial ecological functions of the 
soil subjected to 4% fumigation clustered separately from 
control and other treatments. Furthermore, LEfSe analy-
sis shows that addition of 4% biofumigant was strongly 
associated with functions related to nitrogen cycling, chi-
tinolysis, ureolysis, and animal_parasites_or_symbionts. 
Biofumigation enriched chemoheterotrophy, whereas the 
biofumigant non-amended control had more abundant 
functions related to phototrophy (Fig. 3b). We also used 

FUNGuild to predict changes in the ecological functions 
of the fungal communities after biofumigation (Fig.  3c). 
The saprotroph functional guild was the most domi-
nant predicted function in all treatments, including the 
control group. The 1–2% treatments elevated soil eco-
logical functions related to saprotrophs, especially dur-
ing the first 2 weeks of fumigation. This mainly resulted 
from an increase in the abundance of Basidiomycota. At 
2–4% biofumigant amendment, the predicted function of 
pathotroph was slightly diminished.

Pot experiment
Effect of optimized biofumigation on soil chemical properties 
and pepper productivity
The effects of two canola cultivars, HanRa and YongSan, 
at optimized concentrations and fumigation durations 
(1% for 4 weeks) on chemical properties, weed suppres-
sion, and plant growth are illustrated in Table  3. The 
addition of canola biofumigants significantly (p ≤ 0.05) 
increased NO3

−, NH4
+, and K contents relative to the 

non-biofumigated control, even though the soil in all 
treatments was initially derived from a single compos-
ite soil sample. Compared to the non-amended control, 
HanRa and YongSan considerably improved the soil pH 
and EC contents, respectively. The control, which had 
a significantly (p ≤ 0.05) lower pH than that of HanRa 
canola, showed high phosphate availability, which may 
be related to the high solubility of phosphate. However, 
the cation exchange capacity (CEC), TN, and SOM dif-
ferences between canola biofumigated and non-biofu-
migated control soils were not statistically significant 
(p > 0.05). Based on these findings, we conclude that 
Korean canola cultivar amendments increased the overall 
nutritional status of the soil.

Furthermore, biofumigants significantly (p ≤ 0.05) sup-
pressed weed emergence and enhanced pepper yield 
(Table  4). Both monocot and dicot weed populations 
were significantly reduced after fumigation with the two 
canola cultivars. HanRa and YongSan canola cultivars 
increased pepper fruit yield by 49.8 and 55%, respectively, 
over control. More importantly, HanRa, followed by the 
control, showed the highest degree of pungency, as deter-
mined by the total concentrations of capsaicin and dihy-
drocapsaicin (Table 4).

Microbial diversity and composition changes 
following biofumigation with canola cultivars
The effects of the two canola cultivars on the bacterial 
and fungal alpha diversity indices are shown in Fig. 4a–d 
and Additional file  1: Table  S7. Most diversity indices 
showed that the two canola cultivars had a strong posi-
tive effect on fungal diversity compared to the control. In 
addition, HanRa canola, as observed in the microcosm 

Table 1  PERMANOVA analysis of the effects of biofumigant 
concentration and fumigation duration on bacterial and fungal 
community composition structure based on weighted uniFrac 
distance

PERMANOVA: permutational multivariate analysis of variance. Incubation time: 
2–4 weeks of biofumigant amendment to the soil. df: degree of freedom. 16S: 
bacterial community based on the V4–V5 hypervariable region of the 16S rRNA 
gene. ITS: fungal community based on the ITS1 region
a p ≤ 0.05
b p ≤ 0.01
c p ≤ 0.001

Source of variation df 16S R2 ITS R2

F.Model F.Model

Concentration 4 3.91 0.36c 30.03 0.77c

Incubation period 1 2.49 0.06b 5.64 0.04b

Concentration a Incu‑
bation period

4 1.42 0.13a 2.67 0.07a

Residuals 20 0.45 0.128

Total 29 1.00 1.00
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Fig. 2  Differentially abundant taxa following biofumigation at different concentrations and fumigation periods. Linear discriminatory analysis (LDA) 
and effect size (LEfSe) show the most significantly associated bacterial (a) and fungal (b) taxa with LDA score greater than 4 in different biofumigant 
concentrations and fumigation periods. Random forest analysis on the most predictive bacterial (c) and fungal (d) taxa as biomarkers for different 
biofumigant concentrations and fumigation periods. Taxon names are abbreviated as p phylum, c class, o order, f family, g genus, s species
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Fig. 3  Predicted ecological functions of bacterial and fungal communities. Ecological functions of bacterial communities at different 
concentrations and fumigation periods based on the FAPROTAX database (a). Predicted function fungal communities in different biofumigation 
treatments predicted using Funguild database (b)
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experiments, had no negative impact on bacterial diver-
sity (Fig. 4a, b, Additional file 1: Table S7). The two canola 
amendments also had different community structures for 
bacteria and fungi compared to the control (Fig. 4e, f ).

The two canola cultivars had a remarkable impact on 
the taxonomic composition of the bacterial and fun-
gal communities (Fig. 4g, h, Additional file 1: Table S8). 
The biofumigants had a significantly (p ≤ 0.05) positive 
impact on the Bacillota population, but not on Acido-
bacteriota and Chloroflexi among the dominant phyla in 
the control (Fig. 4g, Additional file 1: Table S8). Clostridia 
dominated the soil bacterial communities in both canola 
biofumigants, whereas, in the control, they were rare 
members of Bacillota (Fig.  4g). In contrast, Acidobacte-
riae was negatively affected by both canola cultivars. The 
fungal community was dominated by Ascomycota, of 
which Chaetomiaceae was the most dominant family in 
all treatments (Fig. 4h). The effect of HanRa amendment 

of the Chaetomiaceae population was less detrimental 
than that of YongSan when compared to the control. In 
addition, the HanRa canola cultivar enriched fungal fam-
ilies, including Stachybotryaceae, Pyronemataceae, and 
Cladosporiaceae. HanRa amendment led to the highest 
abundance of Basidiomycota, with Rhynchogastremata-
ceae being more enriched than in other treatments. Simi-
lar to the microcosm study, our pot experiments showed 
the positive effects of canola amendments on the relative 
abundance of Bacillus, whereas that of Fusarium was 
reduced (Additional file 1: Fig. S4a, b).

Relationships between soil microbial communities 
and chemical properties
Based on the Bray–Curtis distance, the Mantel test 
results illustrate the extent to which alterations in soil 
chemical properties during biofumigation affects the 
bacterial and fungal community structure assemblies 
(Table  5). The soil chemical properties explained 78.3–
75.3% of total expected variation in bacterial and fungal 
community assemblies, respectively. The first component 
of RDA clearly separated the bacterial and fungal com-
munities of canola cultivar-amended soil from those of 
the non-amended control (Fig. 5). Of the nine soil chemi-
cal properties examined, exchangeable K and available 
phosphate (AP) were significantly (p ≤ 0.05) correlated 
with the community structure assemblies of both bacte-
ria and fungi (Fig. 5, Table 5). Furthermore, the structure 
of the fungal community, but not of bacterial community, 
was significantly (p ≤ 0.05) linked to soil NO3

−, CEC, 
and EC (Table  5). The dbRDA analysis also shows that 
many genera of Bacillota, such as Bacillus, Clostridium, 
and Fonticella, were positively correlated with most soil 
nutrients, including NO3

−, exchangeable K, and pH. In 
the fungal community, Chaetomium was one of the most 
influential genera following shift in soil chemical prop-
erty after canola amendment. Mycorrhizal fungi, such 
as Wilcoxina and other Basidiomycota fungal genera, 
including Papiliotrema, were positively associated with 
most soil chemical properties, except CEC and AP. How-
ever, the relationship between Fusarium and soil chemi-
cal properties was in contrast to the findings discussed 
above.

Discussion
Soil microbial dynamics after biofumigation 
is concentration‑ and fumigation duration‑dependent
Soil microbes are essential for nutrient cycling, soil fertil-
ity, crop protection, and productivity [41]. Biofumigation 
reshapes the soil microbiota [10, 13] via introduction or 
activation of beneficial microbes [12, 42, 43]. Our find-
ings reveal that the 1% biofumigant at 4 weeks of fumiga-
tion had no negative impact on the bacterial and fungal 

Table 2  Co-occurrence network topological properties of 
bacteria–fungal communities at different biofumigation 
concentrations

a Links: pairwise correlation of nodes
b Average weighted degree (avWD): average number of links per node

Biofumigation treatment

Control 0.5% 1% 2% 4%

Total nodes 839 972 1069 859 502

Total linksa 8047 14763 13022 10913 3280

avWDb 19.182 30.377 24.363 25.408 13.068

Graph density (GD) 0.0229 0.0313 0.0228 0.0296 0.0261

Modularity 0.896 0.895 0.92 0.881 0.878

Modules 111 82 85 80 72

Table 3  Effects of Korean canola cultivars as biofumigant on soil 
chemical properties

Control: without biofumigant amendment. Mean values (n = 3) followed by 
different letter(s) in a row represent significant differences at P ≤ 0.05, LSD test. 
Electrical conductivity (EC), cation exchange capacity (CEC), soil organic matter 
(SOM), total nitrogen (TN), nitrate nitrogen (NO3

−), ammonium nitrogen (NH4
+), 

available P2O5 (AP), exchangeable potassium (K)

Soil chemical 
properties

Treatments

Control HanRa canola YongSan canola

pH 6.17 ± 0.03b 6.47 ± 0.03a 6.23 ± 0.03b

EC (dS m− 1) 1.02 ± 0.00b 0.48 ± 0.00c 2.52 ± 0.01a

CEC (cmolc kg− 1) 17.50 ± 0.10a 17.44 ± 0.40a 16.88 ± 0.21a

SOM (g kg− 1) 26.23 ± 0.24a 26.43 ± 0.40a 26.26 ± 0.37a

Total N (g kg− 1) 1.6 ± 0.01a 1.6 ± 0.00a 1.7 ± 0.00a

NO3
− (mg kg− 1) 6.40 ± 1.95c 12.13 ± 0.55b 18.30 ± 0.55a

NH4
+ (mg kg− 1) 7.43 ± 0.23b 9.37 ± 0.09a 8.37 ± 0.20ab

AP (mg kg− 1) 687.30 ± 2.91a 521.20 ± 1.91b 534.95 ± 2.80b

K (cmolc kg− 1) 0.51 ± 0.01c 1.00 ± 0.01b 1.18 ± 0.01a
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diversities, while improving the intra- and inter-kingdom 
network complexity of the soil. In contrast, the 2–4% 
biofumigant amendments, regardless of the fumigation 
period, reduced the microbial diversity and network 
complexity. Such varying responses of microbial diver-
sity can be attributed partly to the direct toxicity of the 
hydrolysis products of canola amendments [44–46]. In 
addition, the incorporated biofumigants modify soil 
nutrients and microhabitats, thereby affecting soil micro-
bial growth and colonization [47, 48] and contributing to 
the shift in soil bacterial and fungal community structure 
[13]. This is consistent with our results that exchangeable 
potassium and AP were the most important determin-
ing factors in shaping bacterial and fungal community 
structures. Such microbial communities that survive and 
flourish at 1% amendment could be highly resilient to 
environmental stresses [49], resistant to pathogen colo-
nization [50], and maintain soil health [8] because of the 
more clustered and firmly connected microbial commu-
nities [51].

Biofumigant amendment creates favorable growth 
conditions for many members of copiotrophs, including 
Bacillus and Clostridium [9, 52, 53]. Similarly, our study 
showed that some members of Bacilliota were enriched 
after biofumigation. Clostridium is a diazotroph capable 
of nitrogen fixation [54] and is beneficial in suppressing 
soil-borne pathogens via releasing toxic organic acids 
[42]. On the other hand, a reduction in the relative abun-
dance of Acidobacteria after soil amendments [9, 47] has 
been reported, which agrees with our findings. This may 

be partly attributed to the fact that the majority of Acido-
bacteriota are oligotrophic that adapt to the low availabil-
ity of soil nutrients [55] and low pH [47]. Furthermore, 
the 1% biofumigant treatment, but not higher concen-
trations, was safe for these groups, including Nitrospira, 
indicating the need for biofumigation optimization. 
Members of Nitrospirota play key roles in regulating 
nitrogen uptake and improving plant growth [56, 57].

In the fungal community, the Basidiomycota popula-
tion increased with the addition of biofumigants at a rate 
of up to 2%. Basidiomycota are cellulolytic fungi that play 
important roles in organic matter and litter decomposi-
tion. Thus, their enrichment after biofumigation is likely 
attributable to the incorporated biomass [58–60]. This is 
supported by the FUNGuild-predicted ecological func-
tion in which the saprotroph functional guild was tem-
porarily elevated at 1–2% amendments. However, the 
decline in Basidiomycota abundance at 4% amendments 
may result from the high toxicity of the glucosinolate 
hydrolysis products during biofumigation [61, 62]. The 
relative abundance of Fusarium, an economically impor-
tant pathogen with a wide host range that is common 
in long-term continuously pepper-cultivated soil [62, 
63], was reduced with 1% amendment but increased in 
response to 2–4% biofumigant treatment. This is may be 
partly linked to decreased competition posed by biofumi-
gant-sensitive soil microbes to the less sensitive Fusarium 
[64], as observed in response to 2–4% amendments that 
led to low bacterial and fungal alpha diversities. In addi-
tion, 2–4% biofumigants modified the soil microbiota by 

Table 4  Effects of Korean canola cultivars as biofumigant on weed emergence, pepper performance, and fruit pungencya

a Weed emergence was collected a day before transplanting and pepper growth traits were determined at the end of the experiment. Fruit yield and pungency 
represented three fruit picking periods. Mean values followed by different letter(s) in a column represent significant differences at p ≤ 0.05, LSD test

Treatment

Control HanRa canola YongSan canola

Weed emergence (number/pot)

 Monocot 12.1 ± 0.5a 8.3 ± 0.9b 9.3 ± 0.3b

 Dicot 11.9 ± 0.7a 7.3 ± 1.0b 7.7 ± 0.2b

 Total 23.0 ± 0.7a 15.6 ± 1.5b 17.0 ± 0.4b

Plant height (cm) 527 ± 26.7a 573 ± 3.9a 547 ± 1.9a

Stem diameter (cm) 0.47 ± 0.02a 0.51 ± 0.01a 0.47 ± 0.02a

Chlorophyll contents (SPAD) 41 ± 0.8b 46 ± 1.4a 46 ± 0.8a

Canopy diameter (cm) 268 ± 23a 286 ± 5a 301 ± 8a

Primary branch length (cm) 5.9 ± 1.1a 7.0 ± 0.27a 7.4 ± 1.1a

Primary branch diameter (cm) 0.11 ± 0.02a 0.13 ± 0.01a 0.17 ± 0.02a

Fruit yield (g plant− 1) 30.3 ± 4.0b 45.4 ± 3.2a 47.1 ± 3.8a

Pungency (mg 100 g− 1)

 Capsaicin 178.0 ± 0.8a 171.7 ± 1.1b 109.5 ± 0.1c

 Dihydrocapsaicin 77.7 ± 0.1b 91.5 ± 0.9a 50.6 ± 0.2c

 Total pungency 255.7 ± 0.9b 263.2 ± 0.2a 160.1 ± 0.2c
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Fig. 4  Microbial diversity and community structure changes following biofumigation with two canola cultivars. Observed and Shannon diversity 
indices of bacterial community (a, b) and fungal community (c, d). Different letter(s) in each diversity index denotes statistically significant 
differences at p ≤ 0.05 as determined using DMRT test. Principal coordinate analysis (PCoA) with Bray–Curtis distance showing the bacterial (e) and 
fungal (f) community structure shifts after biofumigation with two canola cultivars. Changes in bacterial (g) and fungal (h) taxonomic compositions 
(> 0.1%) after soil biofumigation with canola cultivars are shown
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reducing the proportion of some beneficial soil microbes, 
such as Bacillus, which are often negatively correlated 
with Fusarium [65]. This suggests that microbiota-opti-
mized biofumigation may aid in improving crop produc-
tivity via soil nutrient enrichment and suppression of 
soil-borne pathogens and weeds [41, 61, 66].

Biofumigation improves soil nutrition, weed suppression, 
and pepper performance
Biofumigation is a sustainable solution that improves 
crop productivity while reducing problems associated 
with mono-cropping. A significant increase in soil pH 
by HanRa canola amendment indicated its potential to 
ameliorate soil acidity by neutralizing the soil pH. A pH 
increase is associated with increased ammonification of 
biofumigated soils [67]. Bacillus, Clostridium, and Pseu-
domonas, whose abundance increased after biofumi-
gation, may have contributed to ammonification [68]. 
Optimized biofumigation-mediated increase in nitrate, 
ammonium, and potassium availability in the soil without 
causing any negative effects on soil microbial diversity 
indicates its potential as a preplant to improve crop pro-
ductivity. Similar reports have shown that biofumigants 
are rich sources of nutrients that enhance plant produc-
tivity and nourish soil microbes [69].

Our study results are also consistent with previous 
studies, which showed that biofumigation suppresses 
weeds [70], which could be attributed to microbe-
mediated enhanced substrate decomposition that often 
results in the release of weed-suppressing organic acids 
[71], although further research is needed to confirm 
this hypothesis. Weeds are a major cause of increased 
cost in agriculture, necessitating a long-term and 

environmentally friendly weed control strategy [72]. In 
our study, biofumigation with canola cultivars had a posi-
tive effect on pepper yield. Several previous studies have 
also linked the high-yield performance of biofumigants 
to improved soil nutritional status [69, 73] and pathogen 
and weed suppression [70]. Pungency is an important 
sensory characteristic of hot peppers [16]. Capsaicin and 
dihydrocapsaicin are the two major pungency-imparting 

Table 5  Mantel test showing the correlation between microbial 
community structure (based on Bray–Curtis distance) and soil 
chemical properties

Exchangeable potassium (K), total nitrogen (TN), ammonium nitrogen (NH4
+), 

available P2O5 (AP), soil organic matter (SOM), nitrate nitrogen (NO3
−), electrical 

conductivity (EC), cation exchange capacity (CEC)

Bacteria Fungi

Correlation 
coefficient

Adjusted p 
value

Correlation 
coefficient

Adjusted p value

K 0.9108 0.009 0.7243 0.033

AP 0.8804 0.027 0.6352 0.033

NO3
− 0.4657 0.059 0.4739 0.033

CEC − 0.2094 0.898 0.3482 0.047

EC 0.0500 0.431 0.3522 0.047

SOM − 0.2637 0.903 0.1250 0.226

TN 0.1048 0.431 − 0.0275 0.525

NH4
+ 0.4121 0.059 0.2929 0.089

pH 0.0568 0.431 − 0.0014 0.464

Fig. 5  Distance-based redundancy analysis (dbRDA, 1.5 scaling) 
exhibiting the relationship between soil chemical properties and 
microbial communities. Bacterial (a) and fungal (b) communities 
displaying the top 10 genera. Different colors represent biofumigants. 
The length of black arrows indicates the contribution of each soil 
chemical property to the variation in soil microbial community 
structure. The length of red arrows indicates the degree to which 
each soil chemical property influenced the microbial genera. The 
angles between different arrows represent correlations, where 
acute, obtuse, and right angles indicate positive, negative, and no 
correlations, respectively. Refer to Table 4 for the abbreviations of soil 
chemical properties
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chemicals that account for 69–22% of capsaicinoid con-
tent, respectively [16]. However, pungency varies with 
soil quality [74, 75]. Biofumigation with HanRa canola 
did not negatively affect the concentrations of capsaicin 
and dihydrocapsaicin, whereas that with YongSan led 
to the lowest concentrations of capsaicin and dihydro-
capsaicin. The relationship between pungency and soil 
nutritional conditions is debatable, and further research 
is needed to clarify this issue [16, 74–76].

Conclusions
Our microcosm study results showed that using 1% 
biofumigant for 4 weeks had no negative impact on the 
bacterial and fungal diversities. In contrast, the 2–4% 
biofumigant amendments, regardless of the fumigation 
period, reduced the microbial diversity and network 
complexity. Bacillus, Clostridium, and Pseudomonas 
were the most highly stimulated genera in biofumigated 
soils, whereas the abundance of Acidibacter was reduced. 
In the fungal community, the 2–4% amendments, but 
not the 1%, significantly enriched relative abundance of 
Fusarium. Further pot experiments using two canola cul-
tivars at optimized fumigation conditions (1–4  weeks) 
showed a positive effect on improving the soil nutri-
tional status, suppressing weeds, and increasing pepper 
yield without negatively affecting soil microbial diversity. 
The major determinant factors in soil bacterial and fun-
gal community structure assembly after biofumigation 
were exchangeable K and AP. This study contributes sig-
nificantly to our understanding of how soil microbiota 
changes following treatment with different biofumigant 
concentrations and fumigation periods, and provides 
evidence that the optimized biofumigant can aid in 
overcoming obstacles for continuous cropping. Further 
research using other biofumigants at various concentra-
tions of glucosinolate in diverse soil types is required to 
determine the efficiency of the optimized biofumigation.
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