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Abstract: Mono- and polycyclic aromatic hydrocarbons (PAHs) are widespread and recalcitrant
pollutants that threaten both environmental and human health. By exploiting the powerful enzymatic
machinery of fungi, mycoremediation in contaminated sites aims at removing a wide range of
pollutants in a cost-efficient and environmentally friendly manner. Next-generation sequencing (NGS)
techniques are powerful tools for understanding the molecular basis of biotransformation of PAHs by
selected fungal strains, allowing genome mining to identify genetic features of biotechnological value.
Trichoderma lixii MUT3171, isolated from a historically PAH-contaminated soil in Italy, can grow on
phenanthrene, as a sole carbon source. Here, we report the draft genome sequence of T. lixii MUT3171
obtained with high-throughput sequencing method. The genome of T. lixii MUT3171 was compared
with other 14 Trichoderma genomes, highlighting both shared and unique features that can shed a
light on the biotransformation of PAHs. Moreover, the genes potentially involved in the production
of important biosurfactants and bioactive molecules have been investigated. The gene repertoire
of T lixii MUT3171 indicates a high degrading potential and provides hints on putative survival
strategies in a polluted environment.

Keywords: Hypocreaceae; bioremediation; aromatic hydrocarbons; comparative genomics

1. Introduction

The fungal genus Trichoderma (Ascomycota, Sordariomycetes, Hypocreaceae) gathers successful
colonizers of very diverse environments and is found wherever decaying plant material is available.
Species from this genus are mostly known as biocontrol agents, capable of protecting plants from
pathogens [1] by producing powerful antimicrobial secondary metabolites [2]. Trichoderma spp. have
also become of biotechnological interest due to their diversified enzymatic arsenal that facilitates
their adaptability to a wide range of substrates [3]. These features have been developed throughout
an ancient history of environmental opportunism that turned Trichoderma spp. into efficient and
competitive generalists, through the constant interaction with different organisms [4]. For example,
the carbohydrate-active enzymes (CAZymes) repertoire that characterizes Trichoderma spp. as efficient
phytosaprotrophs was likely acquired ancestrally through mycoparasitism of fungal phytopathogens [5].
These well-developed metabolic pathways enable Trichoderma spp. to grow even in highly polluted
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environments [6], a capacity that is supported by the presence in their genome of genes encoding for
multicopper laccases, peroxidases, and ring-cleavage dioxygenases.

Several environments are subjected to a variety of pollution sources, largely due to improper
human activities. Mycoremediation in contaminated sites aims at removing hazardous pollutants in a
cost-efficient and environmentally friendly manner. Increasing evidence revealed that the success of
filamentous fungi in mycoremediation is aided by their ability to make pollutants more bioavailable,
through the production of biosurfactants [7,8]. However, only a few studies have revealed the presence
of biosurfactant-producing Trichoderma strains [9,10]. The production of bioactive compounds by a
fungal strain is another important parameter when assessing mycoremediation potential: it redirects
nutrient flux from decomposed wastes into molecules that are beneficial to the fungus, guaranteeing
competitiveness of the strain and promoting co-metabolization of chemicals, but it also represents a
drawback in terms of safety application [11,12].

Here, we investigate the genome of Trichoderma lixii MUT3171, isolated from a highly polluted
environment. Through the comparison with other sequenced Trichoderma and by investigating the
peculiar genetic traits of T. lixii MUT3171, we bring perspectives on its hypothetical application in
mycoremediation, and present a novel genomic resource, as no other T. lixii genomic sequences are
currently available in public databases.

2. Materials and Methods

2.1. Microorganism and Growth Conditions

Trichoderma lixii MUT3171 was isolated from a site with a long history of industrial exploitation in
Fidenza, Italy (N44.866126 W10.074016): the main contaminants were polycyclic aromatic hydrocarbons
(PAHs), benzene, toluene, three xylene isomers (BTEX), and alkanes (Table S1), with a total hydrocarbon
content of 378 mg/kg of soil.

The strain is deposited at Mycotheca Universitatis Taurinensis (MUT, www.mut.unito.it) of the
Department of Life Sciences and Systems Biology, University of Torino, Torino (Italy). The soil dilution
plate method was used to isolate microorganisms on a selective medium (soil suspensions were plated
on minimal Czapek medium supplemented with hydrocarbons as sole carbon source). Trichoderma lixii
MUT3171 was isolated in the presence of phenanthrene at 200 mg/L. Mycelium for DNA extraction
was grown on 2% malt extract agar at 25 °C for 7 days.

The identification at species level was carried out through morphological and molecular analyses.
The internal transcribed spacer region (ITS) and translation elongation factor 1-alpha (TEF1-alpha) gene
sequences obtained for T. lixii MUT3171 are available at GenBank NCBI under the accession numbers
MF305834 and MT435114, respectively.

2.2. Laccases and Biosurfactants Analysis

The ability of T. lixii MUT3171 to produce extracellular laccases was evaluated using a color-based
method. Trichoderma lixii MUT3171 was inoculated in 2% malt extract agar supplemented with
2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) (1 mM). In the presence of laccase
activity, the colorless medium turns dark green. Plates were incubated at 24 °C for 7 days.

For biosurfactants production, a qualitative drop collapse test and oil dispersion assay were
performed as described by Boudour and Miller-Maier [13], and by Morikawa et al. [14]. Trichoderma lixii
MUT3171 was inoculated in a modified mineral salt medium: soybean oil (4% w/w) was added to
stimulate the surfactants producing metabolism. The flasks were incubated at 24 °C and 120 rpm.
The culture broth was separated from the mycelium by centrifugation (10 min, 4 °C and 5000 rpm)
and aliquots of the supernatant were analyzed. Positive controls were set up with Tween 80, whereas
negative controls were performed using deionized water.
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2.3. DNA Extraction, Sequencing and Bioinformatics Analyses

Total DNA was extracted from mycelial samples of T. lixii MUT3171 using the QlAamp DNA
Microbiome Kit (Qiagen, Germany). DNA quality and concentration were assessed with Nanodrop
2000 (Thermo Fisher Scientific, Wilmington, DE, USA), and 1 ng DNA was used for library preparation.
The paired-end genomic libraries (2 x 250 bp) were built using the MiSeq v. 3 reagents (600 cycles) and
sequenced at EUROFINS GENOMA Group (Rome, Italy).

Reads quality was assessed with fastQC v.0.11.9 [15], and adapters removal was performed with
Trimmomatic v.0.38 [16] allowing up to 3 mismatches and setting 20 and 8 as palindrome and simple
clip threshold, respectively. The surviving reads (~99.2%) were de novo assembled using SPAdes
v. 3.11 [17] with default parameters, in combination with BayesHammer (distributed with SPAdes
latest version) [18] for reads error correction. The mitochondrial genome was also reconstructed
to isolate the nuclear component. MITObim v. 1.9.1 [19] was used for the reconstruction of the
mitochondrial sequence, which was then annotated with MFannot [20] and GeSeq [21]. GeSeq was run
using the mitochondria of Trichoderma asperellum (NC_037075.1), Trichoderma gamsii (NC_030218.1),
Trichoderma hamatum (NC_036144.1) and Trichoderma reesei (NC_003388.1) as reference sequences.

Nuclear genome statistics were calculated using QUAST v. 4.5 [22]. RepeatModeler v. 2.0.1 [23]
and RepeatMasker v. 4.1.0 [24], both using NCBI/RMBLAST v. 2.10.0+ as a search engine, were
used to identify repetitive and low-complexity regions within the assembly. Ribosomal RNA
(rRNA) and transfer-RNA (tRNA) were predicted with RNAmmer v.1.2 [25] and tRNAscan-SE
v. 2.0.5 [26], respectively.

De novo gene prediction was performed with Augustus v. 2.5.5 [27] using Fusarium graminearum
as training species. Proteome completeness was calculated with BUSCO v. 3.0.1 [28] using the
Sordariomycetes conserved gene set. Secretome prediction was performed following the pipeline
described in Pellegrin et al. [29]. Briefly, proteins carrying a secretion signal were identified with
SignalP v. 5.0 [30] and TargetP [31], while proteins with a transmembrane domain or with a signal for
endoplasmic reticulum permanent retention (PS00014) were identified and discarded with TMHMM
v. 2.0 [32] and by ScanProsite [33], respectively. Subsequently, Wolf PSORT v. 0.2 was used to discard
proteins directed to organelles [34]. CAZymes were identified with HMMER v. 3.3 [35] and the dbCAN
Database v. 7 [36]. For the comparative genome analysis, we performed orthology inference through
basic local alignment search tool (BLAST) searches, MCL clustering, multiple sequence alignments
and genome-wide phylogenies with OrthoFinder v. 2.3.7 [37], targeting the proteomes of 14 currently
available genomes from the genus Trichoderma (including T. lixii MUT3171; accessions shown in
Table S2). We used the “-m msa” OrthoFinder option that computes multiple sequence alignments
and reconciles gene trees for each group of orthologs, combining MAFFT v. 6.240 [38] and FastTree
v. 2.1 [39], respectively. For each proteome, an InterProScan v. 5.38.76 [40] full analysis was performed.
The function of each protein was inferred by integrating the automatic annotation with a manual
curation step: the annotations were considered credible only if multiple proteins in the same group of
orthologs shared at least one characterizing domain. Trichoderma lixii MUT3171 proteins that lacked
orthology in relation to those of the other Trichoderma species examined in the present study were
analyzed with BLASTp against the NCBI nr and conserved domain database (CDD) [41] and visualized,
together with their best BLAST hits, with Geneious v. 2020.1.2 (https://www.geneious.com/download).

Secondary metabolites gene clusters identification and characterization have been performed
with antiSMASH v. 5.1.1 [42] and BIG-SCAPE v. 1.0 [43].

3. Results and Discussion

3.1. Trichoderma lixii MUT3171 Genomic Parameters

The results of colony morphology and phylogenetic analyses based on ITS and TEFI1-alpha
indicated that Trichoderma lixii MUT3171 is closely related to Trichoderma lixii (based on BLASTn results
with MF305834 and MT435114 as query).
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The final assembly for T. lixii MUT3171 nuclear genome is approximately 41 Mbp and possesses
11,923 protein-coding genes (Table 1). The circular mitochondrial genome of T. lixii MUT 3171 (GenBank
accession: MT495248) is 29.79 kbp in length with GC% 27.42. The mitochondrial assembly contains
the gene for the ribosomal protein S3 (rps3), 14 core genes that encode proteins involved in oxidative
phosphorylation and electron transport, and a highly degraded copy of the 3’ fragment of the NAD4
gene. Moreover, mitochondrial genes include the small and the large subunit of YRNA, as well as
25 tRNA genes. The gene order is conserved among other Trichoderma mitochondrial sequences
(NC_037075.1, NC_030218.1, NC_036144.1, NC_003388.1).

Table 1. Nuclear genome statistics: Parameters and content of the nuclear genome assembly of
Trichoderma lixii MUT3171.

Parameter Estimated Value Total Genome

Coverage

Assembly size ~40.89 Mbp -
Number of scaffolds 2142 -
G+C content ~49.4% -
Genome gaps (Ns) ~0.005% (2045 bp) -
N50/L50 77,948 kbp/156 scaffolds -
Number of genes 11,923 -
tRNAs 182 -
rRNAs o 10e e )
Small RNAs 14 -
Secreted proteins 472 -

Satellites 14 0.02%

Simple repeats 8820 0.89%

Low complexity regions 1528 0.19%

Unclassified transposon sequences 1499 0.71%

LTR
Retrotransposon sequences SINEs LINEs (Gypsy/DIRS1) 0.83%
15 226 536
hobo-Activator Tc1-1S630-Pogo Others o
DNA transposon sequences m 49 167 0.18%

The nuclear genome contains single copies of 185 and 28S rRNAs, 44 85 rRNAs (of which 16
organized in clusters), 182 tRNAs, and five pseudogenes. Around 28% of the nuclear genome is
repeated. The nuclear genome encodes for 472 secreted proteins, of which around 40% are smaller
than 300 amino acids, making them candidate secreted effectors. More details on nuclear genome
characteristics are provided in Table 1.

3.2. Orthology-Based Survey of T. lixii MUT3171 Degradative Enzymes

We have investigated the degradative potential of T. lixii MUT3171 by characterizing the
enzyme-encoding genes that may participate in the cleavage of PAHs and other pollutants found in the
sampling site. The genome of T. lixii MUT3171 was compared with those of other Trichoderma strains
deposited in NCBI (to January 2020). We established an orthology relationship between the gene
products of 14 species from the genus (including T. lixii MUT3171), i.e., we identified oxidoreductases,
CAZymes, and biosurfactants, that probably derive from a common ancestor within the species
analyzed in this study [37]. Figure 1 reports the sum of the proteins in each group of orthologs
containing the enzymes involved in the cleavage of PAHs and other pollutants [44]. Our analysis
confirmed that among the isolates belonging to the Trichoderma harzianum complex (Trichoderma
guizhouense NJAU 4742, T. lixii MUT3171, and four T. harzianum strains), numbers of putative
detoxifying enzymes are highly comparable, whereas at the genus level they are not. Multicopper
oxidases (Figure la) seem to be conserved in their number at genus level, but T. lixii MUT3171 and T.
harzianum TR274 have 7 laccases, while other isolates from the T. harzianum complex have 6. Both T.
lixii MUT3171 tyrosinases are extracellular, while most of laccases seem to be cytoplasmic (6 out of
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7). Biochemical evidence of intracellular laccases in Trichoderma is completely missing. Only thanks
to molecular phylogenetic analyses, their occurrence in T. harzianum and T. reesei genome have been
demonstrated [45]. Extracellular laccases are mostly known from Trichoderma atroviride, T. harzianum
and T. asperellum [46—48]. Recent studies have suggested that Trichoderma strains are barely capable
of producing extracellular laccases constitutively. As found for Trichoderma camerunense [9] and
Trichoderma koningiopsis [49], T. lixii MUT3171 showed a minimal laccase activity: the oxidation of
ABTS in solid plate test was marginally appreciable (halo diameter approx. 2 cm). However, laccase
gene transcription is highly sensitive to xenobiotics-related stress. The production of laccases in
Trichoderma can be stimulated by the presence of aromatic compounds as alachlor [50], guaiacol [51],
and pyrene [52], as a direct response of the fungus to their toxicity. Laccases may be involved in the
primary attack of PAHs biodegradation, catalyzing the oxygenation and the oxidative cleavage of
aromatic structure [52].

Multicopper oxidases (a) Monooxygenases (b) Flavindependent monooxygenases (c) Halides-dependent oxidoreductases (d)
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Figure 1. Degradative potential of Trichoderma species, compared with Trichoderma lixii MUT3171:
Comparative genome analysis of T. lixii MUT3171, and 14 sequenced Trichoderma species (more details
are provided in Table S2) in order to investigate well-supported enzymatic categories involved in the
degradation of pollutants [44]. In each box and for each species, the number of orthologs of a specific

enzyme class is reported.

The entire degradation pathway may involve other enzymes such as dioxygenases [52,53] and
cytochrome P450 complex [50]. Remarkably, monooxygenases were the most abundant enzymatic class
in the T. lixii MUT3171 genome (Figure 1b). Our analysis demonstrated that P450 monooxygenases
are the largest subclass. Although they are involved in a variety of processes, including secondary
biosynthesis of metabolites, some of them contain domains indicating their specificity to alkanes and
benzoate. In particular, T. lixii MUT3171 has two benzoate-specific monooxygenases, while other
Trichoderma have one or none. As for the other Trichoderma analyzed in this study, flavin-dependent
monooxygenases of T. lixii MUT3171 are the second most abundant class (Figure 1c), being mostly
composed by flavin-binding monooxygenases-like. No significant increase in gene numbers involved
in halides-dependent peroxidation or dehalogenation was observed (Figure 1d). In this enzymatic class,
the four chloroperoxidases of T. lixii MUT3171 are predicted to be extracellular. As peroxidases activity
requires the production of HO,, we also searched for enzymes involved in this process, i.e., glyoxal
oxidases and Glucose-Methanol-Choline (GMC) oxidoreductases [44], including glucose oxidases,
cellobiose dehydrogenases, and aryl alcohol dehydrogenases (Figure le). Even in this case, T. lixii
MUT3171 genome is comparable to that of the other Trichoderma species examined in this study.
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Additionally, degradation of PAHs strongly relies on phase-II enzymes that mainly consist of
transferases initiating the catabolism of PAHs byproducts [44]. Our results confirmed that the analyzed
Trichoderma genomes possess a large number of glutathione S-transferases and glycosyltransferases
(Figure 1f). The expansion of the glycosyltransferase family has a key role in the success of Trichoderma
as degraders of plant material [4], and our analysis revealed that this feature is unaltered in T. lixii
MUT3171 (Figure 1f,g). Glycosyltransferases may participate to phase II reactions in the PAHs
degradation pathway [44]: after the initial attack by oxidoreductases, they transfer an activated sugar
residue to the hydroxyl groups of the PAHs metabolites. Conjugates are formed, such as O-glucosides,
O-glucuronides, and O-xylosides, that are not normally degraded further and may be secreted.

The knowledge of biosurfactants production by fungi is still very scarce, although these compounds
represent a key factor in the PAHs transformation by enhancing the PAHs bioavailability into the
soil [54]. Only a few studies focused on these metabolites within the Trichoderma genus. To date,
biosurfactant and bioemulsifier activities were observed in T. camerunense [54] and T. reesei [55]. A class
II hydrophobin produced by T. reesei is the only characterized biosurfactant [55]. Likewise, T. lixii
MUT3171 has the genetic potential to produce biosurfactants, specifically the fungal hydrophobins
cerato-platanins and cerato-ulmins (Figure 1h), whose role in mycoremediation is now emerging [7,56].
In agreement with this finding, T. lixii MUT3171 produced extracellular biosurfactants in in vitro tests.
Qualitative drop collapse test and oil dispersion assay gave positive results: the drop was partially
flattering and an unequivocal clarification halo (2.5 cm diameter) was observed.

3.3. Unique Genetic Features of T. lixii MUT3171

Since genome mining revealed a rough overlap between T. lixii MUT3171 and other sequenced
Trichoderma species in terms of degrading enzyme composition, we focused on other genetic traits
that may guarantee the survival of T. lixii MUT3171 in petroleum-polluted environments. Three gene
sequences (g11653.t1, g7464.t1, and g8301.t1) from T. lixii MUT3171 possess a PF13532 domain that
indicates their involvement in the repair of DNA following alkylation damages. These enzymes,
such as AlkB, mostly received attention in bacteria inhabiting petroleum-contaminated soils [57].
From a functional point of view, they are dioxygenases that require ketoglutarate and iron (2Fe-OG
dioxygenases). The orthology-based phylogenetic reconstruction indicates that the products of these
three genes are gathered in two groups of orthologs (Figure 2). While g8301.t1 (Figure 2a) might
have limited divergence from its closest T. harzianum homolog (GCF03025095.1), the phylogenetic
reconstruction highlights a stronger differentiation between g11653.t1 and g7464.t1 (Figure 2b), gathered
in the same group of orthologs. In this group, only T. lixii MUT3171 has a double copy of this gene,
which may suggest a duplication event that led to functional diversification. The presence of these
enzymes may be linked to the survival of T. lixii MUT3171 in the polluted site that is also contaminated
with n-alkanes.

Notably, the genome of T. lixii MUT3171 also encodes for several proteins that lack homology
and cannot be compared with those found in other species of Trichoderma (Figure 3). For example,
we found a quinoprotein alcohol dehydrogenase (Figure 3a) with a strong homology with the one
of Rhizodiscina lygniota (Dothideomycetes), a poorly studied wood saprotroph [58]. Indeed, the top
BLAST hits for this T. lixii MUT3171 protein include only Dothideomycetes, with Lepidopterella palustris,
and Glonium stellatum, both wood decayers [59], together with the yeast Aureobasidium pullulans.
However, little is known about the degrading potential of fungal quinoprotein alcohol dehydrogenases.
Few reports, largely based on bacteria, have provided evidence of a specific role in phenanthrene
degradation [60].
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Figure 2. DNA alkylation damage-related genes in T. lixii MUT3171 and their relationship with other
Trichoderma species: Distance tree of orthologous Trichoderma enzymes with a putative function in
DNA protection against alkylation damages; distances are provided in scientific notation. The distance
trees were generated through the OrthoFinder 2.0 pipeline. Trichoderma lixii MUT3171 sequences are
highlighted in yellow. (a) g8301.t1 showed a very low level of divergence compared with its closest
ortholog found in T. harzianum TR1, (b) g11653.t1 revealed a higher level of divergence compared with
putative orthologs and the paralog g7464.t1.

Another example is the chaperone protein of the DnaJ class in T. lixii MUT3171 (Figure 2b)
that has several homologs in Fusarium oxysporum, but not in Trichoderma. The role of Dna] proteins
consists mainly in the maintenance of endoplasmic reticulum stability under unfolded protein response,
enhancing virulence in F. oxysporum and Ustilago maydis [61]. These proteins may also be involved in
the tolerance against toxic compounds, as demonstrated in the black yeast Cladophialophora immunda
that strongly activated a DnaJ-mediated response to toluene [62]. Trichoderma lixii MUT3171 genome
also encodes for a protein (g9962.t1, Figure 3c) with no known homologs in public databases (as of
January 2020). This protein contains a domain associated with the tolerance to heavy metals by fungi,
plants, and bacteria [63,64] and it is found in both chaperones and transporters.

3.4. Prediction of Secondary Metabolism Genes in T. lixii MUT3171

We identified candidate genes for the production of secondary metabolites and bioactive molecules
in T. lixii MUT3171 genome by means of the antiSMASH pipeline. Numerous recent studies have
revealed that the biosynthetic genes are often organized in transcriptionally co-regulated clusters [65],
and the biosynthetic process is driven by non-ribosomal peptide synthases (NRPS), polyketide
synthases (PKS) and their hybrids (hybrid NRPS-PKS). In T. lixii MUT3171, we identified 23 PKS,
19 NRPS, and 8 NRPS-PKS hybrids, often co-localized on the genome with P450 monooxygenases,
FAD-binding proteins, general substrates transporters, and multicopper oxidases. Nine siderophores
were predicted as well, indicating that T. lixii MUT3171 has a relevant potential in iron sequestration,
a process associated with microbial competition, resistance to oxidative stress, and development under
limiting conditions [66]. Most of the gene clusters from all classes in T. lixii MUT3171 cannot be further
annotated as their composition is not similar to any known biosynthetic gene cluster. Nevertheless,
we were able to infer a distance-based classification of two NRPS, three PKS, and one NRPS-PKS.
Through multiple sequence alignments, the BIG-SCAPE analysis calculated the distances between the
analyzed sequences and those present in the MIBiG repository [67] of known biosynthetic genes clusters.
This repository contains the minimal composition of each gene cluster, while antiSMASH also includes
flanking genes, which results in larger clusters and may decrease the final similarity score. Two NRPS
genes of T. lixii MUT3171 (Figure 4) had at least 45% identity with the antibiotic melanicidin IV and
the immunosuppressant cyclosporin biosynthetic clusters from Escovopsis weberi and Tolypocladium
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inflatum NRRL8044, respectively (BGC0001585 and BGC0000334 in the MIBiG repository). While the
production of cyclosporin A is known in T. harzianum [68], melinacidin IV has never been reported in
Trichoderma species, although phylogenetic results and lifestyle relationships between Escovopsis and
Trichoderma [69] may provide insights into this putative trait.
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Figure 3. Trichoderma lixii MUT3171 peculiar genomic features linked to survival in the extreme
environment: Graphical representation of the basic local alignment search tool (BLAST) and conserved
domain database (CDD) search results obtained for T. lixii MUT3171 proteins lacking homology
compared with those from Trichoderma protein sequences available at GenBank, including (a) a
quinoprotein alcohol dehydrogenase found in Dothideomycetes, (b) a DnaJ chaperone with homology
in Fusarium species, and (c) a protein associated with heavy metal tolerance but without homology with
any sequence deposited at the GenBank database. For each query sequence (highlighted in yellow),
green bars are top BLAST hits, upper panels are the degree of amino acid conservation throughout all
the sequence. Blue bars indicate the taxonomic affiliation of each sequence, the interrupted bars above
each target sequence indicate its BLAST alignment against the T. lixii MUT3171 query. In these bars,
the gray color represents amino acid identity, and colored points indicate amino acid substitutions.
The functional domains identified by CDD search are provided below bars and are indicated in gray or
violet colors.
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BGC0001585.1: Melinacidin IV biosynthetic gene cluster
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Figure 4. Non-ribosomal peptide synthases (NRPS) genes in T. lixii MUT3171: Graphical representation
of two NRPS putative gene clusters found in T. lixii MUT3171 showing similarities with melinacidin IV
and cyclosporin biosynthetic gene clusters, as provided by the MIBiG repository. For each gene cluster,
the genes and their functional domains are reported. Only domains found in T. lixii MUT3171 genes
are reported.

Among the PKS clusters (Figure 5), three gene clusters of T. lixii MUT3171 resemble those for the
production of naphthopyrone in Aspergillus nidulans FGSC A4 (BGC0000107), betaenone in Phoma betae
(BGC0001264 and BGC0001280), monoascorubrin in Talaromyces marneffei (BGC0000099) and stipitatic
acid in Talaromyces stipitatus ATCC 10500 (BGC0000154). Naphthopyrones are pigments that protect
Ascomycetes from a wide range of predators [70], but their derivatives can display cytotoxic activity [71].
Betaenones are phytotoxic and their production was not confirmed in Trichoderma. The candidate
biosynthetic gene cluster for the production of the antimalarial drug stipitatic acid appears incomplete
in T. lixii MUT3171, missing an essential cytochrome P450 and a FAD-binding protein [72]. The genomic
region potentially involved in the biosynthesis of monoascorubrin, a red pigment historically used
as food colorant [73], contains more genes than the reference BGC0000099, but the central PKS genes
(g7562.t1 in T. lixii MUT3171) are nearly identical.

The detection of a hybrid NRPS-PKS (Figure 6) in T. lixii MUT3171 indicates setins production.
These data are in accordance with other studies that demonstrated their production in Trichoderma [74].
Setins include phomasetin and equisetin that are produced by well-known gene clusters found in
Pyrenochaetopsis sp. and Fusarium heterosporum, respectively. The gene clusters of T. lixii MUT3171
share with them an O-methyltransferase (g9541.t1), a major facilitator transporter (g9544.t1) and a
zinc-binding dehydrogenase (g9538.t1). Evidence that phomasetin and equisetin may be antibiotics
with inhibitory activity against HIV-1 integrase has been provided [75].
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Figure 5. Polyketide synthases (PKS) genes in T. lixii MUT3171: Graphical representation of three PKS
gene clusters found in T. lixii MUT3171 showing similarities with naphthopyrone, betaenones, stipitatic
acid, and monoascorubrin biosynthetic gene clusters provided by the MIBig repository. For each gene
cluster, the genes and their functional domains are reported. Only domains found in T. lixii MUT3171

genes were reported.
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Figure 6. Hybrid NRPS-PKS genes in T. lixii MUT3171: Graphical representation of a hybrid NRPS-PKS
gene cluster found in T. lixii MUT3171 showing similarities with equisetin and phomasetin biosynthetic
gene clusters, as provided by the MIBig repository. For each gene cluster, the genes and their functional

domains are reported. Only domains found in T. lixii MUT3171 genes were reported.
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4. Conclusions

In this work, the genome mining of T. lixii MUT3171 highlighted peculiar genetic traits that could
explain its ability to inhabit extremely polluted environments and to grow on phenanthrene as the sole
carbon source. Trichoderma lixii MUT3171 shares a similar degrading potential with other Trichoderma
species, being capable of producing a large number of multicopper oxidases, monooxygenases,
and biosurfactants. The genetic features of T. lixii MUT3171 and the comparison to the aforementioned
Trichoderma species lead to some conclusions that may be drawn. It is possible to speculate that the
T. lixii MUT3171 genome has not undergone simplification or loss of functions because of the extreme
lifestyle in a polluted environment, at least in term of gene number, secreted proteins repertoire and
content of CAZymes as glycosyltransferases, that are iconic in the Trichoderma genus [4]. Moreover,
the ability of T. lixii MUT3171 to survive in a highly polluted environment may not only depend on
its degradative enzymes. Indeed, genome mining revealed several traits that are unique to T. lixii
MUT317, such as the presence of specialized mechanisms for DNA repair, the protection from protein
unfolding and even the tolerance to heavy metals. Given the lack of homology with other Trichoderma
sequences, these genes might be the result of horizontal gene transfer, a widespread phenomenon in the
Trichoderma genus [5]. Trichoderma lixii MUT3171 encodes for 58 secondary metabolites gene clusters
that probably guarantee its competitiveness and survival. These genetic features are studied not only
because they can provide adaptation to an extremophilic lifestyle, but also due to their biotechnological
potential and economical value. Our results indicated the involvement of iron in the fungal tolerance
to pollutants, as it is crucial for the functioning of DNA repair enzymes (2Fe-OG dioxygenases) and
antioxidant enzymes that contain iron-sulfur clusters. This observation is also confirmed by the
presence in T. lixii MUT3171 genome of 9 genes encoding for siderophores. This finding opens the
possibility of using direct iron supplementation, or bioaugmentation using mixed microbial consortia
to increase iron availability and enhance the fungal performance [76].

These observations emphasize the perspective of testing degradative ability of T. lixii MUT3171,
making it a good candidate for the treatment of PAH-contaminated soils.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/9/1258/s1,
Table S1. Pollutants concentration: list of the compounds detected in the contaminated soil, in which Trichoderma
lixiiMUT3171 was isolated. The concentration is expressed in mg/kg of dry soil. TPH: total petroleum hydrocarbons,
Table S2. Strains used for comparison: list of Trichoderma species used in the comparative analysis, with relative
GenBank accessions and references.

Author Contributions: F.V. performed the bioinformatics analyses for the functional annotation and comparative
genomics of degradative enzymes, species-specific proteins and secondary metabolites genes. S.G. and D.D.
performed the analyses on the mitochondrial genome, and F.S. developed the laccases and biosurfactants in vitro
tests. The isolation, morphological and molecular identification of the strain was carried out by V.P.P. and A.P.
All the authors contributed to the writing of the manuscript. D.D., S.G., and G.C.V. coordinated the project and
administrated the funding. All authors have read and agreed to the published version of the manuscript.

Funding: Next Generation Sequencing (NGS) was supported by the INAIL-DIT, Research Area (PAR 2016-2018).
This research was funded by and the European Commission, LIFE program, LIFE BIOREST project LIFE15
ENV/IT/000396.

Acknowledgments: A special thanks to the University of Turin (MUT) and JRU MIRRI-IT for the technical and
scientific support.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Data Availability: The WGS libraries, the mitochondrial and nuclear assemblies of T. lixii MUT3171 are available
at GenBank (NCBI) under the BioProject PRINA514353, and BioSample ID SAMN10723660.


http://www.mdpi.com/2076-2607/8/9/1258/s1

Microorganisms 2020, 8, 1258 12 of 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Saravanakumar, K.; Wang, M.-H. Isolation and molecular identification of Trichoderma species from wetland
soil and their antagonistic activity against phytopathogens. Physiol. Mol. Plant Pathol. 2020, 109, 101458.
[CrossRef]

Katoch, M.; Singh, D.; Kapoor, K.K.; Vishwakarma, R.A. Trichoderma lixii (iiim-B4), an endophyte of Bacopa
Monnieri L. producing peptaibols. BMC Microbiol. 2019, 19, 98. [CrossRef] [PubMed]

Horta, M.A.C.; Filho, J.A.E,; Murad, N.E,; de Oliveira Santos, E.; dos Santos, C.A.; Mendes, ].S.; Branddao, M.M.;
Azzoni, S.F; de Souza, A.P. Network of proteins, enzymes and genes linked to biomass degradation shared
by Trichoderma species. Sci. Rep. 2018, 8, 1341. [CrossRef] [PubMed]

Kubicek, C.P; Steindorff, A.S.; Chenthamara, K.; Manganiello, G.; Henrissat, B.; Zhang, J.; Cai, F;
Kopchinskiy, A.G.; Kubicek, EM.; Kuo, A.; et al. Evolution and comparative genomics of the most
common Trichoderma species. BMC Genom. 2019, 20, 485. [CrossRef]

Druzhinina, L.S.; Chenthamara, K.; Zhang, J.; Atanasova, L.; Yang, D.; Miao, Y.; Rahimi, M.].; Grujic, M.;
Cai, F; Pourmehdi, S.; et al. Massive lateral transfer of genes encoding plant cell wall-degrading enzymes
to the mycoparasitic fungus Trichoderma from its plant-associated hosts. PLoS Genet. 2018, 14, e1007322.
[CrossRef]

Zafra, G.; Cortés-Espinosa, D.V. Biodegradation of polycyclic aromatic hydrocarbons by Trichoderma species:
A mini review. Environ. Sci. Pollut. Res. 2015, 22, 19426-19433. [CrossRef]

Bosco, F.; Mollea, C. Mycoremediation in soil. Environ. Chem. Recent Pollut. Control. Approaches 2019.
[CrossRef]

Da Silva, A.C.S.; Dos Santos, PN.; E Silva, T A.L; Andrade, R.ES.; Campos-Takaki, G. Biosurfactant
production by fungi as a sustainable alternative. Arg. Inst. Biol. 2018, 85. [CrossRef]

Martinho, V.; dos Santos Lima, L.M.; Barros, C.A.; Ferrari, V.B.; Passarini, M.R.Z.; Santos, L.A.; de Souza
Sebastianes, F.L.; Lacava, P.T.; de Vasconcellos, S.P. Enzymatic potential and biosurfactant production by
endophytic fungi from mangrove forest in southeastern Brazil. AMB Express 2019, 9, 130. [CrossRef]

Sena, H.H.; Sanches, M.A.; Rocha, D.ES.; Segundo, W.O.P.F,; de Souza, E.S.; de Souza, J.V.B. Production of
biosurfactants by soil fungi isolated from the Amazon forest. Int. J. Microbiol. 2018, 2018. [CrossRef]
Barua, J.E.; de la Cruz, M.; de Pedro, N.; Cautain, B.; Hermosa, R.; Cardoza, R.E.; Gutiérrez, S.; Monte, E.;
Vicente, E,; Collado, I.G. Synthesis of trichodermin derivatives and their antimicrobial and cytotoxic activities.
Molecules 2019, 24, 3811. [CrossRef] [PubMed]

Sarsaiya, S.; Jain, A.; Kumar Awasthi, S.; Duan, Y.; Awasthi, M.K.; Shi, ]. Microbial dynamics for lignocellulosic
waste bioconversion and its importance with modern circular economy, challenges and future perspectives.
Bioresour. Technol. 2019, 291, 121905. [CrossRef] [PubMed]

Bodour, A.A.; Miller-Maier, R.M. Application of a modified drop-collapse technique for surfactant quantitation
and screening of biosurfactant-producing microorganisms. J. Microbiol. Methods 1998, 32,273-280. [CrossRef]
Morikawa, M.; Hirata, Y.; Imanaka, T. A Study on the structure—function relationship of lipopeptide
biosurfactants. Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids 2000, 1488, 211-218. [CrossRef]

Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online:
http://www.bioinformatics.babraham.ac.uk/projects (accessed on 24 January 2020).

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for illumina sequence data. Bioinformatics
2014, 30, 2114-2120. [CrossRef] [PubMed]

Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I;
Pham, S.; Prjibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell
sequencing. J. Comput. Biol. 2012, 19, 455-477. [CrossRef]

Nikolenko, S.I.; Korobeynikov, A.I; Alekseyev, M.A. BayesHammer: Bayesian clustering for error correction
in single-cell sequencing. BMC Genom. 2013, 14, S7. [CrossRef]

Hahn, C.; Bachmann, L.; Chevreux, B. Reconstructing mitochondrial genomes directly from genomic
next-generation sequencing reads—A baiting and iterative mapping approach. Nucl. Acids Res. 2013, 41,
€129. [CrossRef]

Beck, N.; Lang, B. MFannot, Organelle Genome Annotation Websever. 2010. Available online: http:
//megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl (accessed on 14 February 2020).


http://dx.doi.org/10.1016/j.pmpp.2020.101458
http://dx.doi.org/10.1186/s12866-019-1477-8
http://www.ncbi.nlm.nih.gov/pubmed/31096902
http://dx.doi.org/10.1038/s41598-018-19671-w
http://www.ncbi.nlm.nih.gov/pubmed/29358662
http://dx.doi.org/10.1186/s12864-019-5680-7
http://dx.doi.org/10.1371/journal.pgen.1007322
http://dx.doi.org/10.1007/s11356-015-5602-4
http://dx.doi.org/10.5772/intechopen.84777
http://dx.doi.org/10.1590/1808-1657000502017
http://dx.doi.org/10.1186/s13568-019-0850-1
http://dx.doi.org/10.1155/2018/5684261
http://dx.doi.org/10.3390/molecules24203811
http://www.ncbi.nlm.nih.gov/pubmed/31652666
http://dx.doi.org/10.1016/j.biortech.2019.121905
http://www.ncbi.nlm.nih.gov/pubmed/31387838
http://dx.doi.org/10.1016/S0167-7012(98)00031-1
http://dx.doi.org/10.1016/S1388-1981(00)00124-4
http://www.bioinformatics.babraham.ac.uk/projects
http://dx.doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://dx.doi.org/10.1089/cmb.2012.0021
http://dx.doi.org/10.1186/1471-2164-14-S1-S7
http://dx.doi.org/10.1093/nar/gkt371
http://megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl
http://megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl

Microorganisms 2020, 8, 1258 13 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tillich, M.; Lehwark, P; Pellizzer, T.; Ulbricht-Jones, E.S.; Fischer, A.; Bock, R.; Greiner, S. GeSeq— Versatile
and accurate annotation of organelle genomes. Nucl. Acids Res. 2017, 45, W6-W11. [CrossRef]

Gurevich, A,; Saveliev, V.; Vyahhi, N.; Tesler, G. Quast: Quality assessment tool for genome assemblies.
Bioinformatics 2013, 29, 1072-1075. [CrossRef]

Smit, A.F.A.; Hubley, R.; Green, P. RepeatMasker Open-4.0. Available online: http://www.repeatmasker.org
(accessed on 30 January 2020).

Smit, A.FA.; Hubley, R. Repeatmodeler Open-1.0. Available online: http://www.repeatmasker.org/
RepeatModeler/ (accessed on 30 January 2020).

Lagesen, K.; Hallin, P.; Redland, E.A.; Steerfeldt, H.-H.; Rognes, T.; Ussery, D.W. RNAmmer: Consistent and
rapid annotation of ribosomal RNA genes. Nucl. Acids Res. 2007, 35, 3100-3108. [CrossRef] [PubMed]
Chan, PP; Lowe, T.M. tRNAscan-SE: Searching for tRNA genes in genomic sequences. In Gene Prediction:
Methods and Protocols; Kollmar, M., Ed.; Springer: New York, NY, USA, 2019; pp. 1-14. ISBN 978-1-4939-9173-0.
Hoff, K.J.; Stanke, M. Predicting genes in single genomes with augustus. Curr. Protoc. Bioinform. 2019, 65, e57.
[CrossRef] [PubMed]

Waterhouse, R.M.; Seppey, M.; Simao, F.A.; Manni, M.; loannidis, P.; Klioutchnikov, G.; Kriventseva, E.V.;
Zdobnov, EM. BUSCO applications from quality assessments to gene prediction and phylogenomics.
Mol. Biol. Evol. 2018, 35, 543-548. [CrossRef]

Pellegrin, C.; Morin, E.; Martin, EM.; Veneault-Fourrey, C. Comparative analysis of secretomes from
ectomycorrhizal fungi with an emphasis on small-secreted proteins. Front. Microbiol. 2015, 6. [CrossRef]
[PubMed]

Nielsen, H. Predicting secretory proteins with SignalP. In Protein Function Prediction: Methods and Protocols;
Kihara, D., Ed.; Springer: New York, NY, USA, 2017; pp. 59-73. ISBN 978-1-4939-7015-5.

Armenteros, J.J.A.; Salvatore, M.; Emanuelsson, O.; Winther, O.; Heijne, G.; von Elofsson, A.; Nielsen, H.
Detecting sequence signals in targeting peptides using deep learning. Life Sci. Alliance 2019, 2, €201900429.
[CrossRef] [PubMed]

Krogh, A.; Larsson, B.; von Heijne, G.; Sonnhammer, E.L.L. Predicting transmembrane protein topology with
a hidden Markov model: Application to complete genomes. . Mol. Biol. 2001, 305, 567-580. [CrossRef]
[PubMed]

Gattiker, A.; Gasteiger, E.; Bairoch, A. ScanProsite: A reference implementation of a PROSITE scanning tool.
Appl. Bioinform. 2002, 1, 107-108.

Horton, P; Park, K.-J.; Obayashi, T.; Fujita, N.; Harada, H.; Adams-Collier, C.J.; Nakai, K. WoLF PSORT:
Protein localization predictor. Nucl. Acids Res. 2007, 35, W585-W587. [CrossRef]

Eddy, S.R. Accelerated profile hmm searches. PLoS Comput. Biol. 2011, 7, €1002195. [CrossRef]

Zhang, H.; Yohe, T.; Huang, L.; Entwistle, S.; Wu, P; Yang, Z.; Busk, PK,; Xu, Y; Yin, Y. dbCAN2: A meta
server for automated carbohydrate-active enzyme annotation. Nucl. Acids Res. 2018, 46, W95-W101.
[CrossRef]

Emms, D.M,; Kelly, S. OrthoFinder: Phylogenetic orthology inference for comparative genomics. Genome Biol.
2019, 20, 238. [CrossRef] [PubMed]

Nakamura, T.; Yamada, K.D.; Tomii, K.; Katoh, K. Parallelization of MAFFT for large-scale multiple sequence
alignments. Bioinformatics 2018, 34, 2490-2492. [CrossRef] [PubMed]

Price, M.N.; Dehal, PS.; Arkin, A.P. FastTree 2—Approximately maximum-likelihood trees for large
alignments. PLoS ONE 2010, 5, €9490. [CrossRef] [PubMed]

Jones, P; Binns, D.; Chang, H.-Y.; Fraser, M.; Li, W.; McAnulla, C.; McWilliam, H.; Maslen, J.; Mitchell, A.;
Nuka, G.; et al. InterProScan 5: Genome-scale protein function classification. Bioinformatics 2014, 30,
1236-1240. [CrossRef]

Lu, S.; Wang, J.; Chitsaz, F; Derbyshire, M.K.; Geer, R.C.; Gonzales, N.R.; Gwadz, M.; Hurwitz, D.I;
Marchler, G.H.; Song, ].S.; et al. CDD/SPARCLE: The conserved domain database in 2020. Nucl. Acids Res.
2020, 48, D265-D268. [CrossRef]

Blin, K.; Shaw, S.; Steinke, K.; Villebro, R.; Ziemert, N.; Lee, S.Y.; Medema, M.H.; Weber, T. antiSMASH
5.0: Updates to the secondary metabolite genome mining pipeline. Nucl. Acids Res. 2019, 47, W81-W87.
[CrossRef]


http://dx.doi.org/10.1093/nar/gkx391
http://dx.doi.org/10.1093/bioinformatics/btt086
http://www.repeatmasker.org
http://www.repeatmasker.org/RepeatModeler/
http://www.repeatmasker.org/RepeatModeler/
http://dx.doi.org/10.1093/nar/gkm160
http://www.ncbi.nlm.nih.gov/pubmed/17452365
http://dx.doi.org/10.1002/cpbi.57
http://www.ncbi.nlm.nih.gov/pubmed/30466165
http://dx.doi.org/10.1093/molbev/msx319
http://dx.doi.org/10.3389/fmicb.2015.01278
http://www.ncbi.nlm.nih.gov/pubmed/26635749
http://dx.doi.org/10.26508/lsa.201900429
http://www.ncbi.nlm.nih.gov/pubmed/31570514
http://dx.doi.org/10.1006/jmbi.2000.4315
http://www.ncbi.nlm.nih.gov/pubmed/11152613
http://dx.doi.org/10.1093/nar/gkm259
http://dx.doi.org/10.1371/journal.pcbi.1002195
http://dx.doi.org/10.1093/nar/gky418
http://dx.doi.org/10.1186/s13059-019-1832-y
http://www.ncbi.nlm.nih.gov/pubmed/31727128
http://dx.doi.org/10.1093/bioinformatics/bty121
http://www.ncbi.nlm.nih.gov/pubmed/29506019
http://dx.doi.org/10.1371/journal.pone.0009490
http://www.ncbi.nlm.nih.gov/pubmed/20224823
http://dx.doi.org/10.1093/bioinformatics/btu031
http://dx.doi.org/10.1093/nar/gkz991
http://dx.doi.org/10.1093/nar/gkz310

Microorganisms 2020, 8, 1258 14 of 15

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Navarro-Mufioz, J.C.; Selem-Mojica, N.; Mullowney, M.W.; Kautsar, S.A.; Tryon, ].H.; Parkinson, E.I;
De Los Santos, E.L.C.; Yeong, M.; Cruz-Morales, P.; Abubucker, S.; et al. A computational framework to
explore large-scale biosynthetic diversity. Nat. Chem. Biol. 2020, 16, 60-68. [CrossRef]

Harms, H.; Schlosser, D.; Wick, L.Y. Untapped potential: Exploiting fungi in bioremediation of hazardous
chemicals. Nat. Rev. Microbiol. 2011, 9, 177-192. [CrossRef]

Shanmugam, S.; Hari, A.; Ulaganathan, P; Yang, F.; Krishnaswamy, S.; Wu, Y.-R. Potential of biohydrogen
generation using the delignified lignocellulosic biomass by a newly identified thermostable laccase from
Trichoderma asperellum strain Bplmbtl. Int. ]. Hydrog. Energy 2018, 43, 3618-3628. [CrossRef]
Cazares-Garcia, S.V.; Vazquez-Garciduefias, M.S.; Vazquez-Marrufo, G. Structural and phylogenetic analysis
of laccases from Trichoderma: A bioinformatic approach. PLoS ONE 2013, 8, e55295. [CrossRef]

Chakroun, H.; Mechichi, T.; Martinez, M.].; Dhouib, A_; Sayadi, S. Purification and characterization of a novel
laccase from the ascomycete Trichoderma atroviride: Application on bioremediation of phenolic compounds.
Process. Biochem. 2010, 45, 507-513. [CrossRef]

Sadhasivam, S.; Savitha, S.; Swaminathan, K.; Lin, F-H. Production, purification and characterization of
mid-redox potential laccase from a newly isolated Trichoderma harzianum WI1. Process. Biochem. 2008, 43,
736-742. [CrossRef]

Yada, G.M.; Shiraishi, L.S.; Dekker, R EH.; Schirmann, ].G.; Barbosa-Dekker, A.M.; de Araujo, 1.C.; Abreu, L.M.;
Daniel, ].ES. Soil and entomopathogenic fungi with potential for biodegradation of insecticides: Degradation
of flubendiamide in vivo by fungi and in vitro by laccase. Ann. Microbiol. 2019, 69, 1517-1529. [CrossRef]
Nykiel-Szymaniska, J.; Bernat, P.; Staba, M. Potential of Trichoderma koningii to eliminate alachlor in the
presence of copper ions. Ecotoxicol. Environ. Saf. 2018, 162, 1-9. [CrossRef] [PubMed]

Venugopal, G.R.; Gopalakrishnan, T.; Sunkar, S. Production of laccase from Trichoderma harzianum and its
application in dye decolourisation. Biocatal. Agric. Biotechnol. 2018, 16, 400-404. [CrossRef]

Al Farraj, D.A.; Hadibarata, T.; Elshikh, M.S.; Al Khulaifi, M.M.; Kristanti, R.A. Biotransformation and
degradation pathway of pyrene by filamentous soil fungus Trichoderma sp. FO3. Water Air Soil Pollut. 2020,
231, 168. [CrossRef]

Hadibarata, T.; Tachibana, S.; Itoh, K. Biodegradation of phenanthrene by fungi screened from nature. Pak. J.
Biol. Sci. PJBS 2007, 10, 2535-2543. [CrossRef] [PubMed]

Dacco, C.; Girometta, C.; Asemoloye, M.D.; Carpani, G.; Picco, A.M.; Tosi, S. Key Fungal degradation
patterns, enzymes and their applications for the removal of aliphatic hydrocarbons in polluted soils: A review.
Int. Biodeterior. Biodegrad. 2020, 147, 104866. [CrossRef]

Blesic, M.; Dichiarante, V.; Milani, R.; Linder, M.; Metrangolo, P. Evaluating the potential of natural surfactants
in the petroleum industry: The case of hydrophobins. Pure Appl. Chem. 2018, 90, 305-314. [CrossRef]
Pitocchi, R.; Cicatiello, P; Birolo, L.; Piscitelli, A.; Bovio, E.; Varese, G.C.; Giardina, P. Cerato-platanins from
marine fungi as effective protein biosurfactants and bioemulsifiers. Int. J. Mol. Sci. 2020, 21, 2913. [CrossRef]
Sun, J.-Q.; Xu, L.; Liu, X.-Y,; Zhao, G.-F; Cai, H.; Nie, Y.; Wu, X.-L. Functional genetic diversity and
culturability of petroleum-degrading bacteria isolated from oil-contaminated soils. Front. Microbiol. 2018, 9.
[CrossRef] [PubMed]

Haridas, S.; Albert, R.; Binder, M.; Bloem, J.; LaButti, K.; Salamov, A.; Andreopoulos, B.; Baker, S.E.; Barry, K,;
Bills, G.; et al. 101 Dothideomycetes genomes: A test case for predicting lifestyles and emergence of
pathogens. Stud. Mycol. 2020, 96, 141-153. [CrossRef] [PubMed]

Peter, M.; Kohler, A.; Ohm, R.A.; Kuo, A.; Kriitzmann, J.; Morin, E.; Arend, M.; Barry, K.W.; Binder, M.;
Choi, C.; et al. Ectomycorrhizal ecology is imprinted in the genome of the dominant symbiotic fungus
Cenococcum Geophilum. Nat. Commun. 2016, 7, 12662. [CrossRef] [PubMed]

Kong, J.; Wang, H; Liang, L.; Li, L.; Xiong, G.; Hu, Z. Phenanthrene degradation by the bacterium Pseudomonas
stutzeri Jpl under low oxygen condition. Int. Biodeterior. Biodegrad. 2017, 123, 121-126. [CrossRef]

Presti, L.L.; Diaz, C.L.; Turra, D.; Pietro, A.D.; Hampel, M.; Heimel, K.; Kahmann, R. A Conserved
co-chaperone is required for virulence in fungal plant pathogens. New Phytol. 2016, 209, 1135-1148.
[CrossRef] [PubMed]

Blasi, B.; Tafer, H.; Kustor, C.; Poyntner, C.; Lopandic, K.; Sterflinger, K. Genomic and transcriptomic analysis
of the toluene degrading black yeast Cladophialophora immunda. Sci. Rep. 2017, 7, 11436. [CrossRef]


http://dx.doi.org/10.1038/s41589-019-0400-9
http://dx.doi.org/10.1038/nrmicro2519
http://dx.doi.org/10.1016/j.ijhydene.2018.01.016
http://dx.doi.org/10.1371/journal.pone.0055295
http://dx.doi.org/10.1016/j.procbio.2009.11.009
http://dx.doi.org/10.1016/j.procbio.2008.02.017
http://dx.doi.org/10.1007/s13213-019-01536-w
http://dx.doi.org/10.1016/j.ecoenv.2018.06.060
http://www.ncbi.nlm.nih.gov/pubmed/29957402
http://dx.doi.org/10.1016/j.bcab.2018.09.003
http://dx.doi.org/10.1007/s11270-020-04514-0
http://dx.doi.org/10.3923/pjbs.2007.2535.2543
http://www.ncbi.nlm.nih.gov/pubmed/19070127
http://dx.doi.org/10.1016/j.ibiod.2019.104866
http://dx.doi.org/10.1515/pac-2017-0703
http://dx.doi.org/10.3390/ijms21082913
http://dx.doi.org/10.3389/fmicb.2018.01332
http://www.ncbi.nlm.nih.gov/pubmed/29973925
http://dx.doi.org/10.1016/j.simyco.2020.01.003
http://www.ncbi.nlm.nih.gov/pubmed/32206138
http://dx.doi.org/10.1038/ncomms12662
http://www.ncbi.nlm.nih.gov/pubmed/27601008
http://dx.doi.org/10.1016/j.ibiod.2017.06.001
http://dx.doi.org/10.1111/nph.13703
http://www.ncbi.nlm.nih.gov/pubmed/26487566
http://dx.doi.org/10.1038/s41598-017-11807-8

Microorganisms 2020, 8, 1258 15 of 15

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Bakti, F.; Sasse, C.; Heinekamp, T.; Pdcsi, L; Braus, G.H. Heavy metal-induced Expression of PcaA provides
cadmium tolerance to Aspergillus fumigatus and supports its virulence in the Galleria mellonella model.
Front. Microbiol. 2018, 9. [CrossRef]

Li, D.; Xu, X.; Hu, X;; Liu, Q.; Wang, Z.; Zhang, H.; Wang, H.; Wei, M.; Wang, H.; Liu, H.; et al. Genome-wide
analysis and heavy metal-induced expression profiling of the HMA gene family in Populus trichocarpa.
Front. Plant Sci. 2015, 6. [CrossRef]

Keller, N.P. Fungal secondary metabolism: Regulation, function and drug discovery. Nat. Rev. Microbiol.
2019, 17, 167-180. [CrossRef]

Haas, H. Fungal siderophore metabolism with a focus on Aspergillus fumigatus. Nat. Prod. Rep. 2014, 31,
1266-1276. [CrossRef]

Kautsar, S.A.; Blin, K.; Shaw, S.; Navarro-Mufioz, J.C.; Terlouw, B.R.; van der Hooft, J.J.J.; van Santen, J.A.;
Tracanna, V.; Suarez Duran, H.G.; Pascal Andreu, V.; et al. Mibig 2.0: A repository for biosynthetic gene
clusters of known function. Nucl. Acids Res. 2020, 48, D454-D458. [CrossRef]

Azam, A.; Anjum, T.; Irum, W. Trichoderma harzianum: A new fungal source for the production of cyclosporin
A. Bangladesh ]. Pharmacol. 2012, 7, 33-35. [CrossRef]

Heine, D.; Holmes, N.A.; Worsley, S.E,; Santos, A.C.A.; Innocent, T.M.; Scherlach, K.; Patrick, E.H.; Yu, D.W.,;
Murrell, J.C.; Vieria, P.C.; et al. Chemical warfare between leafcutter ant symbionts and a co-evolved
pathogen. Nat. Commun. 2018, 9, 2208. [CrossRef] [PubMed]

Xu, Y.; Vinas, M.; Alsarrag, A.; Su, L.; Pfohl, K,; Rohlfs, M.; Schéfer, W.; Chen, W.; Karlovsky, P.
Bis-naphthopyrone pigments protect filamentous ascomycetes from a wide range of predators. Nat. Commun.
2019, 10, 3579. [CrossRef] [PubMed]

Liu, H-X; Tan, H.-B.; Liu, Y.; Chen, Y.-C.; Li, S.-N.; Sun, Z.-H.; Li, H.-H.; Qiu, S.-X.; Zhang, W.-M. Three new
highly-oxygenated metabolites from the endophytic fungus Cytospora rhizophorae A761. Fitoterapia 2017, 117,
1-5. [CrossRef] [PubMed]

Davison, J.; al Fahad, A.; Cai, M.; Song, Z.; Yehia, S.Y.; Lazarus, C.M.; Bailey, A.M.; Simpson, T.J.; Cox, R.J.
Genetic, molecular, and biochemical basis of fungal tropolone biosynthesis. Proc. Natl. Acad. Sci. USA 2012,
109, 7642-7647. [CrossRef]

Woo, P.C.Y.; Lam, C.-W.; Tam, EW.T,; Lee, K.-C.; Yung, KK.Y,; Leung, CK.F,; Sze, K.-H.; Lau, SK.P;
Yuen, K.-Y. The biosynthetic pathway for a thousand-year-old natural food colorant and citrinin in Penicillium
marneffei. Sci. Rep. 2014, 4, 6728. [CrossRef]

Reino, J.L.; Guerrero, R.F,; Herndndez-Galan, R.; Collado, I.G. Secondary metabolites from species of the
biocontrol agent Trichoderma. Phytochem. Rev. 2008, 7, 89-123. [CrossRef]

Singh, S.B.; Zink, D.L.; Goetz, M.A.; Dombrowski, A.W.; Polishook, J.D.; Hazuda, D.J. Equisetin and a
novel opposite stereochemical homolog phomasetin, two fungal metabolites as inhibitors of Hiv-1 integrase.
Tetrahedron Lett. 1998, 39, 2243-2246. [CrossRef]

Ahmed, E.; Holmstrom, S.J.M. Siderophores in environmental research: Roles and applications.
Microb. Biotechnol. 2014, 7, 196-208. [CrossRef]

@ © 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/10.3389/fmicb.2018.00744
http://dx.doi.org/10.3389/fpls.2015.01149
http://dx.doi.org/10.1038/s41579-018-0121-1
http://dx.doi.org/10.1039/C4NP00071D
http://dx.doi.org/10.1093/nar/gkz882
http://dx.doi.org/10.3329/bjp.v7i1.10084
http://dx.doi.org/10.1038/s41467-018-04520-1
http://www.ncbi.nlm.nih.gov/pubmed/29880868
http://dx.doi.org/10.1038/s41467-019-11377-5
http://www.ncbi.nlm.nih.gov/pubmed/31395863
http://dx.doi.org/10.1016/j.fitote.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27979691
http://dx.doi.org/10.1073/pnas.1201469109
http://dx.doi.org/10.1038/srep06728
http://dx.doi.org/10.1007/s11101-006-9032-2
http://dx.doi.org/10.1016/S0040-4039(98)00269-X
http://dx.doi.org/10.1111/1751-7915.12117
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Microorganism and Growth Conditions 
	Laccases and Biosurfactants Analysis 
	DNA Extraction, Sequencing and Bioinformatics Analyses 

	Results and Discussion 
	Trichoderma lixii MUT3171 Genomic Parameters 
	Orthology-Based Survey of T. lixii MUT3171 Degradative Enzymes 
	Unique Genetic Features of T. lixii MUT3171 
	Prediction of Secondary Metabolism Genes in T. lixii MUT3171 

	Conclusions 
	References

