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Abstract: The application of green manure to soil improves soil health by increasing biological activity.
However, little attention has been paid to the effects of different green manures on the microbiological
community and soil function after incorporation. Here, it was found that the green manures of Vicia
villosa (leguminous) and Brassica juncea (non-leguminous) have different fungal structures, despite
the soil originally being the same. Moreover, some isolated strains showed plant-growth-promoting
abilities. Three strains (H1: Penicillium spp., H2: Clonostachys spp., and H3: Trichoderma spp.) from
leguminous-manure-incorporated soil and four strains (B1: Purpureocillium spp., B4: Taifanglania
spp., B6: Trichoderma spp., and B10: Aspergillus spp.) from non-leguminous-manure-incorporated soil
showed the potential for plant growth enhancement. Plant-growth-promoting traits revealed that
four strains possessed phosphate solubilization and siderophore production, although none of them
showed the ability to produce indole-3-acetic acid (IAA)-like compounds with/without tryptophan.
In addition, higher extracellular enzyme activities—including endoglucanase and β-glucosidase
activities—were also detected in the soil-incorporated green manures. In conclusion, this study
suggests that different fungal structures appeared when different green manures were applied, which
promoted plant growth. This indicates the potential benefits of promoting the incorporation of green
manure into the soil.

Keywords: green manure; fungal structure; plant-growth-promoting fungi; plant-growth-promoting traits

1. Introduction

The use of mineral fertilizers in agriculture increases crop yields but decreases soil
quality and microbial populations [1,2]. Environmental concerns, stemming from the use
of mineral fertilizers on the one hand, and the availability of these fertilizers—especially
phosphorus- and nitrogen-based fertilizers—on the other hand, are vital issues in current
agriculture [3]. Crop nutrition requirements can alternatively be met by organic fertilizers,
including animal- or plant-based organic residues [4]. Issues with the use of organic fertiliz-
ers include slow release, bulkiness, the spread of weeds, and non-uniform composition [5].
Therefore, a sustainable solution and new alternative technologies are being developed to
replace mineral and slow-release fertilizers, in order to reduce environmental problems
and improve crop productivity and soil health.

The incorporation of green manure can affect soil microbial communities directly and
indirectly, by providing the nutrients to the soil and plants, and also leads to changes in the
soil’s nutrient status [6,7]. Green manures can influence soil microbial diversity through
the release of root exudates [8]. There is a paucity of information on the effects of different
green manures on microbial groups and how they increase microbial activity—especially
in rice-cropping systems [8,9]. The changes in soil microbial composition following green
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manure amendment can provide more enzymes that regulate nutrient fluxes, leading to the
promotion of plant growth [10,11]. The extent of changes may depend on the quantity and
type of green manure added [10,12]. Common plant species used for green manure include
Chinese milk vetch, barley, red clover, and mustard oats, and they can be leguminous or non-
leguminous plants [13]. Recent studies using high-throughput sequence analysis showed
that green manure could change the soil microbial community structure [9,11]. In particular,
the behavior of various fungal community structures at the molecular level, affected by the
introduction of leguminous and non-leguminous green manure in soil systems, leads to
the promotion of plant growth. Although soil fungal communities play a crucial role in
soil ecosystems’ functioning by decomposing organic matter, influencing nutrient cycling,
and promoting plant growth [14], little is yet known on this subject. Therefore, monitoring
of the fungal community structure after incorporation of green manure is very important.
However, there is still little information on the effects of different types of green manure,
such as Vicia villosa—commonly called “hairy vetch” (leguminous)—and Brassica juncea
(non-leguminous), on soil fungi and soil enzyme activities.

Plant-growth-promoting microorganisms (PGPMs) are widely accepted to enhance
crop production, and can be used to meet the ever-increasing food demand [15,16]. PGPMs,
such as fungi and rhizobacteria, enhance plant growth and development through different
functions, such as production of plant hormones, enhancing nutrient availability [17,18],
and production of volatile organic compounds [19,20]. Many plant-growth-promoting
fungi (PGPF) are known to produce siderophores, improving the iron nutrition of plants
under an iron-depleted environment [21]. Additionally, many PGPF have been found not
only to be non-pathogenic, but also to induce resistance against pathogenic infections [22];
they also help to increase nutrient uptake from the soil as needed [16]. This may directly or
indirectly promote plant growth. Therefore, the consistent use of PGPMs could lead to the
replacement of mineral fertilizers and pesticides. Numerous studies have explored fungal
characteristics in terms of plant-growth-promoting traits [16,19,22], but the characteristics
of PGPF in the soil after the incorporation of green manure have not yet been explored.
In this regard, it was assumed that incorporating different green manures could lead to
different fungal structures and influence plant growth through their promotion effects.
Thus, keeping in mind that this study was conducted to isolate the fungal strains from the
soil after incorporation of green manure (V. villosa (hairy vetch) and B. juncea), plant-growth-
promoting ability was evaluated to determine their effects on the growth of two different
vegetable crops: Brassica rapa var. perviridis and Lactuca sativa var. crispa—commonly
called komatsuna and lettuce, respectively.

2. Materials and Methods
2.1. Isolation of Fungi

Hairy vetch (Vicia villosa) and Brassica juncea were selected based on commonly culti-
vated green manures in japan. Brassica juncea (TAKII Co., Ltd., Kyoto, Japan) and hairy vetch
((SNOW BRAND SEED Co., Ltd., Hokkaido, Japan) seeds were obtained commercially.
Vicia villosa (leguminous) and Brassica juncea (non-leguminous) as green manures were
grown in 300 g of soil contained in Neubauer pots (100 cm2 volume; Fujiwara Seisakusho,
Ltd. Tokyo, Japan) for five weeks (flowering stage) under controlled climate conditions
(temperature: 25 ◦C, 18 h day, 6 h night). Five replicated pots were established for each
treatment, and no organic or chemical fertilizers were added to the green manure treatment
pots. After that, 15 g of Vicia villosa and 15 g of Brassica juncea green manures were incorpo-
rated into the soil, and soil samples were collected after two months of the incorporation of
green manures. Samples were carefully shaken to separate the plant roots and stones, and
were stored at 4 ◦C until fungal isolation.

Fungi were isolated from both samples (0.5 g) by serial dilution plating on Martin agar
plates [23]. Soil (0.5 g) was added to 5 mL of sterile distilled water (SDW), mixed using a
vortex mixer, and serially diluted. Then, 50 µL was taken from each suspension (10−2, 10−3,
and 10−4), spread onto Martin agar plates, and incubated for one week at 25 ◦C. After the
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appearance of the fungal colonies, each colony was selected based on visual morphology
and re-streaked on potato dextrose agar plates until a single pure colony type per plate
was achieved.

2.2. DNA Extraction and PCR Amplification for Isolated Fungi

DNA was extracted from the isolated fungal strains using the ZR bacterial/fungal
DNA MiniPrep KitTM (Zymo Research Corp., Irvine, CA, USA). The internal transcribed
spacer (ITS) region of rDNA was used to identify isolated strains. DNA extracted from
the isolated strains was mixed before PCR amplification. The universal primers ITS1
(5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) were
used to amplify the ITS region on a TaKaRa PCR Thermal Cycler Dice® Series Gradient
(Takara, Shiga, Japan). The PCR amplification conditions were as follows: 95 ◦C for 5 min,
followed by 30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 1 min, followed by
a final extension at 72 ◦C for 7 min. The amplification mixture for PCR (total volume:
25 µL) contained 12.5 µL of GoTaq Green Master Mix (Promega, Madison, WI, USA),
9.5 µL of sterilized distilled water, 1 µL of DNA template, and 1 µL of each primer. The
amplification products (5 µL) were subjected to electrophoresis on a 1% (w/v) agarose gel
in Tris-acetate-ethylenediaminetetraacetic acid buffer at 100 V for 25 min and visualized
by GelRed™ staining (1:20,000 dilution; Biotium, Fremont, CA, USA) [4]. The obtained
DNA sequences were compared with those previously reported in the DNA Data Bank of
Japan (http://blast.ddbj.nig.ac.jp/, accessed on 5 May 2021), and closely related species
were noted. Molecular Evolutionary Genetics Analysis (MEGA) software was used for
phylogenetic analysis [24]. The sequences corresponding to the identified isolates were
then submitted to the DNA Data Bank of Japan (DDBJ) for accession numbers.

2.3. Screening of Plant-Growth-Promoting Fungi (PGPF)
2.3.1. Microcosm Experiment under Axenic Conditions

For screening PGPF, 22 out of 42 fungal strains detected in soil incorporated with hairy
vetch and B. juncea were isolated based on visual morphology and ITS region sequenc-
ing. Brassica rapa var. perviridis and L. sativa var. crispa (lettuce) were grown in lidded
polypropylene tubes (exterior dimensions: 4 cm × 11 cm, volume: 120 mL) filled with 100 g
(dry weight) of sterilized soil (1 h autoclave at 121 ◦C). Soil moisture was maintained at 60%
water-holding capacity. Mycelia of each fungal strain, grown in 5 mL of potato dextrose
broth (PDB) media under incubation at 25 ◦C for 7 days, were transferred to the pots. No
fungal mycelium was added to the control pot (CK). Pre-germinated seeds of B. rapa and
L. sativa were transferred to pots, which were placed in a growth chamber (temperature:
25 ◦C; photoperiod: 16 h day, 8 h night). The experiment continued for five weeks, and
plant shoot and root biomass were measured. Seven strains (H1, H2, and H3 from hairy
vetch- and B1, B4, B6, and B10 from B. juncea-incorporated soil) were selected for further
analysis based on fresh weights of roots and shoots. This experiment was conducted with
one replication because of pre-screening for further experiments.

2.3.2. Microcosm Experiment under Non-Axenic Conditions

Another plant growth experiment was conducted on a larger scale to further assess
the effects of the seven selected strains after PGPF screening. A total of 80 Neubauer pots
were filled with 300 g of air-dried soil (containing 190 mg kg−1 available phosphate and
23.1 mg kg−1 nitrate-N; not sterilized) and placed in a climate-controlled room (temper-
ature: 25 ◦C; photoperiod: 18 h day, 6 h night). A suspension of selected strain media,
with conditions similar to those followed while making axenic cultures, was transferred
to the pots. The same volume (5 mL) of fungal-free PDB medium was used as the control
(CK). The pots were covered with aluminum foil for one week to stabilize microbial activity.
Pre-germinated seeds of B. rapa and L. sativa were transplanted to the pots, and plants
were grown for 35 days with 5 replicates per treatment. Soil moisture was maintained at
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60% water-holding capacity and monitored daily. B. rapa and L. sativa were harvested after
35 days, and shoot and root biomass were determined.

2.4. Characterization of Selected Strains
2.4.1. Plant-Growth-Promoting Traits of Isolated Fungi

To investigate the ability of P solubilization in the seven selected strains, we used the
medium described by Pikovskaya [25]. Each strain was grown on the medium in triplicate
and incubated at 25 ◦C for 7 days. Clear zones around the selected strain colonies were
proof of P solubilization, and the results were compiled using the following index: (+) clear
zone, (−) no clear zone, and (±) detectable but not apparent zone.

The determination of siderophore production by selected strains was carried out using
a slightly modified chrome azurol S (CAS) method [26,27]. Selected strains were grown
on potato dextrose agar medium in triplicate and incubated for 24 h, and then covered
with 10 mL of CAS medium containing the following elements: 6.04 mg of CAS, 7.3 mg of
hexadecyltrimethylammonium bromide, 3.04 g of piperazine-1,4-bis(2-ethanesulfonic acid),
and 1 mL of 1 mM FeCl3·6 H2O. After pouring the medium, the plates were incubated at
25 ◦C for 7 days. The color of the CAS medium changed from blue to yellow or orange,
indicating siderophore production. The results were compiled using the following index:
(+) color change, (−) no color change, and (++) color change throughout the medium.

Isolated strains were tested for indole-3-acetic acid (IAA)-like compound production.
PDB medium (20 mL) was added to 50 mL falcon tubes. Each strain was grown in the
medium in triplicate and incubated at 25 ◦C for 7 days with and without 1 mM and 60 mM
(final concentration) tryptophan. After 7 days of incubation, the medium was collected
and centrifuged at 10,000× g for 10 min. Next, 1.2 mL of Salkowski reagent [28,29] was
mixed with 300 µL of supernatant. A spectrophotometer was used to assess the presence or
absence of a pink color at 535 nm.

2.4.2. Extracellular Enzyme Activities of Isolates

A carboxymethyl cellulose plate assay was performed to detect endoglucanase ac-
tivity [30]. Briefly, the assay used 1% CMC mixture, 15 g L−1 agar, 2.0 g L−1 K2HPO4,
7.0 g L−1 KH2PO4, 10 g L−1 (NH4)2 SO4, 0.1 g L−1 MgSO4 7 H2O, 0.6 g L−1 yeast extract,
and 10 g L−1 microcrystalline cellulose. The plates were filled with medium, and isolated
strains were grown in triplicate; they were incubated for 4 days at 30 ◦C, and growth was
monitored. Next, 10 mL of 0.1% Congo red dye was flooded on the medium and stained
for 30 min. The medium’s surface was then washed with 5 mL of 0.5 M NaCl for 10 min,
and the results were compiled by the appearance of a pale yellow halo zone surrounding
the isolated strain colonies. The results were compiled using the following index: (+) clear
zone, (−) no clear zone detectable.

β-Glucosidase activity was estimated using a pure culture of isolated strains in trip-
licate [31]. Samples (0.5 mL each) were taken from each isolated strain, centrifuged at
10,000× g for 10 min, and transferred into 15 mL conical tubes; 1.5 mL of buffer so-
lution (containing 0.2 M sodium hydrogen phosphate and 0.1 M citric acid, pH 4.9,
for β-glucosidase), 0.9 mL of distilled water, 0.1 mL of toluene, and 0.6 mL of 50 mM
p-nitrophenyl-β-D-glucopyranoside monohydrate solution were then added into the tubes.
The tubes were shaken vigorously for 30 s and incubated at 35 ◦C for 1 h. After incubation,
8 mL of ethanol was added to each tube and shaken again. Next, 2 mL of 2 M Tris buffer
was mixed with 1 mL of suspension, and absorbance was assessed using a spectropho-
tometer at 400 nm. A standard curve was prepared with concentrations of 0, 20, 50, and
200 µM of p-nitrophenol solutions. A similar procedure was carried out to prepare the
control tubes to compensate for any background unrelated to p-nitrophenol released by
β-glucosidase activity.
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2.5. Statistical Analysis

Dunnett’s test was conducted for multiple comparisons of plant growth parameters in
the pot experiments.

3. Results
3.1. Isolation and Identification of Fungi

The abundance of total fungal biomass was assessed based on the number of colony-
forming units (CFUs). The fungal biomass was higher in the hairy-vetch-incorporated soil
at 2.98 × 106 CFU g−1 of soil, whereas it was 1.14 × 106 CFU g−1 in B. juncea-incorporated
soil (Table S1). A total of 42 fungal strains were isolated and selected from both types of
green-manure-incorporated soil, based on visual morphology and ITS region sequencing.
The fungal isolates from the hairy-vetch-incorporated soil belonged to various genera,
including Penicillium, Clonostachys, Trichoderma, Talaromyces, Colletotrichum, Mucor, Cun-
ninghamella, Metarhizium, Pseudogymnoascus, Didymella, Fusarium, and Myrothecium. The
genera Purpureocillium, Stachybotrys, Mucor, Taifanglania, Trichoderma, Aspergillus, Fusarium,
Monocillium, and Humicola were identified in the B. juncea-incorporated soil. It was observed
that the genera Penicillium, Talaromyces, and Trichoderma were the most dominant in the
hairy-vetch-incorporated soil, while the genera Mucor, Taifanglania, and Trichoderma were
the most dominant in the B. juncea-incorporated soil (Figure 1a,b). The accession numbers
of the isolated fungal strains are listed in Table 1a,b.
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Table 1. (a) List of the fungi isolated from the soil incorporated with leguminous plant soil. (b) List
of the fungi isolated from the soil incorporated with non-leguminous plant soil.

(a)

Leguminous Soil Blast Closest Match Identity Accession Number

H1 Penicillium brasilianum
(KY701767) 421/424 (99%) LC638643

H2 Clonostachys rosea
(KY810798) 495/495 (100%) LC638644

H3 Trichoderma harzianum
(KY552264) 555/555 (100%) LC638645

H4 Talaromyces pinophilus
(MF68681) 515/516 (99%) LC638646

H5 Talaromyces adpressus
(KY425714) 498/499 (99%) LC638647

H6
Trichoderma
tomentosum
(KC576650)

539/540 (99%) LC638648

H7
Trichoderma
tomentosum
(FJ412070)

557/558 (99%) LC638649

H8 Penicillium brasilianum
(MH857470) 513/513 (100%) LC638650

H9 Penicillium brasilianum
(MH857470) 508/508 (100%) LC638651

H10
Trichoderma
tomentosum
(FJ412070)

547/548 (99%) LC638652

H11 Colletotrichum rosea
(MK075014). 494/494 (100%) LC638653

H12 Mucor circinelloides
(KR709187) 563/563 (100%) LC638654

H13 Mucor circinelloides
(MN105451) 574/574 (100%) LC638655

H14
Cunninghamella

bertholletiae
(JN205877)

691/696 (99%) LC638656

H15
Cunninghamella

bertholletiae
(JN205877)

689/700 (985) LC638656

H16 Mucor circinelloides
(MW577264) 689/700 (98%) LC638658

H17
Metarhizium
marquandii

(MK952275)
579/579 (100%) LC638659

H18
Pseudogymnoascus

pannorum
(MH864862)

505/505 (100%) LC638660

H19 Fusarium oxysporum
(MW563929) 487/487 (100%) LC638661

H20 Didymella americana
(KY099740) 478/478 (100%) LC638662

H21 Talaromyces sp.
(MW670552) 479/479 (100%) LC638663

H22 Talaromyces pinophilus
(MW363693) 502/502 (100%) LC638664

H23 Myrothecium sp.
(MK775959) 513/513 (100%) LC638665

H24
Pseudogymnoascus

pannorum
(MT089975)

491/495 (99%) LC638666

H25 Talaromyces pinophilus
(MT730086) 503/503 (100%) LC638667
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Table 1. Cont.

(b)

Non-Leguminous
Soil

BLAST Closest
Match Identity Accession Number

B1
Purpureocillium

lilacinum
(MW113495)

541/541 (100%) LC638626

B2 Stachybotrys sp.
(KC305351) 501/501 (100%) LC638627

B3 Mucor sp.
(MW789351) 568/568 (100%) LC638628

B4 Taifanglania sp.
(KP143091) 468/473 (98%) LC638629

B5 Mucor circinelloides
(JN226939) 571/572 (99%) LC638630

B6 Trichoderma harzianum
(MK594269) 531/531 (100%) LC638631

B7
Mucor circinelloides f.

circinelloides
(AY243943)

558/563 (99%) LC638632

B8 Humicola fuscoatra
(KY310738) 489/490 (99%) LC638633

B9 Trichoderma harzianum
(MT090002) 552/552 (100%) LC638634

B10 Aspergillus niger
(MW931861) 517/517 (100%) LC638635

B11 Mucor circinelloides
(MW763155) 549/550 (99%) LC638636

B12 Fusarium verticillioides
(MN088603) 482/482 (100%) LC638637

B13 Monocillium mucidum
(MH859551) 519/519 (100%) LC638638

B14
Stachybotrys

sansevieriae voucher
(KY587783)

499/500 (99%) LC638639

B15 Humicola grisea
(KF876826) 486/486 (100%) LC638640

B16 Taifanglania sp.
(KP143091) 491/491 (100%) LC638641

B17 Mucor circinelloides
(JN226939) 571/572 (99%) LC638642

3.2. Screening of Plant Growth Promoting Fungi (PGPF)
3.2.1. Microcosm Experiment under Axenic Conditions

For PGPF screening, 22 isolates were tested, and fresh root and shoot biomass were
measured. Three strains (H1, H2, and H3) from leguminous- and four strains (B1, B4, B6,
and B10) from non-leguminous-manure-incorporated soil showed the potential for plant
growth promotion (Figure S1). The seven isolates (H1, H2, H3, B1, B4, B6, and B10) were
estimated to be closely related to Penicillium brasilianum (KY701767), Clonostachys rosea
(KY810798), Trichoderma harzianum (KY552264), Purpureocillium lilacinum (MW113495),
Taifanglania sp. (KP143091), Trichoderma harzianum (MK594269), and Aspergillus niger
(MW931861), respectively. Phylogenetic analyses of PGPF screening isolates are shown in
Figure S2.

3.2.2. Microcosm Experiment under Non-Axenic Conditions

For larger scale experiments under non-axenic conditions, dry weights of the shoot
and root biomass of the plants were monitored, and were found to be significantly affected
by different isolates. In B. rapa growth, B6, B4, B10, H3, and B1 were correlated with
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significant growth in terms of shoot and root biomass when compared with the control (CK)
(Dunnett’s test p < 0.05). In the case of L. sativa growth, B4, B6, and B10 were correlated
with significant growth in shoot and root biomass compared to CK. H1, H3, and B1 showed
maximum weight of only root biomass compared to CK (Figure 2a,b).
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3.3. Characterization of Selected Strains
3.3.1. Plant-Growth-Promoting Traits

Based on initial screening and the importance of PGP traits for plant growth pro-
motion, phosphate (P) solubilization, siderophore production, and IAA were examined
from isolates; the results are provided in Table 2. Strains H1, H2, B1, and B10 showed
clear zones on the Pikovskaya agar plates, indicating that these strains have the ability
to solubilize P. The siderophore production trend showed that H1, H3, B1, B6, and B10
produce siderophores, as confirmed by the changing color of CAS media; in contrast, none
of them showed IAA-like compound production in the presence or absence of tryptophan.

Table 2. Plant-growth-promoting traits, where + indicates possession and—indicates the lack of the
trait. Each of the treatments consisted of three biological replicates.

Strain No. Phosphate Solubilization Siderophore IAA Endoglucanase β-Glucosidase Units h−1

H1 + + − + 33.19 ± 1.03
H2 + − − + 27.61 ± 1.05
H3 − − − − 35.07 ± 1.65
B1 + + − + 31.89 ± 0.59
B4 − − − + 27.68 ± 2.71
B6 − + − − 25.19 ± 1.05
B10 + + − + 36.83 ± 1.48

H and B represent hairy vetch and Brassica juncea, respectively.

3.3.2. Extracellular Enzyme Activities of Isolates

Enzyme activities of isolates that promote plant growth were examined directly and
indirectly by providing nutrients to the soil environment. Among the isolates evaluated, H1,
H2, B1, B4, and B10 showed clear halo zones around the colony growth while assessing for
endoglucanase activity (Table 2). Quantification analysis was also carried out to determine
the glucosidase activity of the isolates. Glucosidase activity was different among the
isolates, and the highest activity was recorded for strain B10 (Table 2).

4. Discussion

The fungal structures in the soils incorporated with different green manures were
poorly understood. This, to the best of our knowledge, is the first study to determine that
certain fungal strains isolated from the soils incorporated with different types of green
manure promote plant growth. Although our previous report showed different fungal
communities between hairy-vetch- and B. juncea-incorporated soils using non-culturable
methods [11], this study also showed that different green manures—such as hairy vetch
(leguminous) and B. juncea (non-leguminous)—resulted in different fungal isolation even
from the same soil. Notably, we found that the fungal genera Penicillium, Trichoderma, and
Talaromyces were higher in abundance in leguminous-manure-incorporated soil; in contrast,
Mucor, Taifanglania, and Trichoderma were more abundant in non-leguminous-manure-
incorporated soil (Figure 1a,b). On the other hand, high-throughput sequencing analysis
also showed that the effects of the two green manures were different, with the genera
Cryptococcus, Entoloma, Olpidiaster, and Waitea being dominant in B. juncea-incorporated
soils, while Coprinellus, Aspergillus, Clonostachys, and Arizonaphlyctis were dominant in
hairy-vetch-incorporated soils [11]. Both culturable and non-culturable methods showed
different results in our study. In addition, a total of 31.8% of strains—in which 27% (3 strains
out of 11 strains) and 36% (4 strains out of 11 strains) of the strains were isolated from
the soil incorporated with hairy vetch and B. juncea, respectively—isolated from both
incorporated soils showed a plant-growth-promoting effect on B. rapa. In contrast, when L.
sativa plants were used to evaluate plant-growth-promoting ability, fungal strains isolated
from B. juncea-incorporated soil were more effective for growth promotion than those
from hairy-vetch-incorporated soil (Figure 2b). Wang et al. [32] also reported that fungal
communities respond differently to the strong influence of different plant species. In our
findings, different plant-growth-promoting fungi contributed to the growth of B. rapa and
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lettuce. Since each green manure incorporation showed different fungal isolation from the
soil, and PGPF also differed depending on the target plant, this indicates the importance
of the selection of different types of green manure for each target plant. Generally, the
effects of PGPF on plant growth promotion have been directly or indirectly linked to their
PGP traits and the mineralization of nutrients, which could be their primary mechanism of
action [21]. With regard to PGP traits, four out of seven strains showed P solubilization and
siderophore production (Table 2). Interestingly, P solubilization and siderophore production
came from common strains within the Penicillium spp. strain H1, Purpureocillium spp. strain
B1, and Aspergillus spp. strain B10. In a similar study, Qarni et al. [33] also reported that
inoculation with Penicillium spp. improved root growth and increased P uptake, and higher
P availability was observed in post-harvest soil samples. Similarly, Aspergillus spp. have
the ability to produce siderophores and solubilize P during qualitative and quantitative
analyses [21]. However, to the best of our knowledge, no previous study has reported that
Purpureocillium spp. produce siderophores. Generally, siderophore production chelates
iron in soils with high pH to facilitate plant uptake [4,34]. In agriculture, siderophores are
responsible for enhancing P availability [35], as they chelate heavy metals and solubilize
iron phosphatase, enhancing nutrient uptake for plant growth [36]. Therefore, our results
suggest that our isolated strains enhanced the growth of different vegetable crops via P
solubilization and siderophore production in the soil.

The incorporation of different green manures influences enzyme activities produced by
the isolated strain. In particular, hairy vetch green manure has a low C/N ratio (11.7) that de-
composes quickly, resulting in high and rapid nutrient mineralization through microbiolog-
ical activities [13]. In this study, fungal abundance was higher in hairy-vetch-incorporated
soil than in B. juncea-incorporated soil, and strains H1, H3, B6, and B10 produced more
β-glucosidase than other isolates (Table 2). Purahong et al. [37] and Carson et al. [38] re-
ported that enzymes produced by fungi can decompose and mobilize plant residues, and
can boost the nutrients via decomposition of soil organic matter. Our results showed that
incorporating green manure increased fungal biomass and enzyme activity, meaning an
increase in the release of nutrients for plants. Hairy vetch green manure, in particular,
might be quite effective in promoting plant growth by providing nutrient sources and
decomposition of organic matter by increasing fungal biomass. Liu et al. [39] reported
that soil organic carbon and nutrients were the primary drivers of soil fungal community
structure and composition. Other studies have also shown that the application of microbes
increases the availability of substrates with microbial growth, leading to the enhancement
of enzyme activities compared to without microbial application [40,41].

B. juncea is a typical biofumigation crop that is rich in allyl glucosiolate, much as
Limnanthes alba Hartw. ex Benth produces β-glucosidase, and it has been reported to have
herbicidal and fertilizer properties [42,43]. Limnanthes alba seed meal increases glucosinolate
in much the same way as β-glucosidase increased when Brassica juncea was incorporated
into the soil as compared to the control soil in our previously published study [11]. In this
study, our isolated strains from Brassica-juncea-incorporated soil also showed the potential
for production of β-glucosidase. In addition, allyl isothiocyanates also have fungicidal
and nematicidal properties [44], and Hollister et al. [45] reported that the incorporation of
brassicaceous and non-brassicaceous oilseed meal contributes organic matter and isothio-
cyanates, and land use has the potential to alter the soil microbial community structure.
Allyl isothiocyanates could change the microbial community, which could suppress fungal
disease [46], but these phenomena might be changed by the soil types and organic mate-
rials input into the soil. In addition, fungal sensitivity to allyl isothiocyanates should be
considered; for example, Gaeumannomyces spp. were the most sensitive, Rhizoctonia spp.
and Fusarium spp. were intermediate, and Bipolaris spp. and Pythium spp. were the least
sensitive [47]. Yim et al. [48] also reported that biofumigation crops have more substantial
effects on the soil fungal biomass/population with respect to the suppression of fungal
diseases. Our results were consistent with their observation that the fungal community
differed from that of hairy-vetch-incorporated soil, and fungal biomass was also lower than
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that of B. juncea-incorporated soil (Table S1). However, enzyme activities were maintained
in isolated strains compared with those in the hairy-vetch-incorporated soil (Table 2). Since
isolated strains from B. juncea-incorporated soil may be resistant to biofumigation, and
could promote plant growth, it may be used in soils where soil diseases occur and it is
difficult to supply organic matter.

5. Conclusions

In conclusion, the present study showed the isolation, identification, and character-
ization of plant-growth-promoting fungi from hairy-vetch- and B. juncea-incorporated
soil. Based on our findings, the incorporation of the two green manures showed different
fungal communities. The application of fungi isolated from green-manure-incorporated
soils could stimulate plant growth promotion, including root growth and development.
Although there are limitations to this study, our results indicate that different types of green
manure are associated with varied impacts on soil fungal communities and PGPF. This
indicates the potential benefits of promoting green manure incorporation in soil.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/agronomy12020323/s1: Figure S1: Pre-screening of fungal isolates:
Growth response of (a) Brassica rapa with leguminous isolates, (b) Lactuca sativa with leguminous
isolates, (c) Brassica rapa with non-leguminous isolates, and (d) Lactuca sativa with non-leguminous
isolates. This time only one replication was used. Black and grey bars show shoot and root biomass,
respectively; Figure S2: Phylogenetic tree of fungal isolates based on ITS rRNA gene sequences
showing the evolutionary positions of (a) H1, (b) H2, (c) H3, (d) B1, (e) B4, (f) B6, and (g) B10.
Metarhizium marquandii for B1, Diaporthe viticola for B4, Nectria eustromatica for B6, Penicillium viticola
for B10, Talaromyces funiculosus for H1, Stanjemonium ochroroseum for H2, and Nectria eustromatica for
H3 were used as the outgroup. The phylogenetic tree and branching pattern were generated by a
neighbor-joining method through the MEGA program; Table S1: Effects of green manure treatments
on fungal biomass.
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