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Abstract. Using metagenomic sequencing, we assessed the effects of Trichoderma harzia-
num and garlic intercropping on the growth, soil microbial community, and sustainability
of continuous nonheading Chinese cabbage (NHCC; Brassica rapa L. subsp. chinensis).
Four treatments were evaluated: NHCC monoculture control treatment; NHCC monocul-
ture inoculated with 7. harzianum (T1); NHCC-garlic intercropping with water (T2); and
NHCC-garlic intercropping inoculated with 7. harzianum (TI3). Growth parameters, phys-
iological indices, soil quality, and rhizosphere microbial composition were analyzed. The
results showed that T1, T2, and T3 significantly altered fungal and bacterial community
composition in NHCC rhizosphere soil, and that T1 increased the relative abundance of
Lysobacter antibioticus and decreased the relative abundance of Fusarium oxysporum. The
T2 treatment increased the relative abundances of Dactylellina haptotyla, Bacillus subtilis,
Nitrospira japonica, and Lysobacter antibioticus as well as suppressed Macrophomina pha-
seolina. The T3 treatment increased the relative abundances of Pochonia chlamydosporia,
Bacillus subtilis, and Nitrospira japonica as well as decreased the relative abundances of
Macrophomina phaseolina and Fusarium oxysporum. The Kyoto Encyclopedia of Genes
and Genomes analysis revealed heightened enrichment of metabolism-related microorgan-
isms in T2 and T3. The T1 treatment upregulated phoD (alkaline phosphatase), nirK, and
nirS (nitrate reduction). The T2 treatment increased phoD, narG (nitrate reduction), nirS,
and amoA (ammonia oxidation). The T3 treatment exhibited the broadest activation, ele-
vating phoD, narG, nirK, nirS, and amoA. The T1, T2, and T3 treatments significantly
increased soil available nitrogen and soil available potassium content. The T2 and T3
treatments increased exchangeable calcium (Ca’"). The T3 treatment uniquely elevated
available phosphorus. Organic matter, total phosphorus, and total potassium remained
unaffected. All treatments improved NHCC leaf length, width, and fresh weight; T2 and
T3 increased plant height; and T3 enhanced root length. The T1, T2, and T3 treatments
reduced leaf soluble protein, superoxide dismutase, and malondialdehyde. The T2 and T3
treatments significantly increased the content of soluble sugar in leaves and significantly
decreased the content of peroxidase. The T3 treatment significantly increased the content
of chlorophyll in leaves. These results demonstrate that 7. harzianum, NHCC—garlic inter-
cropping, and NHCC—garlic intercropping inoculated with 7. harzianum enhance NHCC
growth, soil quality, and beneficial microbiota while suppressing pathogens. Furthermore,
NHCC-garlic intercropping inoculated with 7. harzianum yielded a superior effect, while
the effect of NHCC monoculture inoculated with 7. harzianum had the weakest effect.

Nonheading Chinese cabbage (NHCC)
(Brassica rapa L. subsp. chinensis), also known
as Chinese cabbage or rapeseed, is a subspecies
of Brassicaceae in the Brassicaceae family. It
originated in China and is characterized by its
short growth cycle, high yield, adaptability, re-
sistance to storage and transportation, and cost-
effectiveness. These traits have led to its
widespread cultivation not only in China and
Southeast Asia but also globally, where it is
recognized as a key leafy vegetable (Li et al.
2020). Rich in vitamins, amino acids, and
minerals, NHCC is valued for its role in
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disease prevention and metabolic regulation,
thus contributing to its high consumer de-
mand (Wang et al. 2022; Zhou et al. 2022).
Sugqian, located in northern Jiangsu Province,
China, lies within a warm temperate mon-
soon climate zone, which provides optimal
environmental conditions for the develop-
ment of the vegetable industry (Wang et al.
2024). Because of the limitations of arable
land and growing conditions, continuous
cultivation has become a common growing
method. However, continuous cropping of
NHCC has been associated with declines in

yield and quality, thus posing challenges to
the industry’s sustainable development. Re-
cent efforts to address soil ecological secu-
rity have prioritized the use of microbial
fungicides and alterations to cropping pat-
terns as potential strategies for mitigating
the persistent issue of continuous obstacles.

Microbial agents can enhance the physico-
chemical properties of continuous cropping
soil, inhibit the propagation of soil pathogens,
improve the structure of soil microbial commu-
nities, enhance the absorption of soil nutrients
by plants, and strengthen the resistance of
plants. Consequently, the quality and yield of
plants can be improved (Chen et al. 2021;
Elnahal et al. 2022; Jaber and Enkerli 2016;
Wang et al. 2024). Nitrogen-fixing bacteria,
Bacillus, lactic acid bacteria, actinomycetes,
and Trichoderma are the most commonly
used microbial inoculant strains. Of these,
Trichoderma is the most widely used (Al-Shuaibi
et al. 2024; Cao et al. 2022; Erazo et al. 2021,
Patkowska et al. 2020). Al-Shuaibi et al. (2024)
found that Trichoderma ghanense and Tricho-
derma citrinoviride inhibited the reproduction of
Pythium aphanidermatum and promoted the
growth of cucumber. Similarly, Erazo et al.
(2021) observed that Trichoderma harzia-
num application reduced the peanut brown
root rot incidence and stimulated plant
growth. Cao et al. (2022) further demon-
strated that biochar combined with Tricho-
derma enhanced soil bacterial diversity,
improved soil physicochemical properties,
and increased root vitality. Patkowska et al.
(2020) demonstrated that T. harzianum signifi-
cantly increases the number of beneficial bac-
teria such as Bacillus and Pseudomonas in
carrot rhizosphere soil. Scientifically optimized
planting patterns can modify the soil microen-
vironment and mitigate continuous cropping
challenges (Xia et al. 2016; Zeng et al. 2020).
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Fig. 1. Planting patterns. (A) Nonheading Chinese
cabbage (NHCC) monoculture control treatment
(CK). (B) NHCC—garlic intercropping with wa-
ter (T2). (C) NHCC monoculture inoculated
with 7. harzianum (T1). (D) NHCC—garlic inter-
cropping inoculated with T. harzianum (T3).
*NHCC. OGarlic.
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Fig. 2. Principal coordinate analysis of the rhizosphere soil microbial community structure.

Kermah et al. (2017) reported that maize—
grain legume intercropping enhances crop
yield and improves soybean nitrogen fixation
efficiency. Similarly, Xiao et al. (2012) ob-
served that cucumber—garlic intercropping
improves soil biological conditions and al-
leviates cucumber continuous cropping ob-
stacles. Zhou et al. (2011) further confirmed
that intercropping cucumber with onion or
garlic boosts productivity and enhances soil
quality.

In this study, metagenomic technology
was used to investigate the effects of 7. har-
zianum and NHCC-garlic intercropping on
rhizosphere microbial community structure
and function. Additionally, we evaluated their
impacts on NHCC growth indices, physiolog-
ical parameters, and rhizosphere soil nutrient
dynamics.

Materials and Methods

Experimental materials and experimental
design. The experiment was conducted from
Mar 2024 to May 2024 at the facility’s horti-
cultural cultivation base in Sugian College,
Jiangsu Province (118°262'N, 33°850/E), where
NHCC was continuously planted for 5 years.
The physicochemical properties of the soil were
as follows: organic matter, 25.25 g-kg™'; total
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phosphorus, 0.86 gkg™'; total potassium,
1048 gkg™"; available nitrogen, 74.26 mgkg™";
available phosphorus, 25.85 mgkg™'; available
potassium, 47.22 mg-kg™'; and exchangeable
calcium, 1408.82 mg'kg . The seeds of NHCC
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bacteria

(‘Lvguan’) were sourced from Shouguang
Yinuo Agricultural Science and Technology
Ltd. (Shandong, China), garlic bulbs were
sourced from Anhui Jiugi Seedling Technol-
ogy Ltd. (Anhui, China), and T. harzianum
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Fig. 3. Relative abundance histogram of fungi at the genus level.
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Fig. 4. Cluster heat map of fungi at the genus level.

was sourced from T-22 inoculant [=5 x 10°
colony-forming units (CFU)/g] from Shandong
Weifang Nuojin Agrochemical Ltd. (Shandong,
China).

The following four treatments were used in
the experiment: NHCC monoculture control
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treatment (CK); NHCC monoculture inocu-
lated with 70 harzianum (T1); NHCC—garlic in-
tercropping with water (T2); and NHCC—garlic
intercropping inoculated with 7. harzianum (T3).
Each treatment was replicated three times in ran-
domized 2- x 8-m plots. Plants were spaced
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Fig. 5. Relative abundance histogram of the fungal species level.
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20 cm apart (Fig. 1) and sown on 15 Mar 2024.
Ten days postplanting, 7. harzianum suspension
(1:600 dilution) was applied to T1 and T3 plots.
Routine field maintenance was performed, and
NHCC was harvested on 24 Apr 2024.

Leaf selection and soil collection methods.
On 18 Apr 2024, leaf and soil samples were
collected from NHCC. Five NHCCs were
randomly selected from each treatment, and
the plant height, fresh weight, and longest
root length were measured. The fourth leaf
from the top to the bottom was selected to
measure leaf length, leaf width, chlorophyll
content, soluble sugar content, soluble protein
content, peroxidase (POD) activity, superox-
ide dismutase (SOD) activity, and malondial-
dehyde (MDA) content. Soil samples were
collected using the “root-shaking method.”
After uprooting the plants, loosely adhered
soil was removed by gentle shaking, and soil
that was tightly adhering to the roots was re-
tained (Ren et al. 2020). The rhizosphere soil
of 10 nonheading cabbages was randomly
collected from each treatment. The soil sam-
ples were immediately stored on dry ice and
transported to the laboratory. Samples were
sieved (2-mm mesh) and divided into two ali-
quots: one stored at 4 °C for the soil physico-
chemical analysis and the other stored at
—80°C for microbial community characteri-
zation (Zhang et al. 2021).

Determination of growth and physio-
logical indexes of NHCC. Plant height, root
length, leaf length, and leaf width were mea-
sured using a calibrated ruler. Fresh weight
was determined with an electronic balance
(+0.01 g precision). Chlorophyll content (Ahmad
et al. 2022), soluble sugar (Irani et al. 2021), and
MDA (Xia et al. 2016) were quantified via ultra-
violet-Vis spectrophotometry. Soluble protein
was assayed using the Coomassie brilliant blue
G-250 method (Ahmad et al. 2022). The POD
activity was measured via the guaiacol oxidation
method (Ahmad et al. 2022), and SOD activity
was determined using the nitroblue tetrazolium
chloride (NBT) reduction assay (Ahmad et al.
2022).

Determination of soil physical and chemi-
cal properties. Soil organic matter was ana-
lyzed by potassium dichromate volumetric
titration (Yang et al. 2023). Total potassium
and total phosphorus were quantified using
NaOH fusion followed by flame photometry
(Gao et al. 2019) and molybdenum-antimony
anticolorimetric methods (Gao et al. 2019),
respectively. Available nitrogen was mea-
sured using the alkali hydrolysis diffusion
method (Chen et al. 2016). Available phos-
phorus was measured using molybdenum-
antimony anti-colorimetry (Yang et al. 2023).
Available potassium was measured using am-
monium acetate flame photometry (Yang et al.
2023). Exchangeable calcium (Ca®") was de-
termined using ammonium acetate extraction
followed by atomic absorption spectrometry
(Han et al. 2019).

Soil microbial community macrogenomic
determination. Metagenomic sequencing was
performed using the Illumina NovaSeq high-
throughput sequencing platform (Shanghai
Zhongke New Life Biotechnology Co., Ltd.,
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Fig. 6. Cluster heat map of the fungal species level.

Shanghai, China) to obtain metagenomic raw
data of fungi and bacteria in the rhizosphere
soil of NHCC. The raw data were split and
quality-clipped to obtain valid data. Valid
data were assembled using MEGAHIT(a soft-
ware tool for efficient assembly of metage-
nomic data) (Li et al. 2015; Li et al. 2016) and
De Bruijn graph-based splicing software; con-
tigs longer than 500 bp were retained for the
downstream analysis. The spliced contigs se-
quence was open reading frame (ORF) pre-
dicted by Prodigal software (protein-coding
gene prediction software) and translated into
an amino acid sequence (Hyatt et al. 2010).
The ORF prediction results of all soil samples
were deredundified using CD-HIT software
(Fu et al. 2012) to obtain a nonredundant initial
gene catalog, which was clustered with 95%
identity and 90% coverage, and the longest
sequence was selected as the representative
sequence. Clean reads of each sample were
aligned with nonredundant overlapping clus-
ter sequences using bowtie2 software to
calculate gene abundance (Langmead and
Salzberg 2012). The nonredundant genes
were aligned to the EggNOG database and
the carbohydrate-active enzymes (CAZy)
database using DIAMOND software (Cantarel
et al. 2009). The annotations with e < le-5
were selected to screen the proteins with the
highest sequence similarity, yielding Kyoto En-
cyclopedia of Genes and Genomes (KEGG)
and CAZy annotations. Community compo-
sition, abundance clustering, and a principal
coordinate analysis were conducted based on
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taxonomic and functional profiles. Then,
LEfSe (an analytical tool for discovering and
interpreting differences in high-dimensional
data biomarkers) was used to identify differ-
entially abundant taxa and functions across
treatments (Villar et al. 2015).

Data analysis. Microsoft Excel 2016
(Redmond, WA, USA) was used for data orga-
nization, and IBM SPSS 26.0 was used for sta-
tistical analysis. Differences between treatments
were assessed using a one-way analysis of
variance (ANOVA), followed by independent-
sample ¢ tests. Statistical significance was de-
fined as P < 0.05. Results are presented as
mean + standard deviation.

Results

Effects on f diversity of bacteria and fungi.
To understand the effects of different treat-
ments on soil microbial community composi-
tion, a principal coordinate analysis of soil
fungi and bacteria in 12 samples at the spe-
cies level was performed. The results showed
that the microbial structure composition of
the four groups was different. Axes 1 and 2
in fungi explained 25.75% and 19.68% of the
total variation, respectively, and axes 1 and 2
in bacteria explained 50.36% and 30.36% of
the total variation, respectively (Fig. 2).
Clear separation of fungal and bacterial
communities among CK, T1, T2, and T3
along both axes indicated that all treatments
significantly altered the rhizosphere microbial
composition.

s__Wallemia_mellicola
s__Exidia_glandulosa
s__Lipomyces_starkeyi
s__Hesseltinella_vesiculosa
__Rhizophagus_irregularis
___Panaeolus_cyanescens
___Neonectria_ditissima
___Hyaloscypha_hepaticicola
___Madurella_mycetomatis.
___Pochonia_chlamydosporia

»ownnnn

Stereum_hirsutum

s__Mucor_ambiguus
s__Pseudocercospora_eumusae
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Effects on fungal community composition.
The relative abundance of soil fungal com-
munities at the genus level revealed a higher
abundance of the Rhizophagus, Aspergillus,
Saitoella, Fusarium, and Mycena in CK, T1,
T2, and T3 (Fig. 3). The fungi cluster analysis
heat map at the genus level of different treat-
ments is shown in Fig. 4. In T1, the relative
abundances of Puccinia, Thamnocephalis,
Rhizoclosmatium, and Phialocephala were
significantly higher than those in CK, while
those of Lipomyces, Exidia, Hesseltinella,
Rhizophagus, Trichosporon, and Macropho-
mina were significantly lower than those in
CK. In T2, the relative abundances of Wal-
lemia, Cladophialophora, and Dactylellina
were significantly higher than those of CK,
and those in Ascobolus, Gymnopus, Scytali-
dium, Macrophomina, Oidiodendron, Peni-
cillium, Trichosporon, Mycena, Saitoella,
Helicocarpus, Chaetomium, Moniliophthora,
Histoplasma, and Fusarium were signifi-
cantly lower than those in CK. In T3, the
relative abundances of Panaeolus, Neonectria,
Pochonia, Gonapodya, Madurella, Stereum,
Mucor, Pseudocercospora, Hyaloscypha, and
Batrachochytrium were significantly higher
than those in CK, while the relative abundan-
ces of Exophiala, Serendipita, Pyrenophora,
Macrophomina, Oidiodendron, Penicillium,
Mpycena, and Saitoella were significantly lower
than those in CK.

At the species level, the relative abundance
of soil fungal communities across treatments
(CK, T1, T2, T3) revealed higher proportions of
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Rhizophagus sp. MUCL 43196, Saitoella com-
plicata, Mycena chlorophos, Exophiala meso-
phila, and Postia placenta (Fig. 5). Cluster
analysis heat maps of fungal communities at the
species level are shown in Fig. 6. In T1, the rel-
ative abundances of Chaetothyriales sp CBS
132003, Histoplasma capsulatum, Neolecta ir-
regularis, Glonium stellatum, Conidiobolus cor-
onatus, Puccinia striiformis, Thamnocephalis
sphaerospora, Fusarium ambrosium, and
Rhizoclosmatium globosum were significantly
higher than those in CK, while those of Fu-
sarium oxysporum, Aspergillus homomorphus,
Trichosporon asahii, Aspergillus sclerotialis,
Postia placenta, Talaromyces verruculosus,
and Rasamsonia emersonii were significantly
lower than those in CK. The T2 treatment
revealed increased relative abundances of
Aspergillus thermomutatus, Cladophialo-
phora bantiana, Dactylellina haptotyla, As-
pergillus lentulus, and Wallemia mellicola, and
reduced abundances of Postia placenta, Talar-
omyces verruculosus, Rasamsonia emersonii,
Oidiodendron maius, Macrophomina phaseo-
lina, Scytalidium lignicola, Penicillium bra-
silianum, Gymnopus luxurians, Ascobolus
immerses, and uncultured Aspergillus. Simi-
larly, T3 showed increased abundances of Exidia
glandulosa, Lipomyces starkeyi, Hesseltinella
vesiculosa, Rhizophagus irregularis, Panaeo-
lus cyanescens, Neonectria ditissima, Hyalo-
scypha hepaticicola, Madurella mycetomatis,
Pochonia chlamydosporia, Stereum hirsutum,
Mucor ambiguous, and Pseudocercospora eu-
musae, and decreased abundances of Aspergil-
lus awamori, Mycena chlorophos, Saitoella
complicate, Helicocarpus griseus, Fusarium
oxysporum, Aspergillus homomorphus, Oidio-
dendron maius, Macrophomina phaseolina,
Seytalidium lignicola, Penicillium brasilianum,
Gymnopus luxurians, Ascobolus immerses, and
uncultured Aspergillus.

Effects on bacterial community composition.
At the genus level, soil bacterial communities
in CK, T1, T2, and T3 showed higher relative
abundances of Chloroflexi (unclassified),
Acidobacteria (unclassified), Pseudomonas,
Nocardioides, Gaiella, and Bacillus (Fig. 7).
Bacterial cluster analysis heat maps are
shown in Fig. 8. The T1 treatment exhibited
increased abundances of Nitrospira, Chlor-
offexi (unclassified), Verrucomicrobia (un-
classified), and Candidatus Entotheonella,
and decreased abundances of Nocardioides,
Actinobacteria (unclassified), Solirubrobacter-
ales (unclassified), and Streptomyces. In T2,
the relative abundances of Nitrospira, Sphin-
gosinicella, Bradyrhizobium, Pseudolabrys,
Gaiella, Lysobacter, Amycolatopsis, Pseudo-
nocardia, Sphingomonas, and Bacillus were
significantly higher than those in CK. The rela-
tive abundances of Solirubrobacter, Pedococcus,
Conexibacter, Gemmatimonas, Mycobacterium,
Micromonospora, Altererythrobacter, Patuli-
bacter, Aeromicrobium, Agromyces, Arthro-
bacter, Geodermatophilus, and Blastococcus
were significantly lower than those in CK. In
T3, the relative abundances of Nocardioides,
Marmoricola, Nitrospira, Gaiella, Lysobacter,
Pseudonocardia, Sphingomonas, and Bacillus
were significantly higher than those in CK, and
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Fig. 7. Relative abundance histogram of bacteria at the genus level.

the relative abundances of Solirubrobacter,
Conexibacter, Gemmatimonas, and Mycobac-
terium were significantly lower than those in
CK.

The relative abundances of soil bacterial
communities at the species level revealed
higher proportions of Acidobacteria bacte-
rium, Chloroflexi bacterium, Bacillus subtilis,
and Gaiella occulta in CK, T1, T2, and T3
(Fig. 9). Cluster analysis heat maps at the
species level demonstrated distinct microbial
profiles across treatments (Fig. 10). In T1, the
relative abundances of Acidobacteria bacte-
rium, Verrucomicrobia bacterium, Lysobacter
antibioticus, Proteobacteria bacterium, Gem-
matimonadetes bacterium, Alphaproteobacteria
bacterium, Anaerolineae bacterium, bacterium
HRI12, Xanthomonadales bacterium, Blasto-
catellia bacterium, uncultured bacterium,
Chlorofiexi bacterium, and bacterium were
significantly higher than those in CK,
while the relative abundances of Pseudono-
cardiales bacterium, Pseudomonas putida, and

Actinobacteria bacterium RBG 16 67 10 were
reduced. In T2, the relative abundances of
Pseudomonas monteilii, Gaiella occulta, Bacillus
subtilis, Pseudonocardia acaciae, Nitrospira ja-
ponica, Sphingomonas sp URHDO0057, Verru-
comicrobia bacterium, Lysobacter antibioticus,
Proteobacteria bacterium, Gemmatimonadetes
bacterium, and Alphaproteobacteria bacte-
rium were significantly higher than those in
CK, whereas the relative abundances of
Acidimicrobiales bacterium, Conexibacter
woesei, Solirubrobacter pauli, Solirubro-
bacter sp URHDO0082, Solirubrobacter soli,
Pedococcus cremeus, Conexibacter sp Seoho
28, Solirubrobacterales bacterium, and Alter-
erythrobacter sp Root672 were decreased. The
T3 treatment exhibited significantly higher
abundances of Gaiella occulta, Sphingosini-
cella sp CPCC 101087, Bacillus subtilis,
Chloroflexi bacterium RBG_16_72_14, Chlor-
oflexi bacterium RBG_16_69_14, Chloroflexi
bacterium GWC2_73_18, Pseudonocardia aca-
ciae, Nitrospira japonica, Sphingomonas sp
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Fig. 8. Cluster heat map of bacteria at the genus level.

URHDO0057, Nocardioides iriomotensis,
Pseudomonas sihuiensis, and Nocardioides
ganghwensis than those in CK, but lower rela-
tive abundances of Pseudonocardiales bacte-
rium, Acidimicrobiales bacterium, Conexibacter
woesei, Solirubrobacter pauli, Solirubrobacter sp
URHDO0082, and Solirubrobacter soli.

KEGG function prediction. A KEGG path-
way analysis was performed to assess functional
differences in microbial communities across

treatments. Significant functional variations were
observed at level 2 (Fig. 11). The LEfSe analysis
identified the following treatment-specific func-
tional traits (Fig. 12): CK-enriched microbes
were associated with endocrine system functions,
replication/repair, transport/catabolism, and im-
mune system activity. The T1-enriched microbes
exhibited roles in cellular community (prokar-
yotes), signal transduction, antimicrobial drug re-
sistance, and transcription. The T2-enriched
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microbes were linked to amino acid metabolism,
carbohydrate metabolism, cell growth/death,
motility, and cancer-specific pathways. The
T3-enriched microbes primarily contributed
to glycan biosynthesis, cellular community
(eukaryotes), secondary metabolite biosyn-
thesis, and terpenoid/polyketide metabolism.
Collectively, T2 and T3 showed stronger en-
richment of metabolism-related functions.

CAZy function annotation of soil metage-
nome. The CAZy family is closely related to
carbohydrate metabolism. In this work, the
CAZy database was used to analyze the
metagenomic data of rhizosphere soil across
different treatment groups. The results revealed
glycoside hydrolases (GHs) as the most abun-
dant functional group in rhizosphere soil meta-
genomes, followed by glycosyltransferases
(GTs) (Fig. 13). Dominant GH genes included
GH13, GH3, GH31, GH23, and GHS5, while
GT2, GT4, GT51, GT35, GT20, and GT28
topped GTs. The LEfSe analysis indicated the
following distinct enrichment patterns: GT2,
GH39, GT26, and GH32 were CK-associated;
GH3, GHS1, GH26, GH19, GH105, GT25,
and GH47 dominated T1; GT39, GH15, GT9,
GHS57, GH102, GT87, PL11, and GT85 char-
acterized T2; and GH13, GT4, CBM48, GT81,
GT35, PL8, PL4, GT8, GT17, GH27, and
GT14 were enriched in T3 (Fig. 14). Overall,
T1, T2, and T3 enhanced carbohydrate metab-
olism-related gene abundance compared with
CK, with T3 exhibiting the highest enrichment.

Effects on functional genes related to ni-
trogen and phosphorus nutrient cycling in rhi-
zosphere microorganisms. The abundances of
differentially expressed functional genes as-
sociated with nitrogen and phosphorus nutri-
ent cycling in the four treatment groups are
shown in Table 1. The K01113 gene (alkaline
phosphatase) exhibited significantly higher
abundance in T1, T2, and T3 compared with
that in CK. The ammonia oxidation-related
K10944 gene was markedly elevated in T2
and T3 relative to that in CK and T1. Among
nitrite reduction genes, K00370 abundance
was significantly higher in T2 and T3 than in
CK and T1, while K00368 showed greater
abundance in T1 and T3 compared with that
in CK and T2. The K15864 gene was signifi-
cantly enriched in T1, T2, and T3 compared
with CK.

Effects on soil nutrients of NHCC. As
shown in Table 2, there were no significant
differences in soil organic matter, total phos-
phorus, and total potassium contents among
CK, T1, T2, and T3. Compared with CK, the
soil available nitrogen content of T1, T2,
and T3 increased significantly by 11.75%,
23.07%, and 31.69%, respectively. There was
no significant difference between the available
phosphorus content of CK and that of T1 and
T2. The soil available phosphorus content of
T3 was significantly increased by 37.58%
compared with that of CK. Compared with
CK, TI1, T2, and T3 significantly increased
soil available potassium by 8.63%, 11.26%,
and 10.83%, respectively. Exchangeable cal-
cium was elevated by 4.54% and 8.00% in T2
and T3, respectively, with no significant
changes in T1.

2237

10" y7/ou-Ag/sesuaal|/B1o suowwodaAleald//:sdny (/0 7/ou-Aq/sasuadl|/B10 SUOWWOIDAIIBIO//:SA)Y) 9SUal|
JN-Ag DD @Y1 Jepun paingusip ajoile sseooe uado ue si siy] "ss800y uadQ BIA €2-1 1-GZ0Z 18 /w09 Alojoejgnd-poid-swiid- ylewlsyem-jpd-swiid//:sdiy woly peapeojumoq



s__| putida
s Aminobadarla _bacterium_RBG_16_67_10
s bacterium_} RIFCSPLUWOZ 02_FULL_67_26

Is Edlmbrobmralea bacterium

|s__Altererythrabacter_sp |

|s_Psel monte il

_13_2_20CM_68_14

Is_ _Gaiella 1_sp_! SCGC AG-212-M14

!s PMIIDWI taiwanensis

__Gaiella_occulla
sp_CPCC_101087

Scaled abundance

__Bacillus subtilis
s Chhmﬂmﬂ bacterium_RBG_16_72_14

LK
0
-1
L

s cl i_bacterium_RBG_16_69_14
i _bacterium_GWC2_73_18

{5—Fso

DOHD‘BQ

|s__Nitrospira_japoni

] l_smlnmmqu_ap_L!HHDOOET

fis_

s_L

U
4

1

k

1

El

s__| Proteobacteria_bacterium
| I_Gommmimomdamu_hmmm

cleria_bacterium
. _bacterium_| RIFCSPLWOZ 12_FULL_67_14b
s Bshpmmbadsns bacterium_SCGC_AG-212-J23
s__Betaproteobacteria_t hamnum RIFCSFLOWOZ 12_FULL_65_14

| s__Betaproteobacteria_| bﬂmmum RIFCSFLOW02 12 FULL 6& 19

) a_bacterium_RBG_19FT_COMBO_70_19
_HR12 )

CK

™ T2 T3

Fig. 10. Cluster heat map of the bacteria species level.

Effects on the growth of NHCC. Growth
metrics are detailed in Table 3. Plants in T3
and T2 were significantly taller than those in
CK, while those in T3 were significantly
taller than those in T2. Maximum root length
in T3 was greater than that in CK, but it did
not differ from that in T1 or T2. Leaf length
had the following order: T3 > T2 > T1 > CK.
Leaf width in T3 exceeded that in all other

groups, with T1 and T2 surpassing CK.
Fresh weight in T3 was higher than that in
CK and T1, but comparable to that in T2.
These results indicate that all treatments en-
hanced growth, with T3 demonstrating the
strongest effect and T1 demonstrating the
weakest effect.

Effects on physiological indexes of NHCC.
As shown in Table 4, the chlorophyll content

of T3 was significantly higher than that in
CK and T1, increasing by 14.71% and 13.59%,
respectively, and showed no significant differ-
ence with T2. There was no significant differ-
ence in soluble sugar content between CK and
T1 and between T2 and T3. The soluble sugar
content of T2 and T3 was significantly in-
creased by 58.54% and 43.55%, respectively,
compared with that of CK. Additionally, T1,
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T2, and T3 soluble protein levels were signif-
icantly reduced by 12.48%, 16.46%, and
21.67%, respectively, compared with those in
CK. There was no significant difference in
POD between CK and T1, and no significant
difference between T2 and T3. The POD of
T2 and T3 was significantly lower than that
of CK by 26.12% and 15.09%, respectively.
Compared with CK, the SOD contents in
T1, T2, and T3 were significantly decreased
by 11.09%, 4.66% and 10.65%, respectively.
Compared with CK, the MDA contents in T1,

T2, and T3 decreased significantly by 26.11%,
7.73%, and 28.20%, respectively.

Discussion

Soil microorganisms are an important part
of agricultural ecosystems and play a key
role in the decomposition of soil organic mat-
ter, nutrient cycling, and nutrient utilization
(Hartmann and Six 2023). The NHCC mono-
culture inoculated with 7. harzianum increased
the relative abundance of Lysobacter antibioticus
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Fig. 13. Analysis of carbohydrate-active enzymes (CAZy) data.
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and decreased the relative abundance of Fusar-
ium oxysporum. The NHCC—garlic intercropping
with water increased the relative abundances of
Dactylellina haptotyla, Bacillus subtilis, Nitro-
spira japonica, and Lysobacter antibioticus, and
decreased the relative abundance of Macropho-
mina phaseolina. The NHCC—garlic intercrop-
ping inoculated with 7. harzianum increased
the relative abundances of Pochonia chlamydo-
sporia, Bacillus subtilis, and Nitrospira japon-
ica, and decreased the relative abundances of
Macrophomina phaseolina and Fusarium
oxysporum. Bacillus subtilis improves soil
structure, synthesizes auxin to enhance plant
nitrogen uptake, modulates K/Na ratios to al-
leviate soil salinity stress, optimizes rhizo-
sphere conditions, and promotes water/nutrient
absorption, thereby increasing crop yield (Abbasi
et al. 2011; Fang et al. 2021; Hamid et al. 2021;
Hashem et al. 2019; Hou et al. 2018; Krey et al.
2011). Lysobacter antibioticus is a new type of
biocontrol bacteria that has antibacterial charac-
teristics and promotes plant growth (Liu et al.
2022). Dactylellina haptotyla and Pochonia
chlamydosporia are both typical nematode-
trapping fungi with efficient lethal potential
for soil nematodes (Dos Santos Fonseca
et al. 2023; Lei et al. 2023). Fusarium oxyspo-
rum a soil-borne pathogen, causes Fusarium
wilt and root rot across plant developmental
stages (Boulahouat et al. 2023), while Macro-
phomina phaseolina infects more than 500
plant species, inducing stem rot, root rot, and
seedling blight (Marquez et al. 2021). Nitro-
spira japonica is a nitrifying bacterium of the
genus Nitrospira, which plays an important
role in the soil nitrogen cycle (Medriano et al.
2023). These findings collectively demonstrate
that treatments involving 7. harzianum mono-
culture (T1), garlic intercropping (T2), and
their combination (T3) enhance beneficial
soil microorganisms while suppressing harm-
ful fungi.

This study further revealed that all treat-
ments (T1, T2, and T3) enriched carbohy-
drate metabolism-related genes, with the
combined treatment (T3) showing the highest
enrichment. Functionally, this enrichment re-
flects microbial utilization of soil carbohydrates
and amino acids for metabolic processes. Ele-
vated functional gene abundance likely enhan-
ces the microbial capacity to assimilate these
compounds, thereby increasing microbial diver-
sity. Such shifts in gene abundance modulate
microbial activity and drive ecological transfor-
mations (Paula et al. 2014). The GTs and GHs
are critical for soil organic matter biosynthesis
and decomposition (Sun and You 2021). The
GHs hydrolyze glycosidic bonds to generate
monosaccharides, oligosaccharides, or glyco-
conjugates, facilitating oligosaccharide syn-
thesis, aromatic glycoside production, and
amino acid/peptide glycosylation (Vuong et al.
2024; Xiao et al. 2019). The GTs are responsi-
ble for transferring sugar-based molecules and
connecting them to other molecules such as pro-
teins, oligosaccharides, and lipids (Cai et al
2018; Chen et al. 2013; Huang et al. 2018).
Together, these two types of enzymes laid
the foundation for the formation, transport,
and metabolism of carbohydrates. Among

2239

10" y7/ou-Ag/sesuaal|/B1o suowwodaAleald//:sdny (/0 7/ou-Aq/sasuadl|/B10 SUOWWOIDAIIBIO//:SA)Y) 9SUal|
IN-AEG DD @Y} Japun pajngLisip ajoie ssaooe uado ue S| siy] 'ssed0y uadQ eIA £2-1 L-GZ0Z 1e /wooAlojoeiqnd pold-swiid-yiewlaiem-jpd-awiid//:sdiy wouy papeojumoq



GH3
GH51 A
GH26

GH105 4
GT25
GH47
GH13

EEeese s e s s e e e ]
O T et |
R A |

O 101 - [ s e s s s s e s ]
—— —
e e |
0 S

GT4 4

CBM48 4

GT814

GT35

PL8

PL4 -

GT8 1

GT17 A

GH27

GT14 4
GT24

GT26
GH32 4
GT39 4

1
|

]

]

]
| |
[

GH 39 - |

[ —
I —]

GH15

GT9 1

GHS57 A

GH102 4

GT87 A

PL11 4

GT85 4

2

o
-

LDA score

Fig. 14. LEfSe analyses of differential functions between groups.

them, the GH family is mainly involved in
the degradation of cellulose and oligosac-
charides, especially the hydrolysis of vari-
ous glycosidic residues such as mannose,
glucoside, and lactose (Nguyen et al. 2019).
In soil ecosystems, microorganisms use nutrients
derived from GH/GT activity, thus highlighting
their role in organic carbon dynamics.

All treatments significantly increased soil
microbial gene abundance linked to nitrogen
and phosphorus cycling. The NHCC mono-
culture inoculated with 7. harzianum signifi-
cantly increased the abundance of K01113
(phoD) genes related to phosphorus nutrient
activation and K00368 (nirK) and K15864
(nirS) genes related to denitrification. The
NHCC—garlic intercropping with water signifi-
cantly increased the abundance of the K01113
(phoD) gene related to phosphorus nutrient

activation, K00370 (narG) and K15864 (nirS)
genes related to denitrification, and K10944
(amoA) gene related to ammonia oxidation.
The combined treatment (T3) markedly ele-
vated the abundances of phosphorus nutrient
activation genes KO01113 (phoD), denitrifica-
tion genes K00370 (narG), K00368 (nirK),
K15864 (nirS), and ammonia oxidation genes
K10944 (amoA). Wang et al. (2020) and
Santos-Beneit (2015) identified amoAd, nirK,
nirS, and narG as key biomarkers for nitrogen-
cycling microorganisms, while phoD regulates
phosphorus uptake and metabolism. Wei et al.
(2023) reported that 7. harzianum increases
bacterial amoA gene abundance in sweet sor-
ghum rhizospheres. Intercropping systems ele-
vated nirS and phoD abundances (Su et al.
2024). This study concluded that all treatments
enhance nitrogen-related and phosphorus-

related functional gene abundance in soil
microbiota, with the combined treatment
(T3) showing the broadest gene activation
and monoculture inoculated with T. harzianum
(T1) showing the least gene activation. There-
fore, the combined treatment (T3) can be used
to enhance nutrient absorption in continuous
cropping systems, thereby boosting yield and
quality.

All treatments promoted NHCC growth,
increased soil available nitrogen, phosphorus,
potassium, and exchangeable calcium, ele-
vated leaf chlorophyll and soluble sugar con-
tent, and reduced POD, SOD, and MDA
levels. The combined treatment (T3) exhib-
ited the strongest growth-promoting effects
on crop and soil quality, while monoculture
inoculated with 7. harzianum (T1) had the
weakest impact. T. harzianum and garlic in-
tercropping are established growth enhancers
in diverse crops. Yedidia et al. (2001) found
that 7. harzianum significantly increased cu-
cumber seedling emergence rate, shoot length,
root length, root area, dry weight, and leaf area
and promoted the absorption of copper, phos-
phorus, iron, zinc, and manganese in cucum-
ber. Zhou et al. (2011) found that garlic and
cucumber intercropping increased cucumber
yield and improved the soil environment. As a
commonly used biocontrol agent, 7. harzianum
is effective for alleviating the continuous crop-
ping obstacles and promoting growth in a wide
range of crops (Al-Shuaibi et al. 2024; Mao
and Jiang 2021). The growth-promoting func-
tion of 7. harzianum, which is mainly reflected
in a variety of metabolites, including chitinase
and cellulase, can be produced to inhibit the
growth of pathogens and trigger the host de-
fense system (Halifu et al. 2019). T. harzianum
can dissolve phosphate, produce plant hor-
mones, and promote plant growth under salt
stress (Zhao and Zhang 2015). 7. harzianum
can synthesize phytohormones, produce vita-
mins, enhance soil nutrient solubility, increase
nutrient uptake and translocation, and accelerate
root development and carbohydrate metabolism

Table 1. Abundance of significantly different functional genes related to nitrogen and phosphorus nutrient cycling.

Function KO Gene name CK T1 T2 T3

Alkaline phosphatase KO01113 phoD 14120 £2.88 b 162.70 £2.83 a 173.38 £2.57 a 17945 +221 a
Ammonia oxidation K10944 amoA 1940 = 1.88 b 2058 £ 1.15b 26.55+0.80 a 2724 +023 a
Nitrate reduction K00370 narG 273.86 £3.82 b 250.53 £7.87b 33992 +398 a 35374+ 579 a
Nitrite reduction K00368 nirK 381.74 £ 7.87 b 409.00 = 7.47 a 37297 £+ 493 b 410.01 £6.79 a
Nitrite reduction K15864 nirS 6.80 £1.27b 1491 £1.10 a 1241 £ 134 a 13.58 £ 0.64 a

Data are means + standard deviation. Different lowercase letters in the same row indicate significant differences between treatments (P < 0.05).
CK = control; KO = KEGG Orthology; T1 = NHCC monoculture inoculated with Trichoderma harzianum; T2 = NHCC-garlic intercropping with
water; T3 = NHCC—garlic intercropping inoculated with 7. harzianum.

Table 2. Changes in soil nutrients in nonheading Chinese cabbage (NHCC) under different treatments.

Organic Total Total Available Available Available Exchangeable
matter phosphorus potassium nitrogen phosphorus potassium calcium
Treatments g-kgfl g-kg7l g-kg{l mg-kgfl mg-kg™ ! mg-kg™ ! mg~kg7'
CK 2563+ 142 a 0.86 + 0.01 a 10.48 £ 0.02 a 73.61 £ 0.56 d 2650 £ 147 b 4626 £ 1.48b 1406.89 £ 1.16 ¢
T1 2647 £ 0.61 a 0.87 £0.01 a 1043 £0.02 a 8226 £ 1.16 ¢ 2733 +£0.54 b 50.25+242 a 1413.59 £ 0.80 ¢
T2 26.10 + 0.84 a 0.89 £ 0.02 a 10.05 £ 0.02 a 90.59 £ 1.17 b 2410+ 1.17b 5147 +1.11 a 1470.77 £ 1.16 b
T3 2721 +212a 0.90 £ 0.03 a 10.22 £ 0.01 a 96.94 £ 1.16 a 36.46 £ 0.22 a 5127 £2.02 a 1519.42 £ 0.53 a

Data are means + standard deviation. Different lowercase letters in the same row indicate significant differences between treatments (P < 0.05).
CK = control; T1 = NHCC monoculture inoculated with Trichoderma harzianum; T2 = NHCC-garlic intercropping with water; T3 = NHCC-garlic in-
tercropping inoculated with 7. harzianum.
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Table 3. Growth indexes of nonheading Chinese cabbage (NHCC) under different treatments.

Maximum
Treatments Plant ht (cm) root length (cm) Leaf length (cm) Leaf width (cm) Fresh wt (g)
CK 22.98 £ 0.67 ¢ 8.54 £+ 0.84 b 2041 +£0.82d 9.18 £ 0.90 ¢ 20.80 £ 1.67 ¢
T1 25.62 + 0.40 be 9.73 £ 0.75 ab 22.80 + 0.65 ¢ 1081 £041b 37.59 £ 1.77 b
T2 27.10 £0.51 b 8.99 £ 0.30 ab 2532+0.62b 11.63 £ 0.51b 38.81 £ 1.18 ab
T3 3333 £ 047 a 10.42 £ 0.09 a 31.11 £ 041 a 17.42 £0.36 a 42,68 £ 1.28 a

Data are means + standard deviation. Different lowercase letters in the same row indicate significant differences between treatments (P < 0.05).
CK = control; T1 = NHCC monoculture inoculated with Trichoderma harzianum; T2 = NHCC-garlic intercropping with water; T3 = NHCC-garlic in-

tercropping inoculated with 7. harzianum.

Table 4. Physiological indexes of nonheading Chinese cabbage (NHCC) under different treatments.

Chlorophyll Soluble sugar Soluble protein POD SOD MDA
Treatments mg-g ! mg-g ! mgg ! w/(g'min) Ug! nmol-g ™"
CK 1.02 £ 0.05 b 2.87 £0.08 b 7.29 £ 0.05 a 10439 £1.23 a 36931 £3.25a 1578 £ 0.11 a
T1 1.03 £0.04 b 240 +£0.04 b 6.38 £0.06 b 11197 £ 1.14 a 34837 £2.78 b 13.17 £ 0.09 ¢
T2 1.12 + 0.06 ab 455+0.07 a 6.39 £ 0.07 b 7712 +£1.07 b 352.10 £3.16 b 1456 +1.23 b
T3 1.17 £ 0.06 a 4.12 £ 0.06 a 571 £0.05¢ 88.64 £ 1.05 b 329.99 +3.04 ¢ 1133 £1.15d

Data are means + standard deviation. Different lowercase letters in the same row indicate significant differences between treatments (P < 0.05).
CK = control; MDA = malondialdehyde; POD = peroxidase; SOD = superoxide dismutase; T = NHCC monoculture inoculated with Trichoderma
harzianum; T2 = NHCC-garlic intercropping with water; T3 = NHCC-garlic intercropping inoculated with 7. harzianum.

(Yedidia et al. 2001). Garlic, a common Allium
species in intercropping systems, produces
root exudates that enhance the growth of con-
tinuous NHCC at optimal concentrations
(Cheng et al. 2011). The growth-promoting
effects of Allium plants on continuous crop-
ping systems are attributed to antimicrobial
and insect-repellent properties of root exudates
(Khan et al. 2011; Lai et al. 2011; Mogahed
2003; Portz et al. 2008), allelochemical-
mediated enhancement of root antioxidant
enzyme activity, reduction of MDA con-
tent, thereby improving root vitality (Cheng
et al. 2020), and increased photosynthetic
pigment content and photosynthetic effi-
ciency in continuous cropping plants (Xiao
et al. 2019). This study demonstrated that
NHCC-garlic intercropping combined with
T. harzianum (T3) exerted the strongest
growth-promoting effects on NHCC. Tri-
choderma, a widely used biocontrol agent,
exhibits limited soil competitiveness and
requires organic nutrients for colonization
(Miranda et al. 2006). Garlic enriches soil
organic matter, available nitrogen, phospho-
rus, and potassium, and it enhances urease,
phosphatase, and sucrase activity (Du et al.
2017; Xiao et al. 2013, 2019). The increase
in these substances provides a large amount
of organic nutrients to 7. harzianum, which
is more favorable for its colonization. Therefore,
the growth-promoting effect of NHCC—garlic
intercropping inoculated with 7. harzianum was
the best.

In summary, NHCC monoculture inocu-
lated with T harzianum, NHCC-garlic inter-
cropping with water, and NHCC—garlic
intercropping inoculated with 7. harzianum
can promote the growth of NHCC and en-
hance the NHCC quality and rhizosphere soil
quality in different degrees. A metagenomic
analysis further revealed that all treatments
promoted beneficial microorganisms, sup-
pressed pathogenic fungi, enriched carbohy-
drate metabolism-related genes, and amplified
nitrogen-cycling and phosphorus-cycling
gene abundance. The combined treatment
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(T3) exhibited the greatest effects, while
T. harzianum monoculture (T1) showed the
weakest effects.
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