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Abstract: Anaerobic digesters host a variety of microorganisms, and they work together to
produce biogas. While bacterial and archaeal communities have been well explored using
molecular techniques, fungal community structures remain relatively understudied. The
present study aims to investigate the dynamics and potential ecological functions of the
predominant fungi in bacteria-bioaugmented anaerobic digesters. Eight different anaerobic
digesters that contained chopped water hyacinth and cow dung as feedstock at 2% total
solids were respectively inoculated with eight different bacterial strains and digested anaer-
obically in controlled conditions. The diversity and dynamics of the fungal community of
the digesters before and after digestion were monitored using high-throughput sequencing
of the fungal ITS2 sub-region of the ribosomal gene. The functional potential of the fungal
community was predicted using ecological guild analysis. The dominant fungal phyla were
(with relative abundance ≥1%) Ascomycota and Neocallimastigomycota. Ascomycota
exhibited over 90% dominance in all treatments after anaerobic digestion (AD). Aspergillus
sp. was consistently dominant across treatments during AD, while prominent anaerobic
fungal genera Anaeromyces, Cyllamyces, and Caeomyces decreased. Ecological guild analysis
at genus level showed that the majority of the identified fungi were saprophytes, and
diversity indices indicated decreased richness and diversity after AD, suggesting a neg-
ative impact of AD on fungal communities in the anaerobic digesters. The multivariate
structure of the fungal communities showed clustering of treatments with similar fun-
gal taxa. The findings from this study provide insights into the fungal ecological guild
of different bacteria-bioaugmented anaerobic digesters, highlighting their potentials in
bacteria-augmented systems. Identification of an anaerobic fungal group within the phy-
lum Ascomycota, beyond the well-known fungal phylum Neocallimastigomycota, offers a
new perspective in optimizing the AD processes in specialized ecosystems.
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1. Introduction
Anaerobic digestion (AD) is an important process in waste treatment and renewable en-

ergy production, providing an environmentally sustainable method for converting organic
matter into biogas in an anaerobic digester. In recent times, the extensive application of
biogas as a source of renewable energy has risen [1]. The production of biogas in anaerobic
digesters through the metabolic process of AD involves the complex synergistic interactions
of different microbes including fungi, bacteria, and archaea [2]. Fungi have been observed
to be vital microorganisms due to their contribution to the breakdown of organic matter.
These microorganisms initiate the degradation process by opening up the cells of complex
lignocellulosic substrates for subsequent degradation by bacteria and archaea, thereby
accelerating the metabolic process [3,4]. Fungi may not be as prevalent as bacteria and
archaea in anaerobic digesters due to environmental conditions, and there are limited
studies on fungal communities of anaerobic digesters [2]. However, they demonstrate
some metabolic activities, particularly during the early stage of AD, also known as the
hydrolytic phase. The hydrolytic phase of AD has been identified as the rate-limiting phase
in the AD of lignocellulosic substrates and it involves the metabolic activities of fungal
organisms, including the production of extracellular enzymes for the potential breakdown
of complex lignocellulosic substrates [5,6]. Inhibition of the hydrolytic step could impede
the AD process or result in generating recalcitrant intermediates [7]. To optimize the AD
process by increasing microbial activity, the incorporation of active microbial strains into
the native microbial community of anaerobic digesters (bioaugmentation) is imperative,
to enhance the breakdown of biomass [8]. Bioaugmentation has been implicated in en-
hancing digester performance and mitigating ammonia and salinity stresses, subsequently
improving methane production [9].

Some fungi can initiate cellulose degradation by hydrolyzing the complex crystalline
structure of lignocellulose, breaking the core β-1,4-glucan bonds through random depoly-
merization [10]. These fungi are distributed across different fungal phylogenies and most
belong to phyla such as Basidiomycota and Ascomycota, as well as the famous anaerobic
fungal phylum Neocallimastigomycota [3]. Bacteria are equally beneficial and predominant
in biodigesters in terms of biomass degradation. They are also essential at the initial stages
of AD, like hydrolysis, acidogenesis, and acetogenesis, while archaea, which are primarily
methanogens, utilize substrates including molecular hydrogen to generate methane in the
final process of AD, known as methanogenesis [11,12]. Bacterial and archaeal communities
of anaerobic digesters have been widely studied using different molecular techniques
that are either focused on the 16S rRNA gene or focused on the metagenome [2,13–16].
However, only a few studies have reported on the community structure of fungi in bacteria-
bioaugmented anaerobic digesters [2,17].

The bioaugmentation of anaerobic digesters with bacteria is ideal due to the resilient
and adaptive features of bacteria developed in response to extreme environments. Un-
derstanding the metabolic feature of the indigenous and introduced microbial entities of
anaerobic digesters is imperative for an efficient AD process. Bioaugmentation with bacte-
ria has been reported to cause a shift in the microbial community of anaerobic digesters,
though some studies have reported otherwise [18]. Introducing microbial species with
specialized enzymatic capabilities can address key limitations in the anaerobic digestion
(AD) of lignocellulosic substrates by enhancing the hydrolysis step, often considered a
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rate-limiting phase in the process. In this study, the bacterial strains used for bioaugmenta-
tion were selected based on their facultative anaerobic characteristics, which allow them to
adapt effectively to the digester environment. These strains also demonstrate hydrolytic
and cellulolytic abilities when cultivated on sterile carboxymethyl cellulose (CMC) agar, as
reported in previous studies [19,20]. Pseudomonas stutzeri has shown significant cellulolytic
and hydrolytic potential, attributed to the presence of the A1501 cellulase gene [21]. Ad-
ditionally, Exiguobacterium species have exhibited the ability to produce endoglucanase, a
form of cellulase, when grown on lignocellulosic substrates such as watermelon peels [22].
Bacillus cereus has demonstrated the potential to metabolize lignocellulosic substrates into
short-chain fatty acids, a key intermediate in the anaerobic digestion (AD) process [23].
Other cellulolytic bacteria employed in this study include Lysinibacillus fusiformis, known
for its cellulolytic activity and ability to degrade complex polysaccharides effectively [24]. A
well-characterized cellulolytic bacterium, Serratia marcescens, can hydrolyze lignocellulose,
contributing to the breakdown of plant biomass [25]. Brevundimonas vesicularis exhibits
cellulase production and plays a role in lignocellulose decomposition [26]. These enzymatic
activities accentuate the potential of these bacteria to enhance lignocellulose degradation in
AD systems, thereby improving process efficiency and biogas yields.

The intrusive growth and potent fiber-degrading enzymes of fungi including anaerobic
fungi (AF) are crucial in the degradation of complex organic compounds. Anaerobic fungi
play a critical role in fiber degradation in the gut of herbivores. The incorporation of animal-
based substrates has given rise to AF in anaerobic digesters as AF are an essential part of
herbivores’ manure [18]. However, the survival of AF in such anaerobic environments relies
on the operational conditions of the digesters, including but not limited to temperature and
retention time. Some studies have established the implications of elevated temperature and
extended retention time on the proliferation and survival of cultivable and non-cultivable
AF in anaerobic digesters [27,28]. While elevated temperatures can improve the metabolic
activities of some anaerobic fungi, extended retention times promote the adaptation and
thriving of anaerobic fungi in anaerobic digesters. Combinations of these parameters
contribute to the metabolism of organic materials, thus improving digester performance [29].
Since microbial communities, including fungi, play a key role in these metabolic processes,
and fungal community shifts have been implicated in the kinetics of AD as well methane
yield, understanding their dynamics is essential for improving the efficiency of biogas
production [30]. This would pave the way towards possibly optimizing the AD process
and enhancing the synergistic interactions between inoculated bacteria and the indigenous
fungal community of anaerobic digesters. To understand the dynamics of environmental
fungal communities, which include AF, employing a metagenomic approach provides
insights into the taxonomic diversity and genetic potential of fungal communities of
complex samples like anaerobic digestate [30–32]. Determining fungal community shifts
in anaerobic digesters bioaugmented with bacteria is important for understanding the
resilience and adaptation of fungi to environmental changes under certain conditions such
as bioaugmentation. This study deals with an in-depth evaluation of fungi as a distinct
ecological guild within anaerobic digesters bioaugmented with distinct bacterial species. It
also evaluates the dynamics of the dominant fungal community structure of bioaugmented
anaerobic digesters through DNA metabarcoding, to provide insight into the predicted
functional abilities of the fungal microbiome of anaerobic digesters. Anaerobic digestion
provides a model for studying these shifts, and insights into fungal dynamics during biogas
production could help in the development of strategies for more stable and sustainable
biogas systems.
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2. Materials and Methods
2.1. Sampling

Water hyacinth was harvested from Hartbeespoort Dam in the North West province
(25◦44′51′′ S 27◦52′1′′ E), South Africa, and fresh cow dung was randomly collected from the
dairy parlor of the Agricultural Research Council—Animal Production in Gauteng province
(25◦53′59.6” S 28◦12′51.6” E), South Africa, using a clean trowel and transferred to anaerobic
bags. The sample characteristics were, for water hyacinth, dry matter: 5.97%, volatile solids:
4.46%, pH: 8.11, carbon-to-nitrogen ratio: 14.5; for cow dung, dry matter: 16.8%, volatile
solids: 14.16%, pH: 8.34, carbon-to-nitrogen ratio: 23.7. Samples were transported (cow
dung in anaerobic bags) to the biogas laboratory of the Agricultural Research Council—Soil
Climate and Water for storage. Water hyacinth was stored at −20 ◦C and cow dung was
stored in an air-tight container at 4 ◦C until usage.

Ten sets of treatments were assembled in 500 mL Schott batch culture bottles fitted with
screw caps, each with a working volume of 250 mL. The solid biomass consisted of freshly
chopped water hyacinth cut into 2 cm × 2 cm pieces and cow dung at 2% total solids mixed
in a 2:1 ratio. The sets differed for the inoculum (OD600 1.5 about 109 CFU/mL) consisting
of 5% (v/v) of a previously identified and tested single pure bacterial culture [20]. In the
first eight sets, a single pure culture (OD600 1.5 about 109 CFU/mL) of the mentioned strains
(Table 1) was added, and another set was inoculated with a mix of the previous strains (each
of the strains had OD600 1.5 about 109 CFU/mL), i.e., the ‘CONS’ treatment. To check the
influence of living bacterial inocula on the biogas production, the negative control ‘CONT’
(tenth set), without inoculated bacteria (CONT), was set up (Table 1). The volume of each
treatment was bulked to 250 mL with tap water. The treatments were not purged with
nitrogen gas to create a conducive environment for the methanogens; however, anaerobiosis
was reached by allowing treatments to incubate in sealed screw-capped 500 mL Schott batch
culture bottles which prevented oxygen infiltration and promoted consumption of residual
oxygen by microbial activity. The experiment was conducted in triplicates. The treatments
were subjected to AD at a mesophilic temperature of 30 ◦C and 120 rpm for a period of
35 days, during which biomethane production was monitored using a Gas Chromatograph
(SRI 8610C, CHROMSPEC Canada). The results of the methane/biogas production as well
as the dynamics of the bacterial and archaeal (16S rRNA gene) communities are outlined by
Obi et al. [20].

Table 1. Bacterial isolates’ ID and bioaugmentation treatments’ composition.

Treatment ID
Before AD

Treatment ID
After AD Inoculated Bacteria with GenBank Accession Numbers Treatment Make-Up

3H1 3H2 Pseudomonas stutzeri (MK104459) WH + CD + 109 cfu/mL of 3H
3M1 3M2 Exiguobacterium mexicanum (MK104464) WH + CD + 109 cfu/mL of 3M
4F1 4F2 Bacillus cereus (MK104469) WH + CD + 109 cfu/mL of 4F
7B1 7B2 Lysinibacillus fusiformis (MK104485) WH + CD + 109 cfu/mL of 7B

11H1 11H2 Serratia marcescens (MK104517) WH + CD + 109 cfu/mL of 11H
12H1 12H2 Brevundimonas vesicularis (MK104523) WH + CD + 109 cfu/mL of 12H

D31B1 D31B2 Acinetobacter iwoffi (MK104525) WH + CD + 109 cfu/mL of D31B
D31D1 D31D2 Planococcus maritimus (MK104526) WH + CD + 109 cfu/mL of D31D

CONS1 CONS2

Pseudomonas stutzeri (MK104459), Exiguobacterium mexicanum
(MK104464), Bacillus cereus (MK104469) Lysinibacillus fusiformis

(MK104485), Serratia marcescens (MK104517), Brevundimonas
vesicularis (MK104523), Acinetobacter iwoffi (MK104525), and

Planococcus maritmus (MK104526)

WH + CD + 109 cfu/mL of 3H + 109

cfu/mL of 3M + 109 cfu/mL of 4F + 109

cfu/mL of 7B + 109 cfu/mL of 11H + 109

cfu/mL of 12H + 109 cfu/mL of
D31B + 108 cfu/mL of D31D

CONT1 CONT2 No inoculated bacteria WH + CD

WH = water hyacinth; CD = cow dung.
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2.2. Genomic DNA Extraction from Different Bioaugmented Treatments

Samples were collected from each treatment, including the control, before and after
AD to explore the fungal community structure of the anaerobic digesters. Following the
method outlined by Mukhuba et al. [33] with modifications, a 2 mL volume of pooled
digester samples (composite samples) was centrifuged at 10,000× g for 3 min to collect the
cells, and the pellets that settled at the bottom of the tube were used for genomic DNA
extraction. Genomic DNA was extracted from the collected samples using the DNeasy
PowerSoil kit (Qiagen, Carlsbad, CA, USA) as per the manufacturer’s instructions and the
isolated DNA was standardized to a concentration of 5 ng/µL using a Qubit 2.0 fluorometer
(Invitrogen, Carlsbad, CA, USA).

2.2.1. Preparation of Internal Transcribed Spacer (ITS) Gene Library and Analysis

To perform taxonomic profiling of the fungal ITS2 region, a set of primers, ITS3
(5′-CAHCGATGAAGAACGYRG-3′) and ITS4 (5′-TTCCTSCGCTTATTGATATGC-3′), was
used [34–36]. The 5′-end of each primer was attached with Illumina overhang adapters
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and GTCTCGTGGGCTCGGAGAT-
GTGTATAAGAGACAG) (Illumina, Inc., San Diego, CA, USA). Amplification via PCR was
performed using 12.5 ng of DNA template, 12.5 µL of One Taq 2X Master Mix with Standard
Buffer (MO482S, New England Biolabs. Inc. Ipswich, MA, USA), 0.2 µM (1 µL) of each of
the primers, and PCR-grade water in a 25 µL reaction. The PCR was conducted in a Bio Rad
thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA) with the following conditions:
initial denaturation at 94 ◦C for 30 s followed by 35 cycles of 94 ◦C for 30 s, 65 ◦C for 30 s,
and 68 ◦C for 1 min, with a final extension at 68 ◦C for 5 min. The amplicons were confirmed
on 1% agarose gel, and preparation of amplicon libraries was carried out according to
Illumina’s protocol (Illumina, Inc., San Diego, CA, USA) for 2 × 300 bp paired-end reads.
Sequencing was performed using the Illumina MiSeq sequencer (Illumina, Inc., San Diego,
CA, USA) at the Agricultural Research Council—Biotechnology Platform (ARC—BTP),
Pretoria, South Africa. Subsequent to adapter and primer sequence trimmings, raw fastq
ITS sequences were obtained and subjected to bioinformatics analyses.

2.2.2. Bioinformatics Analyses for Fungal Community in Anaerobic Digesters

In analyzing the fungal ITS sequences, an automated PIPITS pipeline was utilized [37].
A tab-delimited text file was generated for all paired-end reads from the raw sequence
directory using PIPITS_GETREADPAIRSLIST. PIPITS-PREP activated its action by joining
the paired-end sequences on the overlapping regions with PEAR [38], and the FAST
QUALITY FILTER FASTX-Toolkit was employed to quality-filter the sequences [39]. A total
of 1,667,405 reads were produced from all the treatments (20 samples) for the PIPITS_prep
study. Of these, 1,320,289 reads were joined, and 1,305,701 reads passed the quality filter. To
eliminate redundancy, representative sequences were obtained and the ITS2 sub-region was
extracted from 1,198,541 sequences with the aid of ITSx [40]. Reads that did not contain an
ITS region were discarded. Short sequences (<100 bp) were also removed during processing,
and the resulting sequences were clustered into 1654 operational taxonomic units (OTUs)
and 454 phylotypes at a 97% sequence similarity threshold. De novo VSEARCH was
used to detect and remove chimeras from the representative sequences [41]. Taxonomic
assignment to representative sequences was performed using the Ribosomal Database
Project (RDP) Classifier (version 2.1) [42] against the UNITE UCHIME fungal ITS reference
dataset (version 7.1) [43–45]. Prior to analysis, the generated fungal taxonomic data were
normalized to 63056 sequences per sample using the median sequencing depth. The fungal
ecological guild at the genus taxonomic rank was envisaged using FUNGuild, an open
annotation tool (http://www.stbates.org/guilds/app.php [46] (accessed on 1 March 2020)).

http://www.stbates.org/guilds/app.php
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Correlograms were generated using the Hmisc (v. 4.4-2), Corr (v.0.4.3), and Corrplot (v. 0.84)
packages of R software. Correlation analysis was based on the Spearman rank correlation
coefficient. The correlation matrix was reordered according to the correlation coefficient
using the “hclust” method. Correlation network analysis was generated using the phyloseq
(v.1.38.0), dyplr (v.1.1.2), and ggplot2 (v.3.4.4) packages of R software. The threshold was
set at 0.3 to include only significant correlations in the network.

2.2.3. Data Availability

The raw sequences generated from this study have been submitted to the Sequence
Read Archive (SRA) at NCBI as part of the BioProject PRJNA704473 (https://www.ncbi.nlm.
nih.gov/sra/PRJNA704473, accessed on 1 March 2020), as an experiment entitled “Dynam-
ics of fungal community structure during biogas production”. These sequences can be ac-
cessed through the biosample accession numbers from SAMN18042783 to SAMN18042802,
as well as the SRA accession numbers from SRR13779324 to SRR13779343.

2.3. Statistical Analysis

The fungal community structure was examined using non-metric dimensional scaling
(NMDS) in multivariate spaces. Differences among treatment groups in these spaces were
evaluated based on the Bray–Curtis dissimilarity. All statistical analyses were performed
using R software (v.4.03) and Excel 2013 unless stated otherwise. Construction of NMDS
was executed with the vegan (v. 2.5.7), ggplot2 (v. 3.4.4), and dyplr (v. 1.1.2) packages of R
software (https://cran.r-project.org/, accessed on 1 March 2020).

3. Results
3.1. Batch Culture Analysis for Methane Production

The results of the methane/biogas production as well as the dynamics of the prokaryotic
(bacteria and archaea) communities are detailed in Figure 1 [20]. The study investigated
the effects of bioaugmentation on the diversity of the prokaryotic community structure in
anaerobic digesters. It was found that the treatment inoculated with 11H (Serratia marcescens)
produced the highest cumulative methane yield of 0.68 L, representing a 45.6% increase
compared to the consortium treatment, which produced the lowest methane yield (Figure 1).
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However, bioaugmentation had a negligible effect on the overall prokaryotic commu-
nity structure. The bacterial community, initially dominated by the genus Pseudomonas,
shifted to Bacteroides after AD. No archaeal community was detected before AD, but after
AD, Methanosarcina dominated the archaeal communities across all treatments.

3.2. High-Throughput Metabarcoding of ITS Genes from Different Bioaugmented Treatments

Variations in taxonomic classification at the phylum, class, and genus levels were
observed within the fungal community of anaerobic digesters subjected to bacterial bioaug-
mentation. The relatively abundant fungal phyla, including Ascomycota, Basidiomycota,
and Neocallimastigomycota, were identified across all treatments. Notably, Ascomycota
accounted for 60–99% of the relatively abundant sequences within the fungal phyla, with
increased dominance observed in most treatments after AD (Figure 2). Ascomycota exhib-
ited a remarkable dominance, constituting approximately 99% of the fungal composition in
about 60% of the treatments after AD. This prevalence was particularly evident in treat-
ments bioaugmented with specific bacterial strains such as Pseudomonas stutzeri (3H2),
Exiguobacterium mexicanum (3M2), Lysinibacillus fusiformis (7B2), Serratia marcescens (11H2),
Acinetobacter iwoffii (D31B2), and Planococcus maritimus (D31D1). In these treatments, the
relative abundance of Ascomycota ranged from 11% (before AD) to 25% (after AD).

J. Fungi 2025, 11, x FOR PEER REVIEW 8 of 23 
 

 

 

Figure 2. Relative abundance (≥1%) of fungal phyla in treatments before AD and after AD. Phylo-
types with an average relative abundance of less than 1% and those unclassified at the phylum 
level were excluded from the plot. 

Contrastingly, the control treatment (CONT2), which was not bioaugmented, rec-
orded a 54% difference (increase) in the relative abundance of Ascomycota after AD. This 
underscores the impact of bacterial bioaugmentation on shaping the taxonomic dynamics 
of fungal communities in anaerobic digesters. This observation highlights the importance 
of bacterial bioaugmentation as a tool for influencing the microbial community structure 
of anaerobic digesters. The shift suggests that bacterial bioaugmentation probably sup-
pressed some fungal populations by reducing their reliance on fungal-associated hy-
drolysis, thus leading to bacterial-dominated hydrolysis. In addition to the control 
treatment CONT2, the remarkable presence of Basidiomycota was noted only in treat-
ment 12H2 (post-AD). The presence of Neocallimastigomycota and Basidiomycota 
markedly decreased after AD, except in the case of the control treatment (CONT2). In 
CONT2, the abundance of Basidiomycota remained remarkably consistent after AD, 
whereas Neocallimastigomycota decreased by 97%. The substantial reduction in the 
presence of Neocallimastigomycota, a notable anaerobic fungus, in the same treatment 
after AD might be attributed to the absence of bioaugmented bacteria. 

Examining the class level, the prevalent fungal classes across all treatments exhibit a 
similarity in composition to the taxonomic ranking at the phylum level. The dominant 
classes include Eurotiomycetes, Sordariomycetes, and Dothideomycetes, along with 
Tremellomycetes, with Eurotiomycetes (Appendix A, Figure A1) standing out as the 
most abundant class in the bioaugmentation process of anaerobic digesters across all 
treatments, both before and after AD. Neocallimastigomycetes, abundant in treatments 
before AD, showed a decrease in abundance after AD, a trend also observed in Tremel-
lomycetes. Conversely, the appearance of Leotiomycetes after AD was observed in all 
treatments except 3M2 and 12H. Saccharomycetes were exclusively observed in treat-

50%

60%

70%

80%

90%

100%

Ascomycota Basidiomycota Neocallimastigomycota Mucoromycota
Rozellomycota Microsporidia Glomeromycota Chytridiomycota
Aphelidio Cercozoa Unidentified

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Treatments
After ADBefore AD

Figure 2. Relative abundance (≥1%) of fungal phyla in treatments before AD and after AD. Phylotypes
with an average relative abundance of less than 1% and those unclassified at the phylum level were
excluded from the plot.

Contrastingly, the control treatment (CONT2), which was not bioaugmented, recorded
a 54% difference (increase) in the relative abundance of Ascomycota after AD. This un-
derscores the impact of bacterial bioaugmentation on shaping the taxonomic dynamics of
fungal communities in anaerobic digesters. This observation highlights the importance of
bacterial bioaugmentation as a tool for influencing the microbial community structure of
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anaerobic digesters. The shift suggests that bacterial bioaugmentation probably suppressed
some fungal populations by reducing their reliance on fungal-associated hydrolysis, thus
leading to bacterial-dominated hydrolysis. In addition to the control treatment CONT2,
the remarkable presence of Basidiomycota was noted only in treatment 12H2 (post-AD).
The presence of Neocallimastigomycota and Basidiomycota markedly decreased after AD,
except in the case of the control treatment (CONT2). In CONT2, the abundance of Ba-
sidiomycota remained remarkably consistent after AD, whereas Neocallimastigomycota
decreased by 97%. The substantial reduction in the presence of Neocallimastigomycota, a
notable anaerobic fungus, in the same treatment after AD might be attributed to the absence
of bioaugmented bacteria.

Examining the class level, the prevalent fungal classes across all treatments exhibit
a similarity in composition to the taxonomic ranking at the phylum level. The domi-
nant classes include Eurotiomycetes, Sordariomycetes, and Dothideomycetes, along with
Tremellomycetes, with Eurotiomycetes (Appendix A, Figure A1) standing out as the most
abundant class in the bioaugmentation process of anaerobic digesters across all treatments,
both before and after AD. Neocallimastigomycetes, abundant in treatments before AD,
showed a decrease in abundance after AD, a trend also observed in Tremellomycetes. Con-
versely, the appearance of Leotiomycetes after AD was observed in all treatments except
3M2 and 12H. Saccharomycetes were exclusively observed in treatment 3H2 after AD,
while Agaricomycetes were present only in the control treatment CONT1 (before AD), and
exhibited an increase in CONT2 (after AD).

Further examination of fungal genera suggests that AD did not impact the abundance
of obligate aerobic fungi such as Thermomyces, Acremonium, Aspergillus, Chaetomium, and
Microascus. However, there was a decrease in the prevalence of anaerobic fungal genera
such as Anaeromyces, Cyllamyces, and Caecomyces following AD, except in treatment D31D1.
This is evident from the dominance of Aspergillus observed in all treatments throughout
the AD period, as depicted in Figure 3 and Appendix A. The presence and absence of the
aforementioned fungal genera align with the observed patterns at the phylum and class tax-
onomic levels, particularly concerning Necallimastigomycota and Neocallimastigomyces.
Sordariomycetes and Dothideomycetes were relatively dominant across the treatments,
further highlighting the importance of these fungal classes in AD (Appendix B).

The majority of fungi that belong to the ecological guild are mainly saprotrophs and
endophytes, as depicted in Figure 4, and were abundant before and after AD. Fungal
parasites and plant pathogens, which were abundant before AD, decreased after AD in
all treatments except for treatment D31D1. Treatment D31D1 had the lowest abundance
of fungi, and the guild of fungi classified as animal pathogens showed similar levels of
abundance across all treatments as no major change was observed before and after AD.

The color intensity and the size of the circles (Figure 5A) are proportional to the
correlation coefficients. A positive correlation is denoted by +1 or values closer to +1, while
−1 shows strong negative correlations. Chaetomium displayed strong positive correlations
with Microascus and positive correlations with Anaeromyces, Caecomyces, Cyllamyces, and
Thermomyces. In the same vein, Thermomyces showed strong positive correlations with
Aspergillus and correlated positively with a few dominant fungi (Chaetomium and Microascus)
(Figure 5A). Anaeromyces correlated strongly with Caecomyces and Cyllamyces. Positive
correlations indicate relative abundance. Correlations with a p-value < 0.01 were considered
statistically significant and are presented as blue circles, while correlation coefficient values
that are insignificant are left blank (Figure 5B). In the correlation network (Figure 5C), only
correlations with a correlation coefficient of 0.3 or higher are considered significant and are
included in the network. The yellow-colored Anaeromyces in treatment 4F1 is more central
in the network with thick edges (Figure 5C), indicating multiple stronger connections with
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other fungal genera, especially Acremonium in 11H. Acremonium, on the other hand, showed
fewer connections, which indicates a limited association with other genera. The thick edges
(lines) show short ecological distances, while longer distances (thin lines) reflect greater
dissimilarity, i.e., weaker correlations.
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The description of fungal richness and diversity showed that the richness of the fungi
decreased after AD. However, some dominant genera such as Cyllamyces, Caecomyces,
Anaeromyces, and Acremonium decreased after AD, corresponding to the information in
Figure 2 and Appendix A. A decrease in the fungal community diversity was observed
after AD (Figure 6) and the Shannon–Weiner index (H′) was used to measure the diversity
within the fungal community, incorporating both species richness and evenness. It indicated
moderate diversity, suggesting a more even distribution of fungi before AD (Figure 6). The
after-AD treatments showed low diversity in composition as just a few fungi dominated
the fungal community after AD, with the majority of fungi belonging to particular phyla,
classes, or genera.

Communities with similar fungi were clustered together. Multivariate ordination
methods explored the fungal community structure. Treatments that are closer together have
comparable fungal structures (Figure 7), indicating the ecological distances between them.
A separation of clusters between the treatments before AD and after AD was observed.
However, treatment D31D1 clustered with the after-AD treatments, indicating similarity
in their fungal diversity (Figure 7). The stress value of the non-metric multidimensional
scaling (NMDS) plot, depicted in Figure 7, is 0.03. The stress plot, which provides additional
information, can be referred to in Appendix C.

Insights into the fungal genera and AD dynamics over time suggest a change in the
composition of the fungal community over time (days). In Figure 8, Aspergillus and
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Caecomyces are positive associated with PC2 (y-axis), while Cyllamyces is negatively
linked to PC2 (negative scores). Chaetomium and Acremonium are located closer to the
origin, indicating weaker contributions compared to other genera. The top contributors to
PC1 include day 23, day 26, and day 29, while the top contributors to PC2 are day 9 and
day 32.

 

Figure 6. Description of fungal community diversity with Shannon–Weiner index.
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Figure 7. Bray–Curtis dissimilarity between fungal communities at the genus taxonomic rank.
(A) NMDS to envisage the multivariate structure of the fungal communities at the genus taxonomic
rank before and after AD. (B) NMDS showing the treatments the fungi belong to. The stress value of
the NMDS plot is 0.03 (Appendix C).
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4. Discussion
There are limited studies on the core fungal community structures in bacterial-

bioaugmented anaerobic digesters, despite fungi being an essential part of the microbiota
involved in the anaerobic digestion of lignocellulosic substrates. In this study, the struc-
ture and composition of the basic fungal community of different bacterial-bioaugmented
anaerobic digesters were investigated by sequencing of the ITS region. Presently, the ITS
region has the greatest number of reference sequences in the GenBank and the use of ITS2
as a molecular marker stems from its conservation within fungi. However, the existing
reference sequences in the public database have a low rate of sequence identification for
basal fungal lineages, making some taxa unrepresentative in the reference database [12,47].

Findings from the present study highlight the specific fungal taxa that thrive in the
anaerobic digestion environment and suggest their potential significance in this process.
Ascomycota was the dominant fungal phylum across all treatments. This observation aligns
with the findings of Sun et al. [48], who also reported the predominance of Ascomycota-
associated fungi in anaerobic digesters. Neocallimastigomycota was relatively abundant
before AD but decreased after AD, and a similar trend was also observed for Basidiomycota.
The decrease in the abundance of Neocallimastigomycota, a key anaerobic fungus, in the
same treatment after AD could be attributed to a shift in the native anaerobic fungal com-
munity, which could be a response to changes in environmental or operational conditions
and metabolic by-products as well as substrate availability [27,28]. Several studies have
shown Neocallimastigomycota to be the predominant anaerobic fungal phylum [12,49,50].
The fungi in this group are known as obligate anaerobes, and their high abundance before
AD is likely because their natural habitat is in the digestive system of herbivores such as
cows [12,51]. This corresponds with the findings of Zhang et al. [52], who reported a de-
creased abundance of Neocallimastigomycota in the ruminal microbiota of ruminants upon
the inclusion of lignocellulosic materials in their diet. However, it contradicts the findings
of Langer et al. [2], as the phylum Neocallimastigomycota was absent in the analyzed anaer-
obic digesters with cow dung as part of the substrates. Neocallimastigomycota has been
reported to degrade lignocellulose while co-existing with bacteria and methanogens during
anaerobic digestion for the production of biogas [53]. The fungal phylum Basidiomycota
was dominant before AD but reduced after AD in most treatments; however, the prevalence
of Basidiomycota in the control treatments, both before and after AD, might be due to the
lack of inoculated bacteria, thus affecting the fungal community dynamics in bioaugmented
anaerobic digesters. Eurotiomycetes emerged as the dominant fungal class both before and
after AD, indicating their resilience and adaptability within the system. Sordariomycetes
and Dothideomycetes were relatively dominant across the treatments, further highlighting
the importance of these fungal classes in AD. The dominant genera (which belonged solely
to Ascomycota and Neocallimastigomycota) across all treatments included Aspergillus,
Thermomyces, Chaetomium, and Microascus. However, this contrasts with the findings of
Dollhofer et al. [49], who reported different genera, Neocallimastix and Piromyces, to be the
most abundant genera in anaerobic digesters that had substrates such as sugar beets, silage
grass, etc., and the digestion temperature ranged between 38 and 53 ◦C. Although there
exists a similarity to this study in terms of the inclusion of substrates such as cow dung,
the present study showed the relative abundance of Neocallimastix and Piromyces to be less
than 1%. The reduced abundance of anaerobic fungal genera (Anaeromyces, Cyllamyces,
Caeomyces) after AD may suggest limited substrate availability or a shift in microbial inter-
actions within the AD environment. This shift in fungal composition suggests a dynamic
response to the AD process.

The majority of fungi, as indicated by the ecological guild classification (Figure 4), were
identified as saprophytes (saprotrophs), and their presence in anaerobic digesters has been
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previously studied [54]. The abundance of saprophytic fungi in the anaerobic digesters
signifies the abundance of a diverse range of enzymes and subsequently enhanced organic
matter decomposition. This highlights the functional alignment of fungal communities
(saprophytes) for the degradation of organic matter. Saprophytes contribute to the stability
of the AD process by promoting a balanced microbial community as they work in synergistic
interaction with prokaryotic communities in anaerobic digesters [55]. Aspergillus sp., being
saprophytes, demonstrated dominance across all treatments during AD. The abundance of
saprophytes in the digester may not directly correlate with their metabolic efficiency since
saprophytes typically thrive in aerobic environments. This is evident in the cumulative
methane yield from the anaerobic co-digestion of water hyacinth and cow dung inoculated
with pure bacteria isolates, as reported by Obi et al. [20]. The abundance of Aspergillus
across all treatments suggests their potential to utilize nitrate as an oxidant in an ATP-
generating process during AD. This allows for their proliferation but not optimal growth
under oxygen-limited conditions [56,57]. Liu et al. [58] outlined the ability of different
species of Aspergillus to produce different types of hydrolases that catalyze the rate-limiting
phase (hydrolysis) of the AD of the lignocellulosic substrates. This further confirms their
presence and potential activities in anaerobic digesters. However, the drastic reduction
in their community diversity (Figure 7) after AD could be related to the limited oxygen
concentration of the anaerobic digesters. Another guild that exhibited relatively high
abundance after AD was the endophytes, which are non-pathogenic microorganisms. Their
presence in the potential digestate indicates its suitability for use as a soil ameliorant. The
reduced abundance of fungal parasites and pathogens in the treatments following AD
suggests the potential benefits of AD in effectively mitigating or suppressing the presence
of these pathogenic organisms, making the resulting digestate a safer option for utilization
as a possible soil ameliorant. However, the resilience of the animal pathogen guild across
treatments is a concern in managing zoonotic risks relating to waste management and
agriculture. Only a few recent studies have explored fungi in anaerobic reactors [3,4,27,49].
To the best of our knowledge, this is one of the first studies to characterize the ecological
guilds of fungal communities in bacteria-bioaugmented anaerobic digesters focusing on
their potential suitability for agricultural and environmental applications.

The correlograms presented in Figure 5 offer a comprehensive visualization of the
correlation patterns within the dataset. The predominance of positive correlations between
Thermomyces and other dominant fungi is a key finding that suggests potential ecological
and functional relationships. This analysis contributes to our understanding of the relation-
ship between microorganisms in this specialized ecosystem and highlights areas for further
exploration and research. The strong connection (thick lines in the correlation network anal-
ysis, Figure 5C) of fungal genus Anaeromyces in treatment 4F1 indicates ecological distances
from other genera, specifically Acremonium in 11H. A short ecological distance and strong
positive correlations (as indicated by the thick lines) portray the ability of the organisms in-
volved to co-occur and respond to similar environmental conditions. The genera connected
by thick lines are the key players within the network, likely exerting greater influence
on the community dynamics than others due to their strong interactions. The diversity
indices used to assess fungal richness and diversity revealed a decrease in both measures
following AD, indicating a negative impact of AD on fungal communities. This observation
suggests that the AD process may favor certain fungal taxa. This could affect the overall
functional potential of the fungal microbiome. The treatment bioaugmented with 4F1
(Bacillus cereus) exhibited the most connections to other treatments. Although genera such
as Caecomyces and Cyllamyces are connected to multiple treatments, their thin edges indicate
a weak association with other linked genera. Treatments CONT2 and D31D1 showed
the presence of different fungal communities due to their multiple connections, although
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these connections were weak. Less connected genera like Thermomyces and Acremonium
show unique fungal taxa that thrive under special ecological conditions. The multivariate
ordination methods applied in this study suggest a comprehensive view of the fungal com-
munity structure and its dynamics before and after AD. The observed clustering patterns
and separation of treatments before and after AD highlight the ecological shifts that occur
during this process. The clustering of treatment D31D1 (a ‘before-AD’ treatment) with the
‘after-AD’ treatments shows comparable fungi and emphasizes the ecological distances,
highlighting the complexity of fungal interactions and community dynamics in specialized
ecosystems like anaerobic digesters. These insights contribute to our understanding of
the stability and adaptability of the fungal microbiome of anaerobic digesters and how
fungal communities respond to and influence the AD process, paving the way for more
targeted research into optimizing and managing these systems for various applications,
including biogas production and waste management. The shift in the fungal community
could be due to microbial interactions, as earlier suggested, or environmental changes in
the digesters. The dominance of Thermomyces and Caecomyces during the later stages (day
26 and day 29) of AD indicated their possible metabolic roles towards the later stages of
AD. The location of Chaetomium and Acremonium closer to the origin (Figure 8) shows their
weaker contributions to the fungal dynamics compared to other genera. The contribution
of day 23, day 26, and day 29 (Figure 1) to PC1 reflects the important stages of AD where
a significant shift was observed in the digester performance or fungal community. The
mid-to-late stages of AD (day 23–day 29) are fundamental to the microbial community
dynamics that drive the variability in PC1 (Appendix E, Figure A5). This indicates periods
of optimal changes in the digester. Day 9 and day 32 contributed strongly to PC2, indicating
their link to distinct fungal community shifts, while low contributors to PC2 include days
29, 23, and 26 (Appendix F, Figure A6).

5. Conclusions
The findings of this study describe the distribution of fungi as well as the ecologi-

cal guild, thereby contributing to our understanding of the community structure of the
fungal ecosystem of anaerobic digesters. They also reflect the resilience and adaptability
of Ascomycota and their ability to thrive in an unfavorable environment despite their
ecological nature. The relative increase in Ascomycota after AD in non-bioaugmented
digesters shows the potential of bacteria bioaugmentation in modeling the fungal commu-
nity dynamics of anaerobic digesters. However, further research could employ absolute
quantification methods such as qPCR to track changes in fungal population sizes over
time. The study also revealed additional fungal phyla, beyond the well-known anaerobic
Neocallimastigomycota, within anaerobic digesters. These findings expand our knowledge
on the use of high-throughput metabarcoding approaches to explore the microbial ecology
in specialized ecosystems, with implications for optimizing AD processes and harnessing
the full potential of these systems for biogas production and waste management. However,
a limitation of this study was that fungal community analysis was performed on pooled
samples from three replicated digesters rather than each replicate separately. While the ITS
region is widely used for fungal identification and phylogenetic studies, it is a possible limi-
tation in this study as targeting other regions such as 28S rRNA or 18S rRNA could provide
more information in the fungal community analysis. Exploring synergistic cross-kingdom
interactions between bacteria and fungi is a major perspective for fungal research in AD
field. This includes further investigation of fungal-driven pretreatment of lignocellosic
substrates to enhance its AD for optimal biogas production. Incorporation of transcriptomic
or proteomics approaches will give precision to improved strategies for enhancing the
efficiency and stability of AD systems while promoting sustainable bioenergy production.
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Further investigation could focus on the effect of a different potential bacterial/fungal
inoculum on different substrates.
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Figure A1. Relative abundance of dominant fungal class in treatments before and after batch anaerobic
digestion. Unclassified phylotypes at the class level were omitted.
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Figure A2. Relative abundance of dominant fungal genera in treatments before and after batch
anaerobic digestion. Unclassified phylotypes at the genus level were omitted.
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