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Fungal functional metabolism
succession contributes to
product efficiency during
co-composting of domestic
garbage and cow manure

Cece Qiao?, Libin Bao?!, Qinjuan Zhang?, Xie Yigin?,
Lantian Ren'*, Wenge Wu'? and Jianfei Wang*

'Anhui Engineering Research Center for Smart Crop Planting and Processing Technology, College of
Resource and Environment, Anhui Science and Technology University, Chuzhou, China, 2Rice
Research Institute, Anhui Academy of Agricultural Sciences, Anhui, China

Improving composting efficiency by adding domestic garbage and analyzing the
associated microbial mechanisms constitute the foundation for promoting the
utilization of agricultural waste. The present study investigated composting efficiency
and the underlying fungal mechanisms associated with different domestic garbage
amendments using industrial-scale aerobic composting. The results indicated
that the amendment of domestic garbage significantly improved composting
efficiency, as evidenced by elevated temperatures, higher germination index
(Gl) values, and increased cellulose and hemicellulose transformation. Fungal
community composition was found to differ according to both the composting
stage (PERMANOVA, F = 14.03, p < 0.01) and treatment (PERMANOVA, F = 5.92,
p < 0.01). The functional profiles of the fungal community, derived from the
bioinformatic tool FUNGuild, showed that the activities of typical functional guilds—
symbiotrophic (r = —0.913) and pathogenic (r = —0.926) fungi—were significantly
negatively correlated with compost maturity, while saprotrophic fungi (r = 0.947)
were positively correlated with composting maturity. Therefore, high-efficiency
composting could be considered a process characterized by the gradual decline
of symbiotrophic and pathogenic fungi, accompanied by their replacement
with saprotrophic fungi. These putative functional guilds were influenced by key
environmental factors, such as the C/N ratio, TOC, and cellulose content, thereby
playing a significant role in enhancing composting efficiency. The greenhouse
pot experiments with maize seedlings exhibited that the composting end product
derived from domestic garbage amendments significantly promoted growth. Taken
together, this study provides deeper insight into how functional ecological groups
within the fungal community contribute to enhanced composting performance.

KEYWORDS

domestic garbage, aerobic composting, composting efficiency, fungal community,
functional guild

1 Introduction

Globally, the growing production of organic matter leads to serious environmental toxicity
and economy-related challenges (Sukholthaman and Sharp, 2016). Among these, the
increasing volume of rural domestic garbage has been recognized as a potential source of
environmental issues and health hazards, as it contains pathogenic microbes, parasite ova, and
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organic micropollutants (Mao et al., 2020). Domestic garbage is
mainly composed of kitchen waste, leaves, and crop residues,
according to a survey conducted in typical Chinese rural regions. The
annual output of domestic garbage in China was approximately 21
million tons in 2017 and is predicted to reach 40 million tons by 2025
(Shen, et al, 2023). At present, the main disposal methods for
domestic garbage are sanitary landfill (53.0%) and artificial
incineration (43.8%) (Yue et al., 2025). This garbage is stacked
randomly, affecting the appearance of the village and polluting the
ecological environment. From the perspectives of sustainable
agriculture, circular economy, and environmental protection,
composting offers clear advantages over current management
strategies, including reducing the use of chemical fertilizers and
preventing pollution. In this context, integrating composting
technology with agricultural production has become a key approach
to achieving sustainable development (Ayilara et al., 2020).

In response to this trend, aerobic composting has been universally
recognized as an ecological method to manage large-scale waste due
to its ability to hygienize and produce humified end products (Torrijos
et al., 2021). Aerobic composting efficiency could be influenced by
operational factors such as the C/N ratio (Wu et al., 2017), nutrient
availability (Ge et al., 2022), and especially the addition of bulking
material (Juarez et al., 2015). For example, amendments such as
sewage sludge (Yuan et al., 2016), sawdust (Chiumenti, 2015), and
biochar (Du et al., 2019) have been widely utilized with dairy manure
to achieve effective composting. However, in the context of practical
investigation in China, the impact of domestic garbage on the
efficiency of aerobic composting has not been evaluated, and the
extent to which this initial material impacts dynamic variations in
microbial communities requires further research.

Composting can be considered a controlled microbiological
fermentation process, in which the microbiome plays a critical role in
the mineralization and biodegradation of organic materials. Fungal
activities play critical roles in the biodegradation of lignocellulosic
materials due to their tolerance of high temperatures, thereby
contributing to composting maturity (Qiao et al., 2019). These
participating fungal consortia generally proceed to experience
variations in both taxonomy and ecological function according to the
predominant physicochemical and nutritional characteristics of the
composting stages (Gu et al., 2017). This includes a mesophilic stage
characterized by the inhibition of thermotolerant microorganisms, a
thermophilic stage marked by concentrative decomposition and
proliferation of thermophilic microorganisms, and a mature stage
characterized by an adversely mesophilic microbial consortium. As
major determinants of environmental conditions, raw material
properties are regarded as key drivers of fungal community succession
(Onwosi et al., 2017). While the taxonomic patterns of composting
fungi have been well characterized, there remains limited knowledge
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regarding the actual function of the fungal community due to the high
variety of ecological guilds.

Previous reports indicate that fungal communities in composting
systems are highly diverse assemblages composed of multiple
ecologically functional groups (Hu et al., 2019). Meanwhile, growing
evidence suggests that the ecological functions of fungal communities,
rather than their taxonomic patterns, are compactly associated with
the environmental conditions of aerobic composting (Liu et al., 2023).
For example, Qiao et al. (2020) suggested that dynamic variations in
pathogenic fungi directly impact aerobic composting efficiency under
different C/N ratios. However, specific knowledge regarding how
fungal functional groups interact with composting efficiency remains
limited. In this study, the FUNGuild database was utilized as an online
annotation tool to deduce the functional guilds of the identified fungal
taxa based on their trophic modes (e.g., pathotroph, symbiotroph,
saprotroph) (Louca et al., 2016). This approach has been utilized to
decipher fungal trophic composition in various environments, such
as the ocean (Shi et al., 2020), soil (Zhu et al., 2022), and especially
composting systems (Kracmarova et al., 2022). It is considered a vital
biological indicator of composting end-product quality due to its
sensitivity to environmental variations and prompt responses (Zhang
et al, 2020). Therefore, a comprehensive characterization and
understanding of the fungal community and the mechanisms that
enhance composting efficiency are essential for producing high-
quality compost products.

To unravel the temporal functional patterns of the fungal
community in response to domestic garbage amendments during
aerobic composting, two contrasting initial material ratios were
applied. The overall goals of this research were to: (1) explore the
efficacy of differing additional ratios of domestic garbage; (2) infer
the impact of different initial material ratios on fungal ecological
function and its relationship with compost maturity; and (3)
elucidate potential interactions between environmental conditions
and functionally diverse fungal

guilds according to

composting stages.

2 Materials and methods

2.1 Thermophilic aerobic composting
experimental design

The composting windrows were established at an industrial
scale (length * width * height=8m * 2.6 m * 1.4m) using
mushroom residue, cow manure, and domestic garbage as the
initial materials (Table 1). Fresh cow manure and domestic
garbage were collected from the factory of Xinde Agricultural
Industry, China. The mushroom residue was composed of

TABLE 1 Physicochemical characteristics of the raw materials and the ratio of the materials (kg, dry-weight based).

Composting Moisture Total C Total N Total P Total K Ratio of the
material content (%) (9/kg) (9/kg) (9/kg) (9/kg) materials
DG \[€]
Domestic garbage 8.26 38.31 269.85 16.70 12.14 10.81 16.15 2000 0
Mushroom residue 6.57 61.97 356.28 8.21 461 3.58 43.40 4,000 4,000
Cow manure 8.05 74.92 316.47 18.79 16.43 11.09 16.84 2000 2000
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corncobs, rice and corn straws, and sawdust and was obtained
after mushroom production. Two composting treatments were
arranged as follows: (1) DG, with domestic garbage amendments
(C/N =25.04); (2) NG, with no domestic garbage amendments
(C/N =29.23).

The initial moisture content of the raw material mixtures was
approximately 60%, and they were arranged in stacked windrows.
During the composting time, the average pore O, concentration was
15% by volume under an aeration frequency of 0.5 L/min/kg of
organic matter in the composting piles. This region had an average
temperature of 14.5°C during the composting period. After
thoroughly mixing, the compost blend was stirred every 5 days
throughout the composting process.

For every treatment, four analytical replicates were sampled at 0,
1, 5,9, 14, and 24 days at specific intervals according to temperature
variations during composting. To assure representativeness, each pile
was sampled at three heights (the lower, middle, and upper sections:
10-20 cm, 45-55 cm, 105-125 cm, respectively) and then blended
uniformly to create a composite sample. Subsequently, the subsample
was divided into two sections: one for the analysis of physicochemical
indicators and the other stored at —70°C for subsequent
DNA extraction.

2.2 Measurement methods

The temperature of the compost pile and the surrounding
environment was monitored at 10 a.m., using a real-time temperature
sensor. The pH value was determined using a pH meter (Shanghai
Leici Portable, PHS-25) after horizontally shaking the dry samples
with deionized water (1:10, w/v). The germination index (GI) value
was measured using cress seed (Lepidium sativum L.) to evaluate the
toxicity and maturity of the composting product. The C/N ratio,
NH,"-N, NO;™-N, water-soluble carbon (WSC), and lignocellulose-
related index were measured following the methods described by Qiao
etal. (2019).

2.3 DNA extraction, PCR amplification, and
sequencing

Frozen compost samples (5.0 g) were homogenized under
liquid nitrogen. Total genomic DNA was extracted from 0.25 g of
the composite sample utilizing a commercial kit (Thermo Fisher,
SCIENTIFIC) following the manufacturer’s protocol. The primers
ITSIF (5-GGAAGTAAAAGTCGTAACAAGG-3) and ITS 2
(5-ATGCTGCGTCTCTTCGATGC-3) were used to amplify the
internal transcribed spacer 1 (ITS1) region (Claesson et al., 2009).

PCR amplification was performed using a 7,500 PCR System
(Foster City, CA, USA). The reaction system contained SYBR ®
Premix Ex TaqTM (2 x) 10.0 pL, front-end primer (10 pm)
0.4 pL, back-end primer (10 pM) 0.4 pL, ROX Reference Dye
II(50 x)0.4 pL, DNA template 2.0 pL, and sterilized double-
distilled water 6.8 uL. The PCR reaction procedure were 30 s at
95°C, followed by 30 cycles of 95°C for 5 s and 60°C for 60 s. All
amplicons were amplified in triplicate, pooled to a final
concentration of 10 nM, and sequenced using the Illumina MiSeq
platform, USA.
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2.4 Sequence data processing

Sequences with read lengths less than 200 bp, ambiguous base
calls, and those that mismatched with the barcode were removed
using FLASH V1.2.7 and QIIME 2. The average neighbor algorithm
was applied to define OTUs based on sequence similarity with a
threshold of 97% (Qiao et al, 2019). After quality filtering of
ambiguous and singleton short OTUs, clustering yielded 2,338,256
passing fungal ITS rRNA gene sequences from 48 samples. The
number of high-quality sequences per composting sample ranged
from 23,123 to 67,477, with an average of 48,713. Altogether, 2,007
OTUs were obtained after the sequences were normalized to an equal
depth of 23,123 sequences.

For the analysis of fungal taxa, each representative sequence was
assigned based on the UNITE ITS database (Nilsson et al., 2018).

2.5 The greenhouse experiment to evaluate
growth-promoting ability

To evaluate the effects of the composting product on plant growth,
a maize greenhouse experiment was performed from May to July
2024. A total of four treatments were applied: (1) CK: control, without
fertilizer; (2) CF: chemical fertilizer; (3) DG: composting product with
domestic garbage amendments; (4) NG: composting product without
domestic garbage amendments.

The greenhouse experimental soil was a clay loamy Typic Hapli-
Stagnic Anthrosol. The basic properties were as follows: pH 6.78,
organic matter content 15.17 g/kg, total nitrogen content 3.27 g/kg,
total phosphorus content 3.58 g/kg, available phosphorus content
31.5 g/kg, and available potassium content 221 g/kg. This region had
an average temperature of 22.1°C, with natural sunlight and watering
every two days during the greenhouse experiment.

The composting end product was applied at 2.0% (DW, W/W) per
pot containing 3.0 kg of soil mass. The pot dimensions were as follows:
top diameter 17 cm, bottom diameter 13 cm, and height 18 cm. To
maintain consistent nutrient levels, all treatments received the same
proportions of nitrogen, phosphorus, and potassium. For each
treatment, four analytical replicates were set up. Uniform maize
seedlings at the 2-3 leaf stage were selected and transplanted, followed
by regular watering management. Typical economic indicators,
including plant height, stem diameter, leaf area, fresh and dry weights,
and relative chlorophyll content (SPAD), were measured 45 days after
the start of the pot experiment.

2.6 Statistical analysis

All statistical analyses were conducted using R (v4.4.4, 2024).
Non-normal data were standardized when necessary to meet the
assumptions of normality and homoscedasticity for statistical analyses.
For alpha diversity, the richness and diversity of the observed OTUs
were calculated using the Chao 1 and Shannon indices, respectively.
The fungal community compositions across the composting
treatments and processes were visualized using PCoA, PERMANOVA,
and ANOSIM based on the Bray-Curtis dissimilarity. Spearman
correlations between the abundance of fungal functional guilds and
composting maturity were conducted. In addition, fungal functional
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mode analysis was performed using FUNGuild (Nguyen et al., 2016).
SEM was performed to unravel the impacts of the critical
environmental conditions, functional

fungal guilds, and

composting maturity.

3 Results and discussion

3.1 Variational patterns of physicochemical
and biological properties

Composting efficiency mainly refers to the degree of maturity
achieved by organic matter in compost after mineralization and
humification processes. A basic requirement for the safe application
of composting products to soil is their stability. In the present study,
composting maturity was monitored using relevant factors, including
temperature, water-soluble substances, lignocellulose content, and
biological indicators.

Both composting piles exhibited a typical composting profile,
including mesophilic (20-45°C), thermophilic (45-70°C), and mature
stages (Figure 1). Compared to the ambient temperature, the
composting temperature in the DG and NG treatments rapidly
increased to over 50°C on day 1. Then, DG reached the thermophilic
stage with a peak temperature of 73.6°C on day 3, compared to NG,
which reached a maximum of 68.3°C on day 5. In addition, DG
maintained temperatures above 55.0°C for more consecutive days
than NG in the thermophilic stage. The significance analysis also
indicated that DG (p <0.01) maintained significantly higher
temperatures than NG, supporting more efficient composting for the
elimination of pathogens and parasites in DG, which aligns well with
the findings of Xie et al. (2021). This might be attributed to the
domestic garbage amendments, which resulted in a more ideal C/N
ratio of 25.04, thereby promoting the proliferation of active indigenous
microorganisms in the raw composting materials (Kulikowska, 2016).

Based on the temperature variations, two sampling points were
selected within each of the three typical stages (mesophilic,
thermophilic, and mature) to represent the composting process. The
pH values of the two treatments showed an increasing trend, peaking
on day 5, followed by a decreasing trend as composting progressed
(Figure 2A). A decreasing tendency in the C/N ratio was observed in

100.0

-&-NG —=— Ambient

80.0

60.0 4

Temperature( C)

i | I N | 1

0 2 4 o6 8§ 10 12 14 16 18 20 22 24
Composting process (days)

FIGURE 1

Temperature variations in the piles DG and NG and the ambient
environment during the composting process. Arrows on the x-axis
indicate the sampling days.
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both piles throughout the three composting stages. The final C/N
ratios in both piles were below 20, indicating that their composts had
reached an acceptable standard of maturity (Petric et al., 2015). It is
widely accepted that the GI is the most sensitive and reliable biological
indicator to reflect phytotoxicity inhibitory effects and the degree of
compost maturity (Mahapatra et al., 2022). The GI of both piles
gradually increased until the mature stage. A significantly higher GI
level was observed in DG (91.0%) than in NG (81.7%) when
composting ended, suggesting lower phytotoxicity in DG (Yang et al.,
2021). If the GI is greater than 50%, the compost is considered to
be basically decomposed, while a GI value of 85% indicates full
decomposition (Kong et al., 2024). Accordingly, the DG treatment
demonstrated significantly better compost maturity. Taken together,
our results indicated that the adjustment of domestic garbage was
optimal for active composting.

For the water-soluble substances, the NH,*-N content rapidly
increased in DG, reaching a peak value of 6.53 mg/g on day 1,
compared to a peak of 6.56 mg/g in NG on day 5. This increase was
related to the ammonification process, which involves the conversion
of organic nitrogen into ammonia during humification. Thereafter, the
NH,*-N content decreased due to NH, volatilization at high
temperatures, immobilization into nitrogenous compounds by
microbes, and the transformation of NH,*-N to NO;™-N. The NO,™-N
content in the DG and NG piles showed a similar increasing trend
over time (p < 0.05). The DG treatment led to a significantly higher
reduction in WSC of 42.62% compared to NG (22.34%) at the end of
composting. This suggests that the degradation and incorporation of
WSC by microbial activity were greater than the amount of newly
synthesized soluble carbon (Liu et al, 2018). That is, the WSC
substances were primarily biodegraded during the mesophilic and
thermophilic stages. Thereafter, a relative balance in the WSC
substances revealed that microorganisms utilized these carbon sources
to degrade and alter the most resistant carbon fractions of domestic
garbage since composting is also a synthesis process (Hu et al., 2019).

The lignin content fluctuated to 7.49 and 7.85% in the DG and NG
piles, respectively, at the end of composting. Accordingly, the cellulose
content decreased by 65.11 and 61.53% in the DG and NG treatments
on day 24, while the hemicellulose content decreased by 51.6 and
93.6% in the DG and NG piles, respectively. Given the highly complex
nature of composting materials and their compositions, previous
reports have shown considerable variability regarding the initial
content of fibrous compounds (Tian et al., 2017). Specifically, the
amount of lignin exhibited a slight increase on day 5, differing from
the reports of Zhao et al. (2024) who studied aerobic composting of
rice straws, tree branches, and pine needles. This difference may
be because domestic garbage contains more carbonaceous materials,
such as carbohydrates, fats, and amino acids, which degrade quickly
during the mesophilic stage, thereby increasing the relative content of
lignin. Cellulose was transformed principally during the thermophilic
stage, while hemicellulose degradation occurred from the start of
composting until day 14. Considering the importance of organic
compound humification in microbial metabolism for active
composting, domestic garbage amendments could promote the
decomposition of lignocellulosic materials and thereby contribute to
compost maturity.

Overall, these observations indicate that the amendment of
domestic garbage significantly accelerated composting efficiency. This
is mainly due to the high content of easily biodegradable organic
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matter in domestic garbage, which creates a favorable environment for
microbial reproduction In addition, domestic garbage can create a
suitable and relatively loose composting structure (Chen et al., 2020),
which facilitates ventilation and oxygen circulation within the
compost pile, thereby maintaining a high-temperature environment
and promoting the humification of organic matter. Given the
significance of domestic garbage as a bulking material, the composting
process provides an environmentally sustainable method for its
disposal. Although the amendment of domestic garbage achieves high
composting efficiency, it poses some risks due to volatile organic
compounds, pathogen carriers, and leachate pollution, when
considering the temporal variability of domestic garbage.

3.2 Succession of a- and g-diversity of the
fungal community

For a-diversity analyses, the number of sequences for each sample
was rarefied to 23,123 sequences, which captured more than 97% of
the observed OTU richness and diversity. Overall, the data support
previous findings on fungal community diversity and richness
succession during composting, which initially increase and then
decrease over time (Lopez-Gonzdlez et al, 2015). During the
thermophilic stage, the DG treatment resulted in significantly higher
richness and higher diversity on day 5 compared to NG (Figure 3A).
This may be attributed to the amendment of domestic garbage
increasing the supply of organic carbon substrates, thereby allowing
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thermophilic organisms to reflect the biochemical evolution of
composting in terms of growth-supporting substrates and ecological
niches. Intriguingly, the increase in fungal community diversity
closely corresponded with the temperature during the mesophilic
stage (Figure 3B).

PCoA was conducted to visualize differences in the fungal
community throughout the composting developmental process across
the two treatments (Figure 3C). Fungal community composition was
observed to be distinct according to both the composting stage
(PERMANOVA, F = 14.03, p < 0.01) and treatment (PERMANOVA,
F=5.92, p <0.01). The composting stage was identified as the most
influential factor determining fungal community composition, in line
with previous reports (Qiao et al., 2020). This may be due to variations
in environmental conditions that occur during each composting
phase. In particular, the present result indicated a relatively short
composting duration, which is likely due to the higher content of
easily decomposable carbonaceous substances in domestic garbage.
Regarding the composting treatment, the initial fungal communities
formed aggregated clusters during the mesophilic stage, followed by
significant variations in the thermophilic (PERMANOVA, F = 12.19,
p<0.01) and mature (PERMANOVA, F =841, p <0.001) phases.
Intriguingly, fungal communities in DG on day 5 during the
thermophilic stage were statistically similar to those in NG on day 9,
suggesting a separate transitional stage present in NG. These
observations indicate differences in fungal community reorganization
and physiological responses between different composting materials
and phases. Previous studies have reported that variations in
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composting fungal community composition are driven by alterations
in material composition and micro-environmental conditions that
occur at each stage (Jiang et al., 2020). Generally, organisms indicate
non-random repercussions to resource availability due to different
nutrient requirements (Duan et al., 2019). During composting
progression, certain microorganisms reduce their metabolic activity
to achieve dormancy, whereas others enhance their environmental
adaptability to thrive in a better habitat. Different micro-
environmental conditions associated with each composting stage were
observed in the present investigation and were identified as the most
influential factor driving fungal community composition (Giling et al.,
2019). Material composition was identified as the secondary factor
contributing to community variation. The amendment of domestic
garbage mainly altered the C/N ratio, which was considered one of the
most critical factors impacting composting maturity. As such, the
initially favorable C/N ratio in the domestic garbage-amended
treatment provided greater nutrient availability for fungal growth
compared to the NG treatment. Consequently, the domestic garbage
amendment led to an appropriate adjustment of the C/N ratio, which
impacted the a- and f-diversity of the fungal community and achieved
significantly higher composting efficiency.

3.3 Linking the typical functional guild
patterns with composting maturity

Functional profiles of the fungal community were generated using
the bioinformatic tool FUNGuild (Figure 4), and over 67.8% of high-
throughput sequences were classified into three functional guilds
based on their trophic modes, namely saprotrophic, pathogenic, and
saprotrophic fungi. Only FUNGuild assignments with high confidence
rankings (“probable’and“highly probable”) were included in the
present analysis. Consequently, 33.2% of high-throughput reads were
not unassigned. However, one limitation of this method is that the
trophic modes assigned to fungal ecological guilds through FUNGuild
are predictions and not direct measurements. In addition, the use of
the ITSIF-ITS2 primer favored the phyla Ascomycota and
Basidiomycota, while potentially underrepresenting Zygomycota,
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Chytridiomycota, and thermophilic fungi in the composting piles,
which may partially affect the putative results.

The relative abundance of putative symbiotrophic fungi tended to
decrease significantly from day 0 (20.3%) to day 9 (2.3%), whereas
they remained low but relatively stable during the mature stage
(Figure 4A). The DG treatment, amended with DW, (1.6%) contained
a lower proportion of symbiotrophs than NG (3.1%). The anaerobic
animal endosymbiont fungal genus Orpinomyces is only abundant
during the mesophilic stage, as it needs to receive nutrients from
composting piles and is more sensitive to environmental disturbance
than other microorganisms (Awasthi et al., 2018). Ultimately, the DW
amendment treatment DG experienced higher temperatures and thus
increased disturbance, whereas NG led to a more diverse,
symbiotroph-enriched fungal community.

Pathogenic fungi showed a similar successional pattern to
symbiotrophs, as their relative abundances decreased from 29.6 to
2.2% when composting ended (Figure 4B). In the raw materials, NG
(25.0%) contained significantly fewer pathogenic fungi than DG
(34.2%), likely due to the higher proportion of diverse DW in the DG
treatment. As composting progressed, pathogenic fungi decreased
sharply in DG, especially during the thermophilic stage, with both
treatments revealing balanced variations by day 14. Overall, the
finished compost product exhibited a substantial reduction in
pathogens compared to the initial material of composting, with DG
than
NG. Composting has been characterized as a process that gradually

harboring  significantly lower pathogen abundance
eliminates pathogenic fungi and increases saprotrophs (Gruninger
et al., 2014). Consistent with this, the overall relative abundance of
saprotrophic fungi increased from 6.5% in the raw materials to 34.6%
at the end of composting (Figure 4C). A significantly higher relative
abundance of saprotrophic fungi was observed in DG (39.2%)
compared to NG (30.1%). This identified trade-off relationship
between saprotrophic and pathogenic fungi during the composting
process was confirmed by a previous study (Wang et al., 2018),
supporting the idea that temperature could be one of the influential
determinants during the elimination of pathogens in the composting
process. Accordingly, the composition of the initial composting

materials also influenced the variation in pathogenic and saprotroph
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fungi. Saprotrophic fungi can be efficient decomposers that promote
carbon mineralization processes and may play a critical role in the
accumulation of refractory carbon. Therefore, it is reasonable to
suggest that saprotrophic fungi are also influenced by the type of
organic matter, reflecting the composition of the composting
materials. To conclude, the dynamic variations observed indicate that
aerobic composting can be seen as a gradual succession of saprotrophic
fungi, rather than pathogenic fungi. This finding highlights the
successional patterns of pathogenic fungi and has important
implications for achieving highly effective composting.

Spearman correlations between composting maturity and the
relative abundances of typical functional groups were calculated to
identify putative functional fungal groups (Figures 4D-F). The
relative abundances of symbiotrophic and pathogenic fungi were
significantly negatively correlated with composting maturity,
whereas saprotrophic fungi showed a positive correlation.
Interestingly, the functional fungal groups of symbiotrophic
(r =—-0.913, p <0.001), pathogenic (r = —0.926, p <0.001), and
saprotrophic (r = 0.947, p <0.001) fungi in DG showed stronger
correlations with the composting stage than those in NG. While
previous studies have mainly addressed the dynamic pattern of
fungal functional group diversity and richness (Chang et al., 2020),
fewer studies have focused on the response of functional guilds to
composting maturity. In the present study, the results indicated that
composting maturity could impact fungal community functional
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traits, which may serve as bioindicators of the composting
environment. A key implication of the present study is that Spearman
correlations are merely theoretical calculations; therefore, the causal
mechanisms between composting maturity and the relative
abundances  of  typical  functional = groups  require
experimental verification.

3.4 Direct and indirect interactions
between fungal functional guilds and
composting maturity

Understanding the interactions between environmental
conditions and fungal functional guilds provides information
regarding potential biological interactions, habitat relationships, and
shared physiology (Wu et al., 2022). In the present study, temperature,
C/N ratio, NH,*-N, cellulose, and TOC were first identified as the
most influential predictors of fungal functional guilds based on
random forest models. Among these, temperature showed the
highest mean predictor importance (MPI) for the GI. SEM analysis
further indicated that environmental factors during composting
regulate composting efficiency by influencing the succession of
typical fungal functional traits (Figure 5). The effect of the DG
amendment on key compost properties varied throughout the
composting process. During the mesophilic and thermophilic stages,
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SEM illustrating the effects of the domestic garbage amendment and fungal functional guilds on composting maturity (Gl value). R? values represent
the percentage of the explained variance. Temperat. means temperature. Numbers on the arrows are standardized path coefficients, illustrating their
variance by the predictors. Solid blue arrows represent positive relationships, while dashed red arrows indicate negative relationships.

DG primarily influenced fungal functional traits through changes in
temperature and the C/N ratio. This was mainly due to the
appropriate amendment of DG, which achieved optimized carbon
and nutrient availability (Wang et al., 2020), thereby facilitating the
fermentation process by triggering the succession of fungal
functional guilds.

3.5 Pot experiment to evaluate the growth
effect of the composting product on plant
seedlings

The aerobic composting end products were used as cultivation

media to evaluate their effect on maize seedling growth. Major
growth indicators, including plant height, stem diameter, leaf area,
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fresh and dry weights, and SPAD, were monitored 45 days after
transplanting into pots (Table 2). It should be noted that the CK
treatment showed significantly lower growth indicators, indicating
that the end product of DG had a significant growth-promoting
effect. Plant height in the DG treatment (20.96 cm) increased by 9.79
and 11.31% compared to NG (19.09 cm) and CF (18.83 cm).
Although DG increased stem diameter, leaf area, and SPAD, these
differences were not statistically significant. Specifically, the fresh and
dry shoot biomass values of DG were also significantly higher than
those of the other treatments, whereas no significant differences were
observed between NG and CE Overall, these typical seedling growth
indices revealed that the composting end product of DG was effective
in promoting plant growth. Generally, better maturity of the
composting end product means that organic matter can
be hydrolyzed into smaller molecules, thereby improving fertilizer

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1600462
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Qiao et al.

TABLE 2 Effects of the composting end product on maize seedling growth.

10.3389/fsufs.2025.1600462

Treatment Plant height = Stem diameter Leaf area Fresh weight Dry weight

(cm) (mm) (cm?) (9) (<)
CK 9.64+0.72¢ 2.83+0.28¢ 47.29 +1.96¢ 1.64 +0.21¢ 0.11+0.03¢ 27.84%0.97b
CF 18.83 + 0.38b 5.70 % 0.26ab 81.36 +2.82a 4.60 +0.19b 0.51+0.03b 30.84 +0.97a
NG 19.09 + 0.42b 5.87 + 0.20ab 83.66 + 4.26a 4.59 +0.16b 0.63 % 0.02b 3236+ 1.15a
DG 20.96 £ 0.39a 5.96 +0.14a 83.90 £ 5.17a 4.94+0.23a 0.78 +0.11a 33.68 + 1.05a

utilization (Wu et al., 2020) and mitigating the content of harmful
substances in crops. In addition, the composting end product of DG
improved soil structure and increased soil permeability, thereby
effectively regulating plant physiological metabolism to promote
crop growth compared to the NG and CF treatments (Wang et al.,
2023). Therefore, the greenhouse experiments with maize seedlings
showed that the amendment of domestic garbage significantly
increased composting maturity and promoted plant growth. It is
worth mentioning that including more typical plants and an
appropriate timeframe should be considered in future greenhouse
studies to better elucidate the effects of the end product on
plant growth.

4 Conclusion

This study demonstrated that domestic garbage amendment
could lead to distinct fungal metabolic succession, contributing to
high-efficiency amoebic composting. The relative abundances of
typical functional groups, including symbiotrophic and
pathogenic fungi, were significantly negatively correlated with
composting maturity, whereas saprotrophic fungi were positively
correlated. Thus, thermophilic aerobic composting can be viewed
as a process of gradual succession of symbiotrophic and
pathogenic fungi, rather than saprotrophic fungi. Overall, this
study clarifies that the variational succession of putative functional
fungi significantly contributes to high-efficiency composting. The
study suffers from limitations associated with the temporal
variability of domestic garbage composition, which should
be addressed in future studies. In addition, the induction of fungal
functional guilds remains a topic for future research aimed at
elucidating their role in sustainable strategies for promoting

plant growth.
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