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Pressmud is a substrate derived from sugarcane juice filtrate, and around 26—40 kg of this
residue are produced per ton of sugarcane. It is mainly used as fertilizer in crops, and its
application in the field is often made without any prior treatment, but, in this research, it was
studied for the risk this practice poses for human health. This research was stimulated by
previous results indicating the presence of opportunistic pathogens in residues used in various
composting systems and the extensive use of fresh pressmud in agriculture. Here, It was
assessed the fungal diversity present in both fresh and composting pressmud using 454
pyrosequencing. In addition, heat-tolerant fungi were isolated and surveyed for their enzymatic
repertoire of biomass-degrading enzymes (cellulase, xylanase, laccase and polygalacturonase). A
wide range of opportunistic pathogens was found among the most abundant taxa in the fresh
pressmud, such as Lomentospora prolificans (43.13 %), Trichosporon sp. (10.07 %), Candida
tropicalis (7.91 %), and Hormographiella aspergillata (8.19 %). This indicates that fresh
pressmud might be a putative source of human pathogenic fungi, presenting a potential threat to
human health if applied as fertilizer without any treatment. With regard to the heat-tolerant fungi
found in this substrate, all the 110 isolates screened were able to produce at least one of the
tested enzymes. The pressmud composting process not only effectively reduces the load of
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pathogenic fungi, but also creates an interesting environment for fungi able to produce
thermostable hydrolytic and oxidative enzymes with biotechnological applications.

INTRODUCTION

Brazil is the largest sugar producer worldwide, with an esti-
mated production of 654.6 million tons of sugarcane in
2015 (CONAB, 2015). Considerable amounts of by-
products (i.e. pressmud, bagasse and molasses) are gener-
ated during the production process. Pressmud (or filter

GenBank (NCBI) sequence database under accession numbers
KUBb65380-KUBB5387. The de-multiplexed ITS dataset obtained using
pyrosequencing was deposited in MG-RAST under project number
254695 (accession numbers 4689389.3-4689394.3).

Two supplementary figures and three supplementary tables are available
with the online Supplementary Material.

cake) is derived from sugarcane juice filtrate; it is rich in
phosphorus, nitrogen, and organic matter and has high
moisture content (Prado et al., 2013). Approximately 26—
40 kg of this residue is produced after crushing one ton of
sugarcane (Bhosale et al., 2012).

Pressmud is largely used as fertilizer in crops and it is often
applied without any treatment (as for example, compost-
ing) (Balakrishnan & Batra, 2011). Composting is one of
the possible treatments where a biotransformation of solid
organic matter into a matured and stabilized substrate, due
to microbial action under aerobic conditions, takes place.
Usually, three different phases can be recognized during the
composting process: (1) mesophilic phase (up to 40°C),
which usually lasts for a couple of days; (2) thermophilic
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(over 40 °C), which can last from a few days to several days;
and (3) mesophilic curing or maturation phase (up to
40°C), which can last for several months (Mehta et al.,
2014).

The potential advantages of composting pressmud include:
(i) the production of a marketable product, (ii) reduction of
offensive odours caused by rotting, (iii) reduction of envi-
ronmental pollution by solid waste, (iv) weight reduction of
the residue as a result of drying and decomposition of
organic matter and (v) an increase in the nutrient concen-
tration in the pressmud due to the removal of water and
cellulose (Bernhardt & Notcutt, 1993).

Although several environments have been studied using
massive parallel sequencing, only a few composting systems
have been investigated (De Gannes et al., 2013; Langarica-
Fuentes et al., 2014a, 2015). These studies revealed a large
diversity of fungi including several sequences that could not
be assigned to known taxa and probably represent novel
species. In addition, opportunistic human pathogens have
been found in residues used in composting processes (De
Gannes et al., 2013), but their occurrence in fresh pressmud
is still unknown. However, because composting often
reaches high temperatures, it may harbour a high diversity
of heat-tolerant fungi with relevance for biotechnological
purposes (Oliveira et al., 2015).

Here, the diversity and succession of fungi in a pressmud
composting system were characterized using high-through-
put 454 pyrosequencing of I'TS libraries from the fresh press-
mud and during the composting process (thermophilic and
maturation phases). Furthermore, the occurrence of oppor-
tunistic pathogens in the fresh pressmud and throughout
the composting process was evaluated. In addition, heat-tol-
erant fungi were isolated in the fresh pressmud and in the
different stages of the composting process to access their
enzymatic potential for biomass conversion.

METHODS

Experimental heaps. Approximately 1 ton of fresh pressmud was
sampled to assemble three composting heaps (A, B and C, see Fig.
S1 available in the online Supplementary Material). The substrate was
collected from Usina Santa Lucia (Araras, SP, Brazil) during the sugar-
cane harvesting season in 2013. Initially, the whole raw material was
mixed and moistened. Then, three piles were assembled in a well-venti-
lated and sheltered area using the windrow method, which consists
of placing the residue in long narrow piles that are generally revolved to
improve oxygen content. The piles were placed 1 m apart from one
another and each was 0.8 m high, 1 m wide and 1.5 m long.

Sampling and physico-chemical analysis. After mixing and moist-
ening the fresh pressmud, samples from 5 to 10 cm below the surface
were taken at various points from the raw substrate, then combined into
a composite sample and stored in polyethylene bags. The same proce-
dure was done for each pile during the thermophilic and maturation
phases, except for the thermophilic phase of pile A which lasted only
three days and did not reach high temperatures.

The organic carbon content of the compost was estimated by the weight
loss, using the combustion method at 430°C for 24h (Nelson &

Sommers, 1982), and the total amount of carbon in the sample was
determined by dividing the percentage of observed organic matter con-
tent in the sample by the correction factor 1.8, based on the assumption
that humified organic matter contains around 54 % of carbon (Jiménez
& Garcfa, 1992). Total nitrogen was measured by the Kjeldahl method
following digestion in sulfuric acid with catalysts (Bremner & Mulvaney,
1982).

The temperature of the piles was monitored daily over the first month
of composting and twice a week during the second month using a digital
soil thermometer with a 50 cm rod-shaped sensor (Instrutherm, Sao
Paulo, SP, Brazil).

Assessing fungal diversity by pyrosequencing. A total of six sam-
ples were collected as described (Fresh pressmud; thermophilic phase of
piles B and C; and maturation phase of piles A, B and C) and maintained
at —80°C. DNA extraction was carried out using PowerSoil DNA Isola-
tion Kit (MO-BIO Laboratories, Carlsbad, CA, USA) following the man-
ufacturer’s protocol. A total of 0.3 g of substrate from each pile was used
for DNA extraction. DNA concentration and quality were checked in
NanoDrop (Thermo Scientific, Waltham, MA, USA) and stored at
—20°C.

Internal transcribed spacer (ITS) amplification, library preparation and
sequencing were performed by Macrogen (http://www.macrogen.com,
Seoul, Korea). Briefly, ITS region of fungi belonging to each sample was
amplified using the ITS1F-ITS4 primer pair. These primers were con-
nected with a barcode sequence to identify each library and an adaptor
region. Amplicons derived from all samples were pooled together in an
equimolar ratio and the sequencing was performed in a 454 pyrose-
quencing Genome Sequencer FLX Plus (Life Sciences, Branford, CT,
USA).

Analysis of pyrosequencing data. Sequence processing, grouping in
Operational Taxonomic Units (OTUs), taxonomic affiliation and diver-
sity metrics were performed in MacQIIME v.1.8.0 (Caporaso et al.,
2010). The raw sequences were filtered for quality (Phred>25), length
(>400 bp) and homopolymer (length >6 bp). Quality-checked sequen-
ces were then submitted to de novo chimera detection in UCHIME
(Edgar et al., 2011) using the USEARCH v. 5.2.236 (Edgar, 2010) pipe-
line in MacQIIME.

After processing, sequences with 97 % similarity were clustered in OTUs
in USEARCH. A representative sequence of each OTU was selected
using pick_rep_set.py script in MacQIIME. For taxonomic assignment,
the RDP classifier (minimum confidence of 0.5) (Wang et al., 2007)
was used against UNITE+INSDC database (https://unite.ut.ee, Abaren-
kov et al., 2010). To confirm the taxonomic assignment of the most
abundant OTUs, sequences were compared with similar sequences avail-
able in NCBI-GenBank database (http://www.ncbinlm.nih.gov/) using
MegaBLAST algorithm (Morgulis et al, 2008). After reviewing the
results of the OTU clustering, there were still OTUs unassigned to any
fungal phyla; BLAST searches of representative sequences of these OTUs
revealed that they were likely chimera sequences that passed through to
the de novo detection; therefore, such OTUs were removed before the
diversity analyses.

Fungal diversity in composting heaps was evaluated by alpha diversity
indices (Shannon and Simpson), richness estimator (Chaol) and rare-
faction curves. Beta-diversity between fresh pressmud and different
composting phases was evaluated by the Bray—Curtis similarity index
and principal coordinate analysis (PCoA) calculated in MacQIIME. To
determine differences in fungal community structure between the sam-
ples from the different composting phases, an analysis of similarity
(ANOSIM) was used based on the Bray—Curtis distance matrix. Then,
differences in the initial and final proportion of pathogenic fungi were
assessed by the Chi-square test (P<0.05) in R v. 3.0.1 (R Development
Core Team 2013).
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The de-multiplexed ITS dataset obtained using pyrosequencing was
deposited in MG-RAST under project number 254695 (accession num-
bers 4689389.3—4689394.3).

Isolation and identification of thermophilic and thermotolerant
fungi. To obtain heat-tolerant fungi with biomass-degrading potential,
samples were taken from the fresh pressmud and in the thermophilic
and maturation phases of composting. Samples of 10 g from each pile
and at each composting stage (as described in the "sampling" section)
were subjected to serial dilution. Then, 100 pl from the 107~ to 107 dilu-
tions were spread onto two standard culture media widely used for ther-
mophilic fungi (Salar & Aneja, 2007) (in g 1" : (1) Yeast Starch Agar
(4 g yeast extract, 15g soluble starch, 1 g K,;HPO,, 0.5g MgSO4.7H,0
and 20g agar); (2) Yeast Glucose Agar (5g yeast extract, 10g glucose
and 20 g agar) and onto a third medium (nutrient-balanced medium):
(3) Malt Extract Agar 2% (MA2 %) (20 g malt extract and 15 g agar).
Both the yeast starch agar and yeast glucose agar were supplemented
with 50 mg 17" rose bengal to restrict the development of fast-growing
fungi. All media were supplied with 30 mg ™" streptomycin sulfate and
penicillin G (Sigma-Aldrich, St Louis, MO, USA) to inhibit bacterial
growth. Plates were incubated at 45°C for five days and monitored
daily.

All fungi recovered from the substrates were purified on MA2 % and
subjected to morphological screening. Representative isolates of each
morphospecies were identified using morphological (macro and micro-
scopic characteristics) and molecular approaches.

For each morphospecies, genomic DNA from representative isolates was
extracted by physical lysis with glass beads (425-600 pm diameter) fol-
lowing a combined protocol from Moller et al. (1992) and Gerardo et al.
(2004) using fresh mycelia. After DNA extraction, the ITS region or
B-tubulin gene were amplified with primers ITS4 and ITS5 (White
et al., 1990) for the ITS region or BT2a and BT2b (Glass & Donaldson,
1995) for B-tubulin. Amplification reactions consisted of 0.2 mM each
of dNTP, 5x KCl buffer, 1.5 mM MgCl,, 0.5 uM each of the primer and
1U of Taq polymerase (Promega, Madison, W1, USA) in a final volume
of 25 ul. Amplicon purification was performed using the Wizard SV Gel
and PCR Clean-up System kit (Promega, Madison, WI, USA), and
amplicons were quantified in the NanoDrop (Thermo Scientific,
Waltham, MA, USA). The sequencing reaction was performed using the
BigDye Terminator Cycle Sequencing kit v.3.1 (Life Technologies, Carls-
bad, CA, USA) following the manufacturer’s protocol and applied to the
ABI 3330 sequencer (Life Technologies, Carlsbad, CA, USA).

Forward and reverse sequences were compiled in contigs using BioEdit
v7.1.3. The contigs were compared with homologous sequences
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Fig. 1. Temperature monitoring during composting of pressmud
in three heaps (A, B and C). Composting stages are denoted in
the figure.

deposited in NCBI-GenBank and the database of the Fungal Biodiversity
Centre (CBS-KNAW). To confirm the species identification, the sequen-
ces were subjected to phylogenetic analysis in MEGA v.5.05 using addi-
tional sequences from reference strains (mostly from CBS-KNAW). The
sequences were deposited in GenBank under accession numbers
KU855380-KU855387. The isolate TBO264 was identified only by
morphology.

Enzymatic profiling of heat-tolerant fungi. To test the enzymatic
potential of the heat-tolerant strains for biomass conversion, a screening
of four different enzymes involved in the process (cellulase, xylanase,
laccase and polygalacturonase) was undertaken. A total of 110 fungi iso-
lated from the composting heaps were submitted for enzymatic screen-
ing. Isolates identified as Aspergillus fumigatus were excluded from the
screening because this fungus is considered to be a potential opportunis-
tic pathogen, although it is a good producer of some of the evaluated
enzymes. The strains maintained on MA2 % slants at 25°C were sub-
cultured in MA2 % and incubated at 45°C for five days prior to enzy-
matic screening.

The screening for fungal producers of hemicellulolytic enzymes (cellu-
lase and xylanase) was performed using a method that cultivated fungi
in microtubes (2ml) containing 1.1 ml of specific liquid medium to
induce enzyme production. The tubes were incubated for eight days at
45°C under agitation (120rpm). Then, the tubes were centrifuged at
3000 rpm for 10min and the supernatant was recovered for enzyme
extraction. Next, 50 pl of the extracts were added to sterilized plastic
cylinders and arranged in plates containing medium specific for each
enzyme. The plates were incubated at 45 °C in the dark for 24 h.

Culture media used to induce the production of cellulase and xylanase
and the visualization of the results (based on halo formation) was per-
formed according to the methods of Kasana ef al. (2008) and Strauss
et al. (2001), respectively. The screening for polygalacturonase and lac-
case-producing fungi was performed in individual plates using the
methods of Mckay (1988) and D’Souza et al. (2006), respectively. The
presence of a halo around the fungal colony indicated a positive result.

RESULTS

Physico-chemical analysis of pressmud
composting

The composting heaps quickly reached the thermophilic
phase. Pile C reached the thermophilic phase (temperature
above 40 °C) on the second day of composting, while piles
A and B reached the thermophilic phase on the third day
(Fig. 1). Pile A remained in the thermophilic phase from
the 3™ to the 5™ day and reached 46°C (Fig. 1). Pile B
remained in the thermophilic phase from the 3™ to the 14
day of composting and reached a temperature peak of
52 °C. Pile C remained in the thermophilic phase from the
2" to the 13™ day and reached the highest temperature
peak of 55°C (Fig. 1). Because pile A reached a maximum
temperature of 46 °C followed by the maturation stage, no
sampling was performed during the thermophilic phase for
this heap.

The C/N ratio of the initial compost heaps was 29.10
(Table 1). This ratio decreased during the maturation stage
for the three piles, mostly due to the increased N content
compared to the beginning of the process. Pile A showed
the lowest change in the C/N ratio in comparison to the
fresh pressmud (Table 1).
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Table 1. Chemical characterization of pressmud composting of three piles during different phases

Sample Nitrogen (%) Organic matter (%) Carbon (%) C/N
Fresh pressmud* 1.41 73.81 41.10 29.10
T2B 1.84 77.65 43.14 23.46
T2C 1.77 74.33 41.29 23.29
T3A 1.70 79.87 44.37 26.12
T3B 1.94 69.39 38.55 19.86
T3C 1.98 65.70 36.15 18.27

*Fresh pressmud, mesophilic phase. T2, thermophilic phase; T3, maturation phase; A, B and C indicate the different composting piles.

Massive parallel sequencing of pressmud
composting system

A total of 148 643 sequences were obtained from the six
samples analysed. After processing, the final dataset con-
sisted of 85 605 sequences, with an average of 14 267.33
+1 712.38 sequences per library. All sequences were clus-
tered in 175 OTUs (see Table S1).

Fungi of the phylum Ascomycota were predominant
throughout the composting process (70.3 % of the total
sequences), followed by Basidomycota (17.7 %). Represen-
tatives of the phylum Chytridiomycota (fungi that need
water to reproduce), although in low amounts (lower than
0.01 %), were also found. The remaining sequences (12 %)
were classified as unidentified fungi.

Regarding the taxa comprising the phylum Ascomycota, the
most abundant order was Microascales (24.6% of the
sequences), followed by Eurotiales and Sordariales (16.8 %
both, Fig. 2). Considering the phylum Basidiomycota, the
most abundant order was Agaricales (6.9 %, Fig. 2). The
most abundant OTUs (>1 % of the total sequences) found
in the composting piles are summarized in Table 2 (the full
list is available in Table S2).

A marked predominance of Lomentospora prolificans
(Microascales, 43.13 % of the sequences) was observed in
the fresh pressmud. In addition, Thermomyces lanuginosus
(Eurotiales, 10.44 %), a thermophilic fungus often associ-
ated with composting systems, and Trichosporon sp2 (Tri-
chosporonales, 10.06 %, Table 2) were found as the most
abundant.

In the thermophlic phase, L. prolificans was found as the
most abundant OTU in pile B (43.65 %); however, in pile
C, which achieved the highest temperature (55°C), there
was a drastic reduction in the abundance of this fungus
(14.91 %). In contrast, the abundance of T. lanuginosus dur-
ing this phase was reduced in the pile B but increased in
pile C (7.47 and 21.57 %, respectively). Furthermore, Myco-
thermus thermophilum (Leotiomycetidae), also considered a
thermophilic fungus, and Zopfiella species (Sordariales)
were the most abundant in pile C (11.35 and 13.17 %,
respectively).

During the maturation phase of the compost,
the abundance of L. prolificans was reduced in piles B and C
(5.67 and 8.97 %, respectively), but the same did not occur
in pile A (19.42 %), which did not reach high temperature
(maximum of 46 °C) and the thermophilic phase lasted for
only three days. Furthermore, T. lanuginosus became the
most abundant in piles B and C during the maturation
phase. However, in pile A there was a higher growth of Basi-
diomycetes fungi, such as Coprinus cordisporus, Tricho-
sporon spl and Coprinus sp. (12.16, 10.14 and 5.72 %,
respectively), when compared to the other piles.

It is worth mentioning that the presence of a wide range of
fungi considered to be opportunistic pathogens, such as L.
prolificans (43.13 %), Trichosporon sp. (10.07 %), Candida
tropicalis (Saccharomycetales, 7.91 %) and Hormographiella
aspergillata (Agaricales, 8.19 %), are among the most abun-
dant taxa in fresh pressmud. However, all these fungi had a
remarkably reduced load (P<0.05) after the thermophilic
stage, especially in piles B and C, where temperatures were
higher.

Along the pressmud composting process, there was a slight
tendency to increase the number of species (see Table S3).
Fresh pressmud showed 83 OTUs; 80 and 89 OTUs were
observed during the thermophilic phase of piles B and C,
respectively. Lastly, the highest number of OTUs was
observed in the maturation phase in the three composting
piles (mean of 116.7+6.1 OTUs, see Table S2).

The species richness estimator Chaol showed that the num-
ber of observed taxa was close to the expected in almost all
samples (see Table S2), corroborating the rarefaction analy-
sis of OTUs at 97 % similarity (see Fig. S2); this indicates
that sampling successfully assessed a comprehensive part of
the fungal diversity present in the pressmud composting.
Alpha diversity indices (Shannon and Simpson) followed a
similar pattern as OTUs richness, showing a tendency to
increase throughout the composting process (see Table S2).
Furthermore, Bray—Curtis similarity index showed that dif-
ferent piles share an average of 58.5+9.3 % of OTUs, even
considering the same stages of composting.

The ANOSIM test confirmed that the observed community
composition was not significantly different among the
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Fig. 2. Mycota (ranked by order) of the fresh pressmud and of the different composting stages. The different fungal orders are
represented by different colors as well as by symbols. Fresh pressmud, mesophilic phase; T2, thermophilic phase; T3, matura-

tion phase. A, B and C indicate the different piles.

different stages (fresh pressmud, thermophilic and matura-
tion phases) (R=0.545, P>0.1). However, as the diversity
increased in the piles, fungal diversity became more distinct,
indicating succession over the composing process; the great-
est differences were found mainly when comparing the ther-
mophilic (T2) to the maturation phase (T3) (see Table S2).
PCoA confirms that the fungal community structure at the
end of the composting process (maturation phase) tends to
be different from the initial and thermophilic phases
(Fig. 3). However, PCoA also confirmed that distinguish-
able microbial communities were found when comparing
different piles at the same stage, possibly because of the dif-
ferent temperatures reached by the piles in the thermophilic
phase (e.g. piles B and C ended up with a similar fungal
community in the maturation phase, different from pile A,
which did not reach high temperatures; Fig. 3). The change
in dominance of the opportunistic pathogen L. prolificans
seems to be the main influencing factor in this variance.
PCoA corroborates this fact, since very high percentages
were found in the fresh pressmud sample and in the ther-
mophilic phase for pile B, but lower values were found for

the other samples, especially for the mesophilic phase in
piles B and C (Figs 2 and 3).

Assessment of heat-tolerant fungi and their
biomass-degrading enzymes

A total of 332 heat-tolerant fungi were isolated from the six
data points (fresh pressmud, thermophilic stage of piles B
and C and maturation stage of piles A, B and C, Table 3).
The temperature of the fresh pressmud was 25 °C, and eight
fungal species were obtained from this substrate. During
the thermophilic phase, seven and six fungal species were
recovered from piles B (52°C) and C (55 °C), respectively.
During the maturation phase, the temperature of pile A was
27°C and the temperature of piles B and C was 32°C.
Three, five and eight fungal species were obtained from
these piles, respectively (Table 3).

Among all the isolates obtained, five species belonged to the
phylum Ascomycota (91.6 % of the isolates) and four to the
subphylum Mucoromycotina (8.4 %). Fungi in the phylum
Ascomycota comprised the orders Eurotiales (Aspergillus

http://mic.microbiologyresearch.org
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Table 2. Relative abundance (%) of the most abundant taxa (OTUs) in different stages of pressmud composting*

Fungal taxa Sample

Fresh pressmud** T2B T2C T3A T3B T3C
Lomentospora prolificans 43.13 43.65 14.91 19.42 5.67 8.97
Thermomyces lanuginosus 10.44 7.47 21.57 5.59 22.26 26.54
Mycothermus thermophilum 0.35 222 20.99 3.87 4.0 11.35
Trichosporon spl 0.01 16.58 0.26 11.09 0.3 0.12
Trichosporon sp2 10.06 0.52 14.10 2.05 1.17 1.06
Zygopleurage zygospora 3.61 1.3 0.13 5.88 11.46 1.33
Coprinopsis sp. 0.04 9.4 10.82 0.49 0.19 0.28
Unidentified fungi 4.23 0.72 0.65 3.67 10.42 1.92
Coprinus cordisporus 0.02 1.44 1.32 13.39 1.57 3.28
Zopfiella sp. 0.16 0.36 0.36 2.3 4.33 13.17
Coprinus sp. — 3.5 3.82 6.25 1.49 1.15
Cercophora coronata 1.59 1.61 0.05 0.7 9.69 1.39
Candida tropicalis 7.91 1.8 0.65 0.3 0.64 0.29
Sordariales 0.04 0.63 0.53 2.4 2.11 6.64
Hormographiella aspergillata 8.19 1.3 1.08 0.03 0.02 0.04
Podospora communis 0.16 1.59 0.01 2.63 3.37 1.14
Cercophora sp. 0.12 0.82 0.42 0.35 5.17 0.43

*Considering the total number of sequences representing more than 1% of the sequences in each library.
**Fresh pressmud, mesophilic phase; T2, thermophilic phase; T3, maturation phase; A, B and C indicate the different composting piles.

fumigatus and T. lanuginosus), Onygenales (Myceliophthora
fergusii and M. thermophila) and Leotiomycetidae (Mjyco-
thermus thermophilus). All representatives of Mucoromyco-
tina belonged to the order Mucorales (Lichtheimia ramosa,

0.4 T T T T T T

T3A
0.3r ] -

o1k R

T2B

T T3C

0.2+ -

PC2 - Percent variation explained 22.68%
o
o
®

T2C

—0.4 1 1 1 1 1 1
-04 -03 -02 -0.1 0.0 0.1 0.2 0.3 0.4

PC1-Percent variation explained 46.96%

Fig. 3. Principal coordinate analysis (PCoA) of the fungal com-
munities in a pressmud composting system. Fresh pressmud (red),
thermophilic phase (orange), maturation phase (blue).

Rhizomucor miehei, Rhizopus microsporus and Thermomucor
indicae-seudaticae).

A. fumigatus was the most abundant species isolated in cul-
ture (66.3% of the isolates), followed by T. lanuginosus
(16 %). Both fungi were prevalent and consistently isolated
in all samples. Other species were also observed in the dif-
ferent stages of composting, although they were not com-
mon to all stages of each pile (ie. M. fergusii, M.
thermophila, R. pusillus and T. indicae-seudaticae, Table 3).
The thermotolerant species L. ramosa was found only in the
fresh pressmud. M. thermophilum was present in the fresh
pressmud but was not observed during the thermophilic
phase. Later in the maturation stage, this species reappeared
in piles B and C. Rhizopus microsporus appeared during the
thermophilic phase and remained during the maturation
phase.

With regard to the enzymatic potential of the fungi, all iso-
lates were positive for at least one of the tested enzymes
(Table 4). Strains belonging to the same species presented
the same enzymatic profile. The majority of fungi was posi-
tive for xylanase (60.9 % of the total number of isolates),
followed by cellulase and laccase (44.5% for both) and
polygalacturonase (30.9 %).

The production of laccase was observed only for T. lanugi-
nosus isolates, which were negative for cellulase. The fungal
genera Lichtheimia, Rhizomucor, Rhizopus and Thermomu-
cor produced polygalacturonase and xylanase. Furthermore,
T. indicae-seudaticae was the only one able to produce three
different enzymes (Table 4). Fungi in the genus
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Table 3. Abundance (number of isolates) of thermophilic and thermotolerant fungi during composting of pressmud

Fungal species Mesophilic Thermophilic (T2) Maturing (T3) Total %
Fresh pressmud A* B C A B C

Aspergillus fumigatus 60 26 44 26 34 30 220 66.3
Lichtheimia ramosa 1 1 0.3
Myceliophthora fergusii 3 4 6 6 19 5.7
Myceliophthora thermophila 1 3 1 1 2 8 24
Rhizomucor pusillus 4 2 2 1 2.7
Rhizopus microsporus 3 1 5 2 11 3.3
Mycothermus thermophilum 1 2 1 1.2
Thermomucor indicae-seudaticae 1 2 2 2 7 2.1
Thermomyces lanuginosus 4 11 7 13 12 6 53 16

Total 75 51 61 40 55 50 332 100

*Because pile A did not reach >50°C, it was not sampled during the thermophilic phase (see methods). A, B and C indicate the different compost-

ing piles.

Myceliophthora are most likely involved in the production
of cellulolytic enzymes and were the only fungi that did not
show the production of xylanase.

DISCUSSION

The massive ITS sequencing revealed the dynamics of the
fungal communities present in fresh pressmud and their
change over the composting process, raising new informa-
tion about the species present in the system. An increase of
fungal diversity from the fresh pressmud to the maturation
phase was observed. In contrast, other studies with non-
sugarcane material, which also used culture-independent
techniques to assess fungal diversity, showed an opposite
trend, with reduction of fungal diversity after the thermo-
philic phase (Tiquia, 2005; Bonito et al., 2010; Hultman
et al., 2010). However, De Gannes et al. (2013) evaluated
three different composting systems (rice straw, sugarcane
bagasse and coffee hulls) and observed that the sugarcane
bagasse composting follows the same pattern found in
pressmud composting, indicating that the increasing of fun-
gal diversity might be a characteristic of sugarcane residues

and its composting process. Furthermore, Ascomycota is
often the prevalent phylum in composting systems as
observed in pressmud composting, generally comprising
more than 60 % of the sequences (Langarica-Fuentes et al.,
2014a, 2015) or in some cases reaching up to 93% (De
Gannes et al., 2013).

Ghazifard et al. (2001) reported that the increase in temper-
ature caused a modification of the microbiota, reducing the
diversity of mesophilic fungi and leading to an increase in
the diversity of heat-tolerant fungi. In pressmud compost-
ing, the increase in temperature most likely led to an
increase in the microbial load of some species (mainly heat-
tolerant species) over the reduction of others (mesophilic
species and pathogens), which did not withstand the tem-
perature reached during the thermophilic phase, instead of
alter species composition.

Fresh pressmud is often applied directly to sugarcane crops,
without any prior treatment (Balakrishnan & Batra,
2011). However, it is noteworthy that, L. prolificans along
with C. tropicalis accounted for more than 50 % of the
sequences in the fresh pressmud, and both are classified as

Table 4. Enzymatic profile of thermophilic and thermotolerant fungi isolated from a pressmud composting system

Fungal species Enzymes
Cellulase Xylanase Polygalacturonase Laccase

Lichtheimia ramosa + +

Myceliophthora fergusii +

Myceliophthora thermophila +

Rhizomucor pusillus + +

Rhizopus microsporus + +

Mycothermus thermophilum + +

Thermomucor indicae-seudaticae + + +

Thermomyces lanuginosus + +
http://mic.microbiologyresearch.org 1163
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Biosafety Level 2 microorganisms by the American Biologi-
cal Safety Association (ABSA).

In particular, L. prolificans is an emerging opportunistic
pathogen with high levels of resistance to most antifungal
drugs, and infections caused by this fungus are often fatal
(Berenguer et al., 1997; Song et al., 2011). However, basic
aspects of its biology, such as the natural reservoir, are still
poorly known; clarifying these issues is necessary to prevent
exposure of immuno-compromised individuals to this fun-
gus (Thornton et al., 2015). Previously, the prevalence of L.
prolificans was also observed in the mesophilic phase of
sugarcane bagasse composting (De Gannes et al., 2013) sug-
gesting that sugarcane, among other environments, might
be a natural reservoir of this fungus.

Langarica-Fuentes et al. (2014b) evaluated the diversity of
fungi in two commercial compounds in room temperature
and after exposure to heating (50°C). In one of the com-
pounds at room temperature, the authors observed the
presence of L. prolificans, although in low abundance
(1.6 %). However, this fungus was not present among the
most abundant taxa (>0.3%) after heating both com-
pounds up to 50 °C.

Supported by indirect results from De Gannes et al. (2013)
and Langarica-Fuentes et al. (2014b), the notable reduction
of L. prolificans at the end of the pressmud composting pro-
cess highlights composting as a promissing treatment for
pressmud residues before their direct application to agricul-
ture. Specifically, the reduction in L. prolificans is possibly
because of the natural community succession, since this
fungus is not adapted to high temperatures. Therefore, the
heat treatment derived from pressmud composting systems
could potentially reduce the chances of handlers being
exposed to high amounts of the emerging pathogen during
application of this substrate in the field. This is also valid
for C. tropicalis and the other pathogenic fungi present in
the pressmud, which also decreased in abundance over the
composting process.

Studies on the diversity of fungi in composting systems
employing culture-dependent tools commonly report
Aspergillus fumigatus as prevalent (Ghazifard et al., 2001;
Dehghani et al., 2012). A. fumigatus was also found as the
prevalent species isolated in piles of pressmud composting
(66.3 % of the total isolates). However, here this fungus was
not among the most abundant when using a culture-
independent method, suggesting that it does not play an
important role in the system but it has the advantage
that it grows rapidly in the culture media (i.e. a copiotro-
phic fungus). On the other hand, T. lanuginosus was found
to be among the most abundant when it was assessed by
both culture-dependent and culture-independent methods.
This fungus is thermophilic and often associated with vari-
ous composting systems in which it is found among the
most abundant taxa (Mchunu et al., 2013; Langarica-
Fuentes ef al., 2014a, b). During the isolation survey L. pro-
lificans was not obtained, possibly because it was performed

at high temperatures (45 °C), targeting isolation of thermo-
philic fungi.

Although fresh pressmud is rich in pathogenic fungi, the
composting process contains a variety of fungi with biotech-
nological potential, for example, the production of enzymes
for biomass conversion. T. lanuginosus has been reported to
be the largest producer of cellulase-free xylanases, which
has prompted the use of genome sequencing to assess the
genetic potential of this species for industrial applications
(Mchunu et al., 2013). Zhou et al. (2014) exploited the
genome of Rhizomucor miehei and reported the existence of
a large number of genes encoding proteolytic, amylolytic
and lipolytic enzymes including xylanase and 3-glucanase,
revealing the potential of this fungus for the degradation of
organic matter.

Several studies have suggested that M. thermophila (Moretti
et al., 2012; Pereira et al., 2015) and M. heterothallica (van
den Brink et al., 2013) are interesting bioconverters of
lignocellulosic residues to simple sugars. Furthermore, the
genomic study of M. thermophila and Thielavia terrestris
suggested that they were capable of hydrolyzing all the
major polysaccharides present in the plant biomass (Berka
et al., 2011). M. thermophila has the largest number of
hemicellulolytic enzymes and accessory enzymes observed
to date; it contains eight genes encoding endoglucanases,
seven cellobiohydrolases, nine 3-glucosidases, 25 lytic poly-
saccharide monooxygenases (LPMOs), and other enzymes
of the group including xylanase, arabinases, mannanase,
pectinases and esterases (Karnaouri et al., 2014).

Therefore, we raise an alert for the use of fresh pressmud,
because it is a putative source of human pathogenic fungi,
and it presents a potential threat if applied as fertilizer with-
out any treatment. However, composting with
the thermophilic phase minimizes the amount of opportu-
nistic pathogenic fungi in this substrate. At the same time,
the pressmud composting process creates an interesting
environment to study fungi that can produce thermostable
hydrolytic and oxidative enzymes. Such fungi have the
potential to be used as a starter culture consortium to accel-
erate the composting process of pressmud, other plant
wastes or for industrial purposes.
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