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1. Introduction

Soil fumigation is a widely used pre-plantation practice in intensive agriculture aiming to manage soilborne pests,
pathogens, and weeds. By temporarily sterilizing the soil, fumigation helps protect early-stage crops and promotes
uniform establishment. With rising global food demand, the application of fumigants has become essential for
optimizing productivity on limited agricultural land. Several chemical fumigants, including methyl bromide,
chloropicrin, phosphine, dazomet, and metam sodium, have been introduced (Yan et al. 2025), and their
effectiveness has been studied in various plant commodities (Gao et al. 2016; Yan et al. 2019, 2022).

While effective in pest and disease control, soil fumigation can negatively impact non-target soil organisms.
Studies have reported declines in beneficial microbial communities, including bacteria, saprotrophs, and
mycorrhizal fungi, following fumigation (Dangi et al. 2017; Fang et al. 2020; Li et al. 2022). These microbes play
vital roles in nutrient cycling, organic matter decomposition, and overall soil health. Loss of microbial diversity
can compromise long-term soil fertility and sustainability, raising concerns about the ecological costs of chemical
soil treatments.

Soil fumigation is commonly applied in Allium fistulosum, an important horticultural species valued for both
culinary and medicinal uses (Kim et al. 2023). This species is cultivated globally, with major production in East
Asia, particularly China, Japan, and Korea (Padula et al. 2022). With the growing demand for 4. fistulosum,
farmers are facing emerging soilborne diseases such as leaf sheath rot (Misawa et al. 2017), leaf blight (Wang et
al. 2021), and basal rot (Le et al. 2021). These challenges often necessitate the use of chemical inputs, including
fumigants and fungicides, to maintain yield and crop quality.

On the other hand, 4. fistulosum is known to associate with arbuscular mycorrhizal (AM) fungi, important
soilborne symbionts that colonize plant roots and enhance nutrient uptake, particularly phosphorus, while
improving plant resilience to environmental stressors. In return, AM fungi receive carbohydrates from the host
plant (Smith and Read 2008). Field inoculation of A4. fistulosum has been studied and reported to increase the yield
and reduce dependence on chemical fertilizers (Tawaraya et al. 2012; Suzuki et al. 2021). Given the sensitivity of
AM fungi to soil disturbances, including fumigation, it is essential to understand how chemical treatments affect
their presence in the associated host plant roots. Disruptions to these symbiotic communities could compromise
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their functional benefits and impact long-term crop productivity and soil health. Thus, a study investigating the
effects of fumigation on AM fungi in A. fistulosum is necessary.

In this study, we observe AM fungi associated with A4. fistulosum roots grown in fumigated and non-fumigated
soils. We hypothesize that fumigation alters the AM fungal community structure, resulting in different taxa being
detected between treated and untreated fields. Understanding these changes is crucial for evaluating the broader
ecological implications of soil fumigation and for developing more sustainable agricultural practices that consider
both crop performance and soil microbial conservation.

2. Materials and Methods

2.1. Root Sample Collection

Root samples were collected from post-harvest Dazomet-fumigated and non-fumigated 4. fistulosum fields, with
a history of Rhizophagus clarus (previously known as Glomus clarum) field inoculation. Tap water was used to
wash the root samples and to remove soil particles. Clean root samples were cut into small pieces (around 1-2 mm
long) and dried on a paper towel. Then, the roots were stored in a -20 °C freezer for one night for further analysis.

2.2. Molecular Identification of AM Fungi

One hundred mg of frozen root sample was ground in a 2 ml bead-containing tube. DNA extraction of the root
sample was performed using the UltraClean™ Soil DNA Isolation Kit following the instructions from the
manufacturer. The D1/D2 region of the large subunit ribosomal RNA gene (LSU rDNA) was amplified in a 20 ul
reaction mixture of the Expand High-Fidelity kit containing 0.5 uM of LR1 (GCATATCAATAAGCGG) and
FLR2 (GTCGTTTAAAGCCATT) primer pairs, and 2 pl of template DNA solution using PCR Thermal Cycler
with the following program: 120 seconds of initial denaturation at 94 °C, 29 cycles of denaturation at 94 °C for 15
seconds, 60 seconds of annealing at 50 °C, and 80 seconds of extension at 72 °C. The success of amplification was
confirmed with an electrophoresis system by running the PCR products on 1% agarose gel in TBE buffer. Six
hundred to 800 bp bands were cut (size of PCR products was expected to be 680-780 bp, Kawahara and Ezawa
2013) and purified by the MonoFas® DNA Purification Kit.

The purified DNA was inserted into pT7Blue T-Vector with DNA Ligation Kit, cloned into competent cells of
Escherichia coli, and grown in Luria Bertani (LB) medium supplemented with IPTG, X-gal, and ampicillin. Plates
with transformed E. coli were incubated for 16 hours at 37 °C and stored in a dark room. Ten randomly chosen
single colonies of transformed E. coli per plate were amplified using the direct colony PCR technique with a
mixture of GoTaq® DNA  Polymerase, Ul9 (GTTTTCCCAGTCACGACT) and T7
(TAATACGACTCACTATAG) primer pairs, under the above-mentioned PCR conditions. The products of the
colony PCR were used for sequencing and analyzed in a sequencer. The sequence data were assigned to fungal
operational taxonomic unit (OTU) by conducting a BLASTN search against the NCBI database with >97%
similarity and a BLAST e-value of < le-50.

3. Results and Discussion

3.1. Isolation of Targeted DNA

The first detection of the AM fungi in the root of A. fistulosum was conducted by checking the presence of the
amplified DNA in an electrophoresis gel and comparing it to the 1,000/100 bp DNA ladder. The amplified DNA
of A. fistulosum root from the fields with and without fumigation showed the targeted band after examination in
the electrophoresis gel (Table 1). Four bands in the range of 600—-800 bp were selected, purified, and cloned into
the E. coli competent cell and incubated for 16 hours. A total of 39 colonies were chosen for colony PCR and
sequenced.

Table 1. Detection of 600—800 bp band from the PCR product by electrophoresis

Root sample Detected band range (bp)

600-700 700-800
Fumigated + +
Non-fumigated + +

*Note: the (+) mark indicates the presence of the band

3.2. AM fungal sequence detected from A. fistulosum root
AM fungal species colonizing the root of 4. fistulosum in both fields had been identified. The PCR products of the
39 colonies were successfully sequenced and assigned to fungal sequences. Twenty sequences (51%) among the
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total sequences were assigned to the OTU of AM fungal species, while 19 sequences (49%) were assigned to other
fungi (Figure 1a). The number of sequences that were assigned to AM fungal OTU and non-AM fungal OTU was
almost similar in this study, where AM fungal sequences were mostly detected from the 700—800 bp band, while
the lower band (600—700 bp) shows non-AM fungi (Figure 1b).
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Figure 1. a) Composition and b) proportion of AM fungal and non-AM fungal sequences detected from A.
fistulosum root.

Four AM fungal OTUs were detected in the root of A. fistulosum, in which two and three OTUs were detected
from the sample collected in the fumigated field and non-fumigated field, respectively. In the fumigation treatment,
Rhizophagus clarus (previously known as Glomus clarum) and Gigaspora margarita were detected. Whereas, in
the non-fumigated treatment, R. clarus, Claroideoglomus claroideum (previously known as G. claroideum), and
uncultured Glomeromycota were detected (Table 2). R. clarus was found in both fumigated and non-fumigated
fields (Table 2), which can be due to the field inoculation history of this species. This species is known as a ruderal
fungus that can rapidly occupy the niche.

The presence of Gi. A margarita under fumigation treatment may indicate its ability to survive and thrive in a
chemically disturbed area. AM fungi were reported to respond differentially to disturbance types, with the
Glomeraceae being most tolerant to various types of disturbance, the Gigasporaceae being tolerant to chemical
disturbance, and the Acaulosporaceae being the least tolerant to all disturbance (van der Heyde et al. 2017). Gi.
margarita is characterized by a huge white spore ranging from 260—480 pm (Bonfante 2022), invests more
biomass in the extraradical mycelium, and regenerates mainly from spore propagules (Hart and Reader 2002). The
large size of the spore may facilitate the survival of Gi. margarita during contact with the chemical released during
the decomposition of the fumigant. In the non-fumigated field, however, Gi. margarita was absent. This may be
due to the competition with R. clarus and C. claroideum.

3.3. Non-AM fungal species detected from A. fistulosum root

In this study, nearly half of the fungal reads were identical to non-AM fungal OTU, indicating the coexistence
of those fungi with the AM fungal species in the ecosystem. A total of six non-AM fungal OTUs were detected,
of which four OTUs were detected in fumigated and three were detected in non-fumigated fields (Table 3). The
composition of non-AM fungal OTUs was different in both fields. Three decomposer species and one pathogen
were detected in the fumigated field. In contrast, all the species detected in the non-fumigated field were pathogenic
fungi. This result indicates that the fumigation reduces the pathogenic fungi while maintaining the beneficial fungi,
consistent with the previous studies in other agricultural commodities (Chen et al. 2022; Lin et al. 2024; Mao et
al. 2024).
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Rhizoctonia spp. was reported to cause leaf sheath rot in A. fistulosum (Misawa et al. 2017), while
Ceratobasidium sp. was reported to cause root rot in 4. sativum (Yin et al. 2020) and peanut (Li et al. 2025).
Rhizoctonia butinii was absent in the fumigated field, but Ceratobasidium sp. was still present, indicating that
fumigation is only effective against certain species. Limited information was found on the effect of
Ceratobasidium sp. on A. fistulosum growth and productivity; thus, further study is necessary. The decomposer
species, such as Mrakia aquatica, Tetradium furcatum, and Tetracladium sp., were detected in the fumigated field.
This can be a good sign that not all beneficial fungi are affected by the fumigation treatment and therefore can
maintain their ecological role in the ecosystem. However, further study is needed to understand the extent to which

fumigation treatments do not affect the activity of those beneficial fungi.

Table 2. AM fungal OTU detected from A. fistulosum root

Treatment Band range AM fungi detected Similar sequence Accession Similarity
(bp) number
Fumigated 600-700 bp  Rhizophagus clarus Glomus clarum FM865542.1 99
Att894-7 clone
pHS029-28
700-800 bp  Rhizophagus clarus Glomus clarum FM865542.1 100
Att894-7 clone
pHS029-28
Gigaspora margarita  Gigaspora margarita HF968907.1 98
clone BI2 4 3
Non- 700-800 bp  Rhizophagus clarus Glomus clarum FM865542.1 100
fumigated Att894-7 clone
pHS029-28
Uncultured Uncultured KM208501.1 99
Glomeromycota Glomeromycota
clone SHN2 117
Claroideoglomus Glomus claroideum AMO040316.1 99
claroideum isolate SW201-1
Table 3. Non-AM fungal OTU detected from A. fistulosum root
Treatment Ban((:);z)mge Fungal species detected Ecological role
Fumigated 600-700 bp ~ Mrakia aquatica Decomposer (Tsuji et al. 2019)
Tetracladium furcatum Decomposer (Lazar et al. 2022, 2024)
Ceratobasidium sp. Pathogen (Leiva et al. 2023; Li et al.
2025)
700-800 bp  Tetracladium sp. Decomposer (Lazar et al. 2022, 2024)
Non-fumigated 600-700 bp Ceratobasidium sp. Pathogen (Leiva et al. 2023; Li et al.

2025)
Pathogen (Misawa et al. 2017)

Uncultured fungus -

Rhizoctonia butinii

4. Conclusion

Molecular methods were employed to understand the effect of fumigation on the AM fungal community in the A4.
fistulosum roots. We found that some AM fungal species and non-AM fungal species survive and coexist in the
fumigated field. Further study is required to characterize the fungal adaptation strategy to continuous and long-
term chemical inputs. The result of this study provides insight into the resilience of the AM fungal community in
chemically disturbed ecosystems and may contribute to the improvement of sustainable agricultural management
practices.
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