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Abstract: Composting is a complex process in which various micro-organisms, mainly fungi and
bacteria, are involved. The process depends on a large number of factors (biological, chemical,
and physical) among which microbial populations play a fundamental role. The high temperatures
that occur during the composting process indicate the presence of thermotolerant and thermophilic
micro-organisms that are key for the optimization of the process. However, the same micro-organisms
can be harmful (allergenic, pathogenic) for workers that handle large quantities of material in the
plant, and for end users, for example, in the indoor environment (e.g., pots in houses and offices).
Accurate knowledge of thermotolerant and thermophilic organisms present during the composting
stages is required to find key organisms to improve the process and estimate potential health risks.
The objective of the present work was to study thermotolerant and thermophilic mycobiota at different
time points of compost maturation. Fungi were isolated at four temperatures (25, 37, 45, and 50 ◦C)
from compost samples collected at five different steps during a 21-day compost-maturation period in
an active composting plant in Liguria (northwestern Italy). The samples were subsequently plated
on three different media. Our results showed a high presence of fungi with an order of magnitude
ranging from 1 × 104 to 3 × 105 colony-forming units (CFU) g−1. The isolated strains, identified
by means of specific molecular tools (ITS, beta-tubulin, calmodulin, elongation factor 1-alpha,
and LSU sequencing), belonged to 45 different species. Several thermophilic species belonging
to genera Thermoascus and Thermomyces were detected, which could be key during composting.
Moreover, the presence of several potentially harmful fungal species, such as Aspergillus fumigatus,
A. terreus, and Scedosporium apiospermum, were found during the whole process, including the final
product. Results highlighted the importance of surveying the mycobiota involved in the composting
process in order to: (i) find solutions to improve efficiency and (ii) reduce health risks.

Keywords: food waste; harmful fungi; composting; Scedosporium; Aspergillus

1. Introduction

Composting represents one of the most efficient methods for sustainable waste management.
As already highlighted by other authors, this methodology depends on many factors, the most
important being the nature, composition, sizing, and quality of the substrate [1,2], environmental
parameters during the process [2,3], and the microbial populations present during composting [2,4–7].
Different methodologies and technologies were applied on the basis of processed materials [1,2,6,8].
Regardless of the used technology, all composting processes reach high temperatures of about
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40–55 ◦C degrees that are limiting and even lethal for many organisms. The high temperatures
of the composting process create strong selection on the biological components: on the one hand,
it eliminates many mesophilic organisms that are threatening for plants, but selects for extremophilic
and extremotolerant organisms particularly adapted to high temperatures. These thermophilic and
thermotolerant micro-organisms are fundamental in biochemical processes since several species have
key roles for their effectiveness in lignin degradation and thermoresistant- or thermostable-enzyme
production. However, potentially dangerous propagules of the same organisms can be inhaled,
becoming harmful for workers who handle daily large quantities of compost, and for end users that live
or work, especially in indoor environments, near potentially contaminated sources (e.g., potted plants).
Therefore, knowledge of the microbiological components of compost is essential to optimize the
process and to make a product of excellent quality, and free of hazards for workers, consumers,
and the environment.

In the last few decades, some authors studied the microbial components of compost,
mainly focusing on the bacterial components [7,9–11], and other studies listed potentially dangerous
species for humans [12,13]. Thanks to these studies, commercial products with special bacterial starter
cultures, endomycorrhizal fungi, and chemical activators (in particular nitrogen) were developed,
and are useful both on the domestic and industrial scale, resulting in the improvement of the composting
process and lowering production costs.

With the advent of new high-throughput sequencing technologies, nonculture-based approaches
were applied to characterize microbial communities, giving a wider picture on them than classical
culture-based approaches [7,9,12–15]. These methods provided excellent indications of the community,
but did not allow the isolation of organisms involved in the process. For these reasons, a culture-dependent
method is still essential to isolate vital strains present in the matrix. In fact, isolation of the organisms
into an axenic culture allows: (i) to identify organisms, safely discriminating potentially dangerous from
harmless species; (ii) verification of the effective viability of strains present in the investigated matrix;
(iii) isolation and preservation of living organisms; and (iv) study and exploitation of the organisms’
biochemical characteristics.

In the last decade, studies investigated the fungal communities in compost, confirming that
fungi are a significant part of the microbial community, in particular during the maturation
phase [1,8,14,16–23]. Moreover, some of these studies detected fungal species that are useful during stages
of maturation [19,21,24] and/or potentially harmful [12,17,20,25]. For these reasons, it is fundamental to
conduct studies on fungal communities involved in the composting processes in order to select both
useful populations to improve the process and to investigate the presence of potentially harmful species.

This work contributes to the knowledge of thermotolerant and thermophilic fungal communities
in compost. We characterized the fungal community of compost samples taken during the ripening of
the product at five different stages in a composting plant in northwestern Italy. After isolation of the
strains in pure culture, they were identified at the species level using the latest taxonomic insights.

2. Materials and Methods

2.1. Composting Procedure and Sampling

Samples were collected from a compost-production plant in Liguria (Cairo Montenotte, northwestern
Italy). The plant produces biogas through anaerobic digestion in a batch system from the organic fraction of
urban solid waste (OFMSW) collected from a municipality in the area. After the anaerobic-digestion phase,
a new mixture is made composed of 1:1 (w:w) by the anaerobic digestate (which has a pH ranging between
6.5 and 7.5, and a temperature of 55 ◦C), and green and brown waste from municipal green planting and
pruning. This new mixture is composted in chambers measuring 4 m × 8 m × 2 m. Ripening time is,
on average, 21 days after which the product is ready to leave the plant.

As part of this study, the pile was sampled at five different times during the ripening process
to analyze the mycological components present and their evolution over time. More precisely,
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the biodigestate (sample TQ) was analyzed, and samples were collected after 1, 7, 14, and 21 days
of maturation (samples 1D, 7D, 14D, 21D). Given the size of the chambers, each sample consisted of
10 randomly taken composite samples of the biopile and biodigestate at various stages of maturation.

2.2. Fungal Isolation

Fungi were isolated by a modified plate dilution method [26]. Each solid sample was initially
diluted 1/10 in sterile water, and the suspension was shaken at room temperature for 1 min.
Later, the suspension was further diluted 1/100 and 1/1000. The three dilutions were plated out
on three different media (9 cm � Petri dishes) in triplicate: malt-extract agar supplemented with
penicillin and streptomycin (MEA/PS), oatmeal agar with penicillin and streptomycin (OA/PS),
and dichloran 18% glycerol agar (DG18). The plates were incubated at four temperatures (25, 37, 45,
and 50 ◦C) and checked daily between 3 and 15 days. Colonies were counted, and these data were
used to determine the concentration of fungi (number of colony-forming units per gram, CFU/g) in the
compost. For longer-term studies, the isolates were stored at −20 ◦C in the Laboratory of Mycology
DISTAV University of Genoa (ColD) collection, and in the working collection of the Department of
Applied and Industrial Mycology housed at the Westerdijk Fungal Biodiversity Institute, Utrecht,
the Netherlands (DTO culture collection).

2.3. Molecular Identification

A preliminary sorting of the isolated strains was carried out on the basis of phenotypic characters.
DNA barcoding of the isolated strains was carried out by amplification of the internal-transcribed-spacer
(ITS) region using primer pair V9G and LS266 [27]. Later, in order to obtain more precise identification,
other fragments were amplified on the basis of the (preliminary) identification result based on ITS
sequencing (beta-tubulin for Penicillium, calmodulin for Aspergillus, elongation factor 1-alpha, and LSU
for others) according to Samson et al. [27]. In short, genomic DNA was extracted from 3-day old cultures
grown on MEA, using the Qiagen DNeasy Ultraclean™Microbial DNA Isolation Kit (Qiagen, Hilden,
Germany) according to manufacturer instructions. The PCR reaction contained 12 µL mix (8.23 µL
MillQ water, 0.38 µL 50 mM MgCl2, 1.25 µL NH 10× PCR buffer taq, 0.98 µL 1 mM dNTPs, 0.63 µL
DMSO, 0.25 µL 10 µM of each primer, 0.05 BioTaq 5 U/µL) and 1 µL of DNA template. The PCR
program was: 5 min 95 ◦C, 30–35 × (35 s 95 ◦C, 50 s 55 ◦C, 2 min 72 ◦C), 5 min 72 ◦C, 10 ◦C for
∞. Amplicons were bidirectionally sequenced, assembled and compared using BLAST (Basic Local
Alignment Search Tool) against sequences present in the sequence database of the National Center of
Biotechnology Information (NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi) (GenBank) and sequences
present in the internal database of the Westerdijk Institute.

2.4. Data Analysis

Fungal-biodiversity level (H’) was calculated for each sample with Shannon’s biodiversity
index [28–30]. Related evenness (E) was expressed as the ratio between H’ and the maximal potential
biodiversity of each sample (HMAX). HMAX was expressed as the logarithm base 2 of the total number
of observed species. The Jaccard similarity coefficient [31], calculated as the ratio of intersection and
union of each pair of samples, was studied to evaluate the affinity between the isolated strains at the
time of sampling. All indices and graphs were made in a Microsoft Excel spreadsheet.

3. Results

The heat map in Table 1 represents the amount of CFUs observed during the monitoring period at
different incubation temperatures. The order of magnitude observed of CFUs per gram of compost
rose from 1 × 104 CFU g−1 to 3 × 105 CFU g−1 during a maturation period of 21 days.

The isolated strains belonged to 25 genera and were identified as 45 different species. The obtained
sequences were deposited in GenBank with the following accession numbers: MT316336-MT616380,
MT312848-MT312857, MT420412-MT420424, and MT433447-MT433470. The heat map in Table 2

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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reports the taxonomic assignment of the isolated strains and their abundance (calculated as CFU per
gram of compost) observed in each site at each time, and their related GenBank accession numbers.
The heat map gives an overview of the occurrence of different strains during the maturation period,
highlighting the presence of some species in several steps of maturation. The most frequently occurring
fungal species (isolated in all five samples) were Scedosporium apiospermum, Thermomyces dupontii
(=Talaromyces thermophilus) and Thermomyces lanuginosus. Strains of Aspergillus chevalieri, A. terreus,
and Talaromyces trachyspermus were isolated in 4 of the 5 samples. They were followed by six species that
were isolated in three of the five samples: Aspergillus fumigatus, Geotrichum sp., Malbranchea cinnamomea,
Rasamsonia emersonii (=Talaromyces emersonii), Scedosporium aurantiacum, and Scopulariopsis brevicaulis.

Table 1. Heat map reporting of colony-forming units (CFU) g−1 in each site for each temperature.

Samples
TQ 1 7 14 21

Incubation
Temperature

25 ◦C
37 ◦C
45 ◦C
50 ◦C

Scale bar ×104 CFU g−1

1 30

Table 2. Heat map showing isolated species and their abundance (calculated as CFU g−1 of compost),
at each observed time. Their related GenBank accession numbers are reported; - means that the
secondary barcode is not available.

Samples GenBank Accession Numbers

Species TQ 1D 7D 14D 21D ITS Barcode Secondary Barcode

Acaulium acremonium MT316336 MT312849,
MT433447

Aspergillus chevalieri MT316337 MT420413
Aspergillus fumigatus MT316338 MT420414
Aspergillus nidulans MT316339 MT420415

Aspergillus niger MT316340 MT420412
Aspergillus pseudoglaucus MT316341 MT420416
Aspergillus quadrilineatus MT316342 MT420417

Aspergillus terreus MT316343 MT420418
Aspergillus sp. MT316344 MT420419

Chaetomium thermophilum MT316345 MT433448
Chaetomium uniapiculatum MT316346 MT433449

Enterocarpus grenotii MT316347 MT312850
Geotrichum sp. MT316348 MT312851

Lichtheimia corymbifera MT316349 MT312852
Malbranchea cinnamomea MT316350 MT312853
Melanocarpus albomyces MT316351 MT433450

Microascus paisii MT316352 MT433451
Microascus restrictus MT316353 MT433452

Monascus ruber MT316354 MT433453
Mortierella wolfii MT316355 MT312854

Mycothermus thermophilus MT316356 MT433454

Paecilomyces variotii MT316357 MT433455,
MT312848

Penicillium crustosum MT316358 MT433456
Penicillium sp. 1 MT316359 -
Penicillium sp. 2 MT316360 -

Petriella sp. MT316361 MT433457
Rasamsonia emersonii MT316362 MT433458

Rasamsonia sp. MT316363 MT433459
Rhizomucor miehei MT316364 MT312855

Rhizopus microsporus MT316365 MT312856
Rhizopus oryzae MT316366 MT312857
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Table 2. Cont.

Samples GenBank Accession Numbers

Species TQ 1D 7D 14D 21D ITS Barcode Secondary Barcode

Scedosporium apiospermum MT316367 MT433460
Scedosporium aurantiacum MT316368 MT433461

Scedosporium dehoogii MT316369 MT433462
Scedosporium minutisporum MT316370 MT433463

Scedosporium prolificans MT316371 MT433464

Scopulariopsis brevicaulis MT316372 MT433465,
MT420423

Talaromyces trachyspermus MT316373 MT433466
Talaromyces tratensis MT316374 MT420420

Talaromyces wortmannii MT316375 MT420421

Thermoascus aurantiacus MT316376 MT433467,
MT420422

Thermomyces dupontii MT316377 MT433468
Thermomyces lanuginosus MT316378 MT433469

Triangularia sp. MT316379 MT433470
Trichoderma longibrachiatum MT316380 MT420424

Scale bar ×104 CFU g−1

0 10

Figure 1 reports the total generic distribution and the related distribution at each temperature,
expressed as observed percentage in the samples during the maturation period. The cumulative
Shannon’s index of all samples, as shown in Table 3, ranged from 2.60 to 3.44, and evenness increased
from 0.67 to 0.84 during the maturation process, highlighting equality in the level of distribution of
individuals among the various species present in the mature samples. Results about the assessment of
biodiversity at the different temperatures are also reported in Table 3.

Table 3. Shannon’s biodiversity index (H’) and evenness (E) of analyzed samples detailed at different
temperatures, and cumulative samples (TOT).

TQ 1D 7D 14D 21D

25 ◦C
H’ 0.69 2.56 2.83 2.91 2.70
E 0.22 0.67 0.89 0.84 0.90

37 ◦C
H’ 1.69 1.41 2.21 1.96 2.14
E 0.65 0.44 0.74 0.70 0.76

45 ◦C
H’ 0.33 1.15 2.12 1.61 1.96
E 0.14 0.58 0.82 0.57 0.70

50 ◦C
H’ 0.72 1.45 1.12 2.82 1.77
E 0.36 0.72 0.48 0.94 0.53

TOT
H’ 2.60 2.67 2.65 3.39 3.44
E 0.67 0.62 0.65 0.77 0.84

Table 4 reports the results for Jaccard specific similarity between the analyzed samples. During the
maturation period, the Jaccard value was higher between adjacent samples while samples distant over
time were more different.

Table 4. Jaccard’s similarity index.

TQ 1D 7D 14D 21D

TQ 1 0.25 0.45 0.24 0.19
1D 1 0.28 0.24 0.16
7D 1 0.36 0.21
14D 1 0.46
21D 1
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Figure 1. Percentage distribution by genera of filamentous fungi isolated during maturation period:
total and detail for each temperature of incubation.

4. Discussion

Composting is a complex process based on the biodegradation of organic matter in which fungi
play a key role during the ripening phase. Our data, collected in an active plant, confirmed the presence
of thermotolerant and thermophilic fungi. During the maturation period, the number of CFUs increased,
biodiversity rose, while mycobiota evolved from unequal distribution among species at the beginning
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of maturation to fairer distribution between species at maturity. Despite this evolution, we confirmed
that the mycobiota were rather stable from a qualitative point of view. However, several potentially
pathogenic species emerged in all phases of the cycle, and, for this reason, the periodic monitoring of
the concentrations of certain species during the production cycle is necessary. For example, in our
case, the opportunistic pathogenic fungal species Aspergillus fumigatus, A. terreus, and Scedosporium spp
(in particular S. apiospermum) were found in high concentrations.

Analyzing our data, we observed an increase in the number of CFUs during the maturation period
up to 10 times in the final product compared to the digestate and the mixed product sampled after
one day of maturation (see Table 1). The high temperatures at the beginning of the process probably
temporarily inhibited germination that restarted once the pile reached a temperature of around 45 ◦C.

With regard to the specific composition of the sampled populations, about 25% of the isolated
strains were shared in at least 3 of the 5 samples, thus present in at least 60% of the process (Table 2).
The Jaccard index shown in Table 3 indicates a similarity between samples ranging from 0.16 to 0.46.
The Jaccard index reported in Table 4 shows that the similarity between successive samples increased
over time, and the specific composition of the sample became more stable. Furthermore, Figure 1 shows
that, in the first four samples (TQ, 1D, 7D, 14D), there was a strong predominance of genera Thermomyces,
Scedosporium, and Aspergillus, while the mature sample (21D) was clearly more homogeneous. This was
further confirmed by the diversity indices shown in Table 2. In fact, the biodiversity index rose during
maturation from 2.60 to 3.44. More interesting is the trend of evenness that rose steadily to reach a
value of 0.84 in the mature sample. This confirmed that, with the progress of the maturation process,
distribution in the species within the community became increasingly homogeneous and balanced.

Results concerning the isolated fungi are consistent with previously published data on compost
samples [17–19,21]. The main differences could be traced back to changed taxonomic classifications.
For example, key species Thermomyces dupontii was, until 2014, known under its old name,
Talaromyces thermophilus [32]. Other important compost-associated species that underwent name
changes are Rasamsonia emersonii and Mycothermus thermophilus, previously known as Talaromyces
emersonii and Scytalidium thermophilum, respectively. The isolates were primarily identified using ITS
sequencing. However, this locus lacks resolution at the species level for some genera detected in the
compost, such as Aspergillus, Penicillium, Scedosporium, Scopulariopsis, and Talaromyces. In order to
obtain reliable species identifications, additional genes (so-called secondary barcodes) were generated
to confirm the presence of key species in the composting process. Because information is often linked
to a species, correct identification is important from a biotechnological and medical point of view.
Accurately identified isolates in this study could have added value for metagenome studies where
only partial ITS sequences are often used.

We isolated several thermophilic fungi capable of producing enzymes such as amylase,
xylanase, phytase, and chitinase, among which were Thermomyces dupontii (=Talaromyces thermophilus),
Thermomyces lanuginosus, and Thermoascus aurantiacus that degrade the woody components in the
compost. However, opportunistic pathogenic species were also found in the samples. The most
recurrent genus was Scedosporium. In particular, Scedosporium apiospermum was found in all
samples, including the mature compost. Five other species, S. aurantiacum, S. brevicaulis, S. dehoogii,
S. minutisporum, and S. prolificans, were found in decreasing numbers. Moreover, a strong presence of
Aspergillus fumigatus was detected in the mature samples. The high temperatures, therefore, shaped the
mycobiota during compost maturation. Only some specialized species can survive and proliferate
in these particularly hostile conditions. Our results agreed with those of López González et al. [19].
In fact, we found some predominant species throughout the process (resident mycobiota) in contrast to
others occasionally found (transient mycobiota).
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5. Conclusions

This is one of few studies that analyzed mycobiota during compost-maturation phases, and is
currently the only one in which species were accurately identified using ITS sequencing supplemented
with secondary barcodes. Our results confirmed high biodiversity of the fungal component that
tends to stabilize during the compost-maturation process. Results showed a high presence of
thermophilic and thermotolerant species that, if properly managed, could improve the composting
process. However, a significant presence of species potentially harmful to the health of workers and
end users should also be noted.

Author Contributions: Conceptualization, S.D.P. and M.Z.; methodology, S.D.P., J.H., M.M., B.K., M.Z.; validation,
S.D.P., J.H., M.M., B.K., M.Z.; formal analysis, S.D.P., G.C., and E.R.; investigation, S.D.P., M.M., G.C., B.K.,
and E.R.; data curation, S.D.P., J.H., M.M., G.C., B.K., and E.R.; writing—original-draft preparation, S.D.P., J.H.,
and M.Z.; writing—review and editing S.D.P., J.H., M.M., G.C., B.K., E.R. and M.Z.; visualization, S.D.P. and E.R.;
supervision, J.H. and, M.Z.; funding acquisition, J.H. and M.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was partially funded by Fondi di Ricerca di Ateneo Unige (FRA) 2019.

Acknowledgments: The authors would like to thank Carmela Sgrò for the lab support, and Giorgio Pucillo for
the support and advice on technical issues.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cerda, A.; Artola, A.; Font, X.; Barrena, R.; Gea, T.; Sánchez, A. Composting of food wastes: Status and
challenges. Bioresour. Technol. 2018, 248, 57–67. [CrossRef] [PubMed]

2. Reyes-Torres, M.; Oviedo-Ocaña, E.R.; Dominguez, I.; Komilis, D.; Sánchez, A. A systematic review on the
composting of green waste: Feedstock quality and optimization strategies. Waste Manag. 2018, 77, 486–499.
[CrossRef] [PubMed]

3. Partanen, P.; Hultman, J.; Paulin, L.; Auvinen, P.; Romantschuk, M. Bacterial diversity at different stages of
the composting process. BMC Microbiol. 2010, 10, 94. [CrossRef]

4. Wei, H.; Tucker, M.P.; Baker, J.O.; Harris, M.; Luo, Y.; Xu, Q.; Himmel, M.E.; Ding, S.Y. Tracking dynamics of
plant biomass composting by changes in substrate structure, microbial community, and enzyme activity.
Biotechnol. Biofuels 2012, 5, 20. [CrossRef] [PubMed]

5. Song, C.; Li, M.; Jia, X.; Wei, Z.; Zhao, Y.; Xi, B.; Zhu, C.; Liu, D. Comparison of bacterial community structure
and dynamics during the thermophilic composting of different types of solid wastes: Anaerobic digestion
residue, pig manure and chicken manure. Microb. Biotechnol. 2014, 7, 424–433. [CrossRef]

6. Onwosi, C.O.; Igbokwe, V.C.; Odimba, J.N.; Eke, I.E.; Nwankwoala, M.O.; Iroh, I.N.; Ezeogu, L.I. Composting
technology in waste stabilization: On the methods, challenges and future prospects. J. Environ. Manag.
2017, 190, 140–157. [CrossRef]

7. Liu, L.; Wang, S.; Guo, X.; Zhao, T.; Zhang, B. Succession and diversity of microorganisms and their
association with physicochemical properties during green waste thermophilic composting. Waste Manag.
2018, 73, 101–112. [CrossRef] [PubMed]

8. Etesami, H.; Hemati, A.; Alikhani, H.A. Microbial Bioconversion of Agricultural Wastes for Rural Sanitation
and Soil Carbon Enrichment. In Microbial Interventions in Agriculture and Environment; Singh, D., Gupta, V.,
Prabha, R., Eds.; Springer: Singapore, 2019; Volume 2, pp. 179–204.

9. Wang, C.; Dong, D.; Wang, H.; Müller, K.; Qin, Y.; Wang, H.; Wu, W. Metagenomic analysis of microbial
consortia enriched from compost: New insights into the role of Actinobacteria in lignocellulose decomposition.
Biotechnol. Biofuels 2016, 9, 22. [CrossRef]

10. Wang, X.; Pan, S.; Zhang, Z.; Lin, X.; Zhang, Y.; Chen, S. Effects of the feeding ratio of food waste on fed-batch
aerobic composting and its microbial community. Bioresour. Technol. 2017, 224, 397–404. [CrossRef]

11. Franke-Whittle, I.H.; Klammer, S.H.; Insam, H. Design and application of an oligonucleotide microarray for
the investigation of compost microbial communities. J. Microbiol. Methods 2005, 62, 37–56. [CrossRef]

http://dx.doi.org/10.1016/j.biortech.2017.06.133
http://www.ncbi.nlm.nih.gov/pubmed/28693949
http://dx.doi.org/10.1016/j.wasman.2018.04.037
http://www.ncbi.nlm.nih.gov/pubmed/29709309
http://dx.doi.org/10.1186/1471-2180-10-94
http://dx.doi.org/10.1186/1754-6834-5-20
http://www.ncbi.nlm.nih.gov/pubmed/22490508
http://dx.doi.org/10.1111/1751-7915.12131
http://dx.doi.org/10.1016/j.jenvman.2016.12.051
http://dx.doi.org/10.1016/j.wasman.2017.12.026
http://www.ncbi.nlm.nih.gov/pubmed/29279244
http://dx.doi.org/10.1186/s13068-016-0440-2
http://dx.doi.org/10.1016/j.biortech.2016.11.076
http://dx.doi.org/10.1016/j.mimet.2005.01.008


Microorganisms 2020, 8, 880 9 of 9

12. Franceschini, S.; Chitarra, W.; Pugliese, M.; Gisi, U.; Garibaldi, A.; Gullino, M.L. Quantification of Aspergillus
fumigatus and enteric bacteria in European compost and biochar. Compost Sci. Util. 2016, 24, 20–29.
[CrossRef]

13. Fuchs, J.G. Interactions between Beneficial and Harmful Microorganisms: From the Composting Process to
Compost Application. In Microbes at Work from Wastes to Resources; Insam, H., Franke-Whittle, I., Goberna, M.,
Eds.; Springer: Berlin/Heidelberg, Germany, 2010; pp. 213–229.

14. Bonito, G.; Isikhuemhen, O.S.; Vilgalys, R. Identification of fungi associated with municipal compost using
DNA-based techniques. Bioresour. Technol. 2010, 101, 1021–1027. [CrossRef] [PubMed]

15. Antunes, L.P.; Martins, L.F.; Pereira, R.V.; Thomas, A.M.; Barbosa, D.; Lemos, L.N.; Silva, G.M.M.;
Moura, L.M.S.; Epamino, G.W.C.; Digiampietri, L.A.; et al. Microbial community structure and dynamics in
thermophilic composting viewed through metagenomics and metatranscriptomics. Sci. Rep. 2016, 6, 1–13.
[CrossRef]

16. Tian, X.; Yang, T.; He, J.; Chu, Q.; Jia, X.; Huang, J. Fungal community and cellulose-degrading genes in the
composting process of Chinese medicinal herbal residues. Bioresour. Technol. 2017, 241, 374–383. [CrossRef]

17. Anastasi, A.; Varese, G.C.; Marchisio, V.F. Isolation and identification of fungal communities in compost and
vermicompost. Mycologia 2005, 97, 33–44. [CrossRef]

18. Langarica-Fuentes, A.; Handley, P.S.; Houlden, A.; Fox, G.; Robson, G.D. An investigation of the biodiversity
of thermophilic and thermotolerant fungal species in composts using culture-based and molecular techniques.
Fungal Ecol. 2014, 11, 132–144. [CrossRef]

19. López-González, J.A.; del Carmen Vargas-García, M.; López, M.J.; Suárez-Estrella, F.; del Mar Jurado, M.;
Moreno, J. Biodiversity and succession of mycobiota associated to agricultural lignocellulosic waste-based
composting. Bioresour. Technol. 2015, 187, 305–313. [CrossRef]

20. Haas, D.; Lesch, S.; Buzina, W.; Galler, H.; Gutschi, A.M.; Habib, J.; Pfeifer, B.; Luxner, J.; Reinthaler, F.F.
Culturable fungi in potting soils and compost. Med. Mycol. 2016, 54, 825–834. [CrossRef]

21. Kane, E.; Mullins, J.T. Thermophilic Fungi in a Municipal Waste Compost System. Mycologia 1973, 65, 1087–1100.
[CrossRef]

22. Laich, F.; Andrade, J. Penicillium pedernalense sp. nov., isolated from whiteleg shrimp heads waste compost.
Int. J. Syst. Evol. Microb. 2016, 66, 4382–4388. [CrossRef]

23. Thanh, V.N.; Thuy, N.T.; Huong, H.T.T.; Hien, D.D.; Hang, D.T.M.; Anh, D.T.K.; Hüttner, S.; Larsbrink, J.;
Olsson, L. Surveying of acid-tolerant thermophilic lignocellulolytic fungi in Vietnam reveals surprisingly
high genetic diversity. Sci. Rep. 2019, 9, 1–12. [CrossRef]

24. Zhang, L.; Sun, X. Addition of fish pond sediment and rock phosphate enhances the composting of green
waste. Bioresour. Technol. 2017, 233, 116–126. [CrossRef]

25. Atif, K.; Haouas, A.; Aziz, F.; Jamali, M.Y.; Tallou, A.; Amir, S. Pathogens Evolution During the Composting
of the Household Waste Mixture Enriched with Phosphate Residues and Olive Oil Mill Wastewater.
Waste Biomass Valori. 2020, 11, 1789–1797. [CrossRef]

26. Gams, W.; Aa, H.A.; van der Plaats-Niterink, A.J.; Samson, R.A.; Stalpers, J.A. CBS Course of Mycology, 3rd ed.;
Centraalbureau voor Schimmelcultures: Baarn, The Netherlands, 1987; p. 136.

27. Samson, R.A.; Houbraken, J.; Thrane, U.; Frisvad, J.C.; Andersen, B. Food and Indoor Fungi. CBS Laboratory
Manual Series; Westerdijk Fungal Biodiversity Institute: Utrecht, The Netherlands, 2010; p. 390.

28. Shannon, C.E. A mathematical theory of communication. Bell Syst. Tech. J. 1948, 27, 623–656. [CrossRef]
29. Magurran, A.E. Measuring Biological Diversity; Blackwell: Oxford, UK, 2004; p. 230.
30. Mueller, G.M.; Foster, M.; Bills, G.F. Biodiversity of Fungi Inventory and Monitoring Methods; Academic Press:

Burlington, MA, USA, 2004; p. 777.
31. Jaccard, P. Nouvelles recherches sur la distribution florale. Bull. Soc. Vaud. Sci. Nat. 1908, 44, 223–270.
32. Houbraken, J.; de Vries, R.P.; Samson, R.A. Modern taxonomy of biotechnologically important Aspergillus

and Penicillium species. Adv. Appl. Microbiol. 2014, 86, 199–249.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/1065657X.2015.1046612
http://dx.doi.org/10.1016/j.biortech.2009.08.109
http://www.ncbi.nlm.nih.gov/pubmed/19766485
http://dx.doi.org/10.1038/srep38915
http://dx.doi.org/10.1016/j.biortech.2017.05.116
http://dx.doi.org/10.1080/15572536.2006.11832836
http://dx.doi.org/10.1016/j.funeco.2014.05.007
http://dx.doi.org/10.1016/j.biortech.2015.03.124
http://dx.doi.org/10.1093/mmy/myw047
http://dx.doi.org/10.1080/00275514.1973.12019529
http://dx.doi.org/10.1099/ijsem.0.001360
http://dx.doi.org/10.1038/s41598-019-40213-5
http://dx.doi.org/10.1016/j.biortech.2017.02.073
http://dx.doi.org/10.1007/s12649-018-0495-3
http://dx.doi.org/10.1002/j.1538-7305.1948.tb00917.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Composting Procedure and Sampling 
	Fungal Isolation 
	Molecular Identification 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

