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ABSTRACT

Lignocellulosic biomass is a complex carbon source with recalcitrant properties whose degradation
via industrial enzymatic hydrolysis is challenging, directly affecting the cost of reliable energy
production. In nature, filamentous fungi, including Trichoderma species, degrade lignocellulose via
an arsenal of hydrolytic and oxidative enzymes that act synergistically to process it into soluble
sugar monomers. This work explored the genomic content of Trichoderma atroviride and
Trichoderma harzianum strains with hydrolytic abilities by identifying regions possessing degrada-
tive enzyme-encoding genes, namely, hydrolytic clusters. We employed bacterial artificial chro-
mosome (BAC) methodology to target specific genomic regions and explore their genetic
organization, proximal gene context, and gene expression under degradative conditions. With
this tool, it was possible to inspect the linear structure and expression profile of target hydrolytic-
rich genomic regions. The present work offers a perspective on the organization of genome
regions related to carbohydrate metabolism. This study revealed novel genes and genome regions
that are positively regulated during cellulose degradation, contributing to elucidating differences
in gene organization that potentially impact hydrolysis among Trichoderma species.
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INTRODUCTION : . . . .
reactions, which first requires substrate perception, trig-

Trichoderma spp. (ascomycetes) are opportunistic-
generalist fungi that efficiently degrade plant biomass
(Druzhinina et al. 2018; Kubicek et al. 2019). They are
distributed worldwide and colonize soil, living plants,
decomposing wood, and other fungi (Druzhinina et al.
2018; Kubicek et al. 2019; Srivastava and Shahid 2014;
Zeilinger et al. 2016). These species, especially
Trichoderma reesei QM6a (and its derivative clones),
have previously been of interest in biotechnology due to
their efficient lignocellulolytic activities (Li et al. 2017; Li
and Wang 2021). They are widely used for the industrial
production of cellulases and hemicellulases for enzymatic
cocktails, which are applied in saccharification (Bischof
et al. 2016) and are used to optimize enzymatic hydrolysis
processes in biorefining, especially during the process of
lignocellulose biodegradation. Biodegradation promoted
by Trichoderma spp. is driven by a complex network of

gering specific metabolic reactions to synthesize and
transport hydrolytic enzymes, classified as carbon-active
enzymes (CAZymes), and other genes related to ligno-
cellulolytic activity, such as transcription factors (TFs),
transporters (TRs), as well as other complex metabolites
(Andlar et al. 2018). CAZymes are enzymes related to
cleavage, synthesis, or interactions with carbon polymers
and are organized and classified into families and sub-
families according to the reactions in which they partici-
pate, as shown in the Carbon Active Enzymes database
(http://www.cazy.org/) (Andlar et al. 2018; Drula et al.
2022).

In addition to their potential as a source of new and
optimized hydrolytic enzymes, emerging interest in
Trichoderma is linked to their observed biological activities,
such as their biocontrol and biofertilization capabilities.
Some species are capable of controlling rhizospheric
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microorganisms while displaying beneficial interactions
with plants and are considered prominent biocontrol
agents (BCAs) that pose a low risk to humans (Kubicek
et al. 2019; Sood et al. 2020). Trichoderma atroviride and
Trichoderma harzianum are mycoparasites that exhibit
biocontrol activity against various phytopathogens, includ-
ing Rhizoctonia sp., Botrytis sp., Fusarium sp., and
Penicillium sp. (Nascimento et al. 2022; Sood et al. 2020;
Stracquadanio et al. 2020). Additionally, plant-
Trichoderma cocultures exhibit biofertilization activities,
promoting vegetative traits and immunological defense
systems and attenuating abiotic stress (Guzman-Guzman
et al. 2023; Kubicek et al. 2011, 2019; Sood et al. 2020;
Tyskiewicz et al. 2022).

The observed capabilities Trichoderma species indicate
that members of this genus possess a complex system of
substrate perception and are able to trigger specific reac-
tions for metabolic adaptation by synthesizing and trans-
porting proteins and complex metabolites for substrate
degradation, defense, competition, and interaction with
other organisms (Andlar et al. 2018). To explore the diver-
sity in the genus and the differences in genome organiza-
tion and CAZyme composition, we investigated
T. harzianum CBMAI 179 (THO0179) and T. atroviride
CBMALI 0020 (TA0020). Both species were previously
investigated under biomass degradation conditions. The
hydrolytic potential of these strains was evaluated by quan-
tifying cellulase and hemicellulase enzymatic activities
(Horta et al. 2018), and the transcriptomic profiles of
both strains were explored by gene expression analysis
under cellulose degradation conditions (Almeida et al.
2021). THO179 exhibited increased enzymatic activity
under cellulose degradation conditions, whereas TA0020
presented a more complex transcriptomic profile with
decreased lignocellulolytic activity (Almeida et al. 2021;
Horta et al. 2018; Rosolen et al. 2022). The observed hetero-
geneous responses to cellulose degradation indicate the
high complexity of gene expression at the genus level,
wherein closely related species can carry relevant species-
specific traits that affect the biological response of the
fungus.

The bacterial artificial chromosome (BAC) is
a molecular tool used to recover and study target genomic
regions (Peterson et al. 2000). It is a selection platform
that distributes the entire genome in libraries, which
allows the identification of specific genomic region tar-
gets by polymerase chain reaction (PCR). This technique
can be applied for gap closure in fragmented assemblies,
as an assembly method (as described for the first human
genome sequence; Waterston et al. 2002)) or as a tool for
studying targeted genomic regions in higher eukaryotes
with complex genomes rich in polyploid and aneuploid
repetitive elements (Mancini et al. 2018; Visendi et al.

2016). It is a simple, reliable, low-cost method for study-
ing target genomic regions and is especially powerful for
studying novel species without previous genomic data.
Among fungi, the BAC approach has been successfully
applied to investigate genomic regions with CAZyme
cluster genes in T. harzianum I0C 3844 (Crucello et al.
2015; Filho et al. 2020). In Streptomyces spp., for example,
the BAC approach was used for genome mining and
revealed important gene clusters for bioactive natural
products and the corresponding biosynthetic pathways
(Xu et al. 2016). Another study used BAC libraries to
characterize a novel gene conferring sensitivity to the
necrotrophic  fungal pathogen Parastagonospora
nodorum (Zhang et al. 2021).

In this study, the BAC approach was applied to inves-
tigate hydrolytic activity-related genomic regions in the
THO0179 and TA0020 strains. This methodology allowed
us to describe genomic regions enriched with coding
cellulases, hemicellulases, and ligninases, as well as TFs,
transporters, and potential targets involved in cellulose
degradation. In addition, we employed the data generated
from a previous RNA-Seq study, HiSeq 2500 platform
(Ilumina, San Diego, CA, USA) (Almeida et al. 2021) to
analyze the expression of CAZyme genes through a BAC-
guided analysis, which allowed the identification of lig-
nocellulolytic CAZyme clusters that are positively regu-
lated for the degradation of cellulose.

The results offer insights into the genomic organiza-
tion and gene clustering of hydrolytic enzymes in the
studied strains and were integrated with the transcrip-
tomic data. The results revealed differences in lignocel-
lulolytic activities between the species. Additionally,
species-specific genomic regions and gene targets were
described for future characterization.

MATERIALS AND METHODS

Strains and reference sequences.—THO0179 and
TA0020 were obtained from the Brazilian Collection of
Environment and Industry Microorganisms (CBMAI),
located in the Multidisciplinary Center for Chemical,
Biological, and Agricultural Research (CPQBA),
Campinas, Sdo Paulo, Brazil. The identities of the
Trichoderma isolates used in these studies were authen-
ticated by a provider on the basis of phylogenetic studies
of their internal transcribed spacer (ITS) region, trans-
lational elongation factor 1 (tefI) marker gene, and RNA
polymerase II (rpb2) marker gene (Kimura et al., 1980;
Raeder et al., 1985; Saitou et al., 1987; Tamura et al.
2007; Thompson et al. 1994). A phylogenetic tree based
on the ITS region of this species was previously pub-
lished (Rosolen et al. 2022).



As the genomes of the studied species were not avail-
able at the time of the experiments, T. harzianum T6776
(Baroncelli et al. 2015) was used as a reference genome for
THO0179 and T. atroviride IMI206040 (Kubicek et al.
2011) was used as a reference genome for TA0020. The
reference genomes provided the consensus sequences for
the target gene primer design and for RNA-Seq read
mapping. The transcriptomes of TH0179 and TA0020
cultivated with crystalline cellulose (inducing degradative
conditions) or glucose (control conditions) as a unique
carbon source were previously described (National
Center for Biotechnology Information [NCBI]
BioProject PRINA336221) (Almeida et al. 2021).

Our experimental results (Almeida et al. 2021;
Rosolen et al. 2022) have consistently shown the impor-
tance of studying novel strains and exploring their spe-
cific response to biological processes such as the
lignocellulolytic activities of Trichoderma. The goal of
this report is to review similarities and differences and
identify novel relevant genetic players that can be used
in industrial settings to optimize existing industrial
applications. The integration of bioinformatic tools
and modern multiomics characterization offers an
opportunity for strain engineering to obtain more effi-
cient phenotypes (Benocci et al. 2018; Salazar-Cerezo
et al. 2023).

BAC library construction and screening.—For each
species, 10 pL of spore culture was inoculated on
potato dextrose agar (PDA) plates (100 pg/mL ampi-
cillin, 34 pg/mL chloramphenicol) at 28 C for 4 days.
Next, a 2 cm x 2 cm portion of the colony was
inoculated on sterilized potato dextrose and incu-
bated (28 C, 3 days, 200 rpm). The final liquid
culture was filtered using sterile Miracloth
(Calbiochem, San Diego, USA), and the mycelia
were subjected to high-molecular-weight genomic
DNA (HMW-gDNA) extraction using the Qiagen
DNeasy Plant Mini Kit II (Hilden, Germany). The
HMW-gDNA was immobilized on low melting-point
agarose plugs for BAC library construction, and
large genomic DNA inserts were cloned and inserted
into E. coli using the pAGI BAC vector (provided by

the French Plant Genomic Resources Center
[CNRGV], National Research Institute for
Agriculture, Food and Environment [INRAE],

France). Inserts were transformed via electroporation
into E. coli DH10B competent cells.

The transformed culture was inoculated on PDA
plates, and the successfully inserted fragments were
identified visually as white colonies. Each individual
colony represented a unique clone and was cultured
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and plated on 384-well plates. Each library was
examined on a rapid selection platform that pooled
the samples in rows or columns, which allowed fast
screening of the library through real-time quantita-
tive polymerase chain reaction (qPCR) of target
genes using a previously described method
(Crucello et al. 2015; Filho et al. 2020). The
sequences of the primers used were designed on
the basis of target CAZymes (Untergasser el al.,
2012). The entire BAC library consisted of 5760
individual clones, each carrying a unique long geno-
mic fragment (20 to 200 kb), constructed as
described previously (Peterson et al. 2000), with
minor modifications for filamentous fungal samples.

Screening of CAZyme genes and BAC-DNA
extraction.—The primers were used for amplification
on the selection platform, and BACs were selected by
melting curve comparison. To avoid nonspecific and
false-positive amplification, the final selection was per-
formed by 3% agarose electrophoresis (80 V, 2 h, 1 kB
Promega, Madison, WI, USA). The selected clones were
preincubated in growth medium (15 mL, 200 rpm, 37 C,
6-12 h) and then incubated overnight in 80 mL of growth
medium (200 rpm, 37 C, 6-12 h). After incubation, the
culture was centrifuged and BAC-DNA was extracted
using a Macherey-Nagel NucleoSpin Plant II mini kit
(Diiren, Germany) following standard procedures.

BAC-DNA assembly and evidence-based gene
prediction and expression.—The selected BACs were
sequenced by the Arizona Genomics Institute (PacBio
RS 11, Pacific Biosciences, Menlo Park, CA, USA). The
sequencing data were transferred to a local server for
polishing and assembly. The raw reads were polished
using Quiver, and the BACs were de novo assembled
using Canu 2.1.1 (Koren et al. 2017). The assembled
genomic regions were aligned to the T. harzianum
T6776 (Baroncelli et al. 2015) and T. atroviride IMI
206040 (Kubicek et al. 2011) reference genomes to
identify Trichoderma target sequences from the respec-
tive bulk BAC sequences. BACs <40 kb in size were
filtered out before analysis. Then, all-vs.-all alignment
was performed for the TA0020 and TH0179 BACs indi-
vidually to select nonoverlapping regions. For structural
comparison, the BACs were aligned to the T. atroviride
IMI 206040 (Kubicek et al. 2011) and T. harzianum
CBS226.95 (Baroncelli et al. 2015) draft genomes and
the T. reesei QM6a (Li et al. 2017) reference genome
using MUMmer (Margais et al. 2018). The MUMmer
dot plot parameters employed to visualize the alignment
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were as follows: all-vs.-all, minimum match 50 bp, and
minimum alignment length 100 bp.

For evidence-based gene prediction, we first aligned
RNA-Seq reads to the selected BACs using STAR (Dobin
et al. 2013). BAM outputs were input into StringTie 2.2.1
(Pertea et al. 2015) for transcript assembly guided by the
BAC sequences. The final set of transcripts was used as
input for Maker2 2.31.11 (Holt and Yandell 2011) for gene
structure prediction. The predicted models were used for
further functional inference and comparative analysis.
Gene models were processed with InterProScan 5.55-
88.0 (Jones et al. 2014; Quevillon et al. 2005) and
eggNOG-mapper 2.0.1 (Huerta-Cepas et al. 2019).
Parallel annotation of modules and clusters coding
CAZymes was conducted with the dbCAN3 Web plat-
form (Zheng et al. 2023). BlastKOALA (Kanehisa et al.
2016) was used to identify metabolism-related genes from
http://www.kegg.jp (Kanehisa and Goto 2000) via
a search against Hypocreceae. The antiSMASH Web ser-
ver 6.0 (Blin et al. 2021) was used to define secondary
metabolite biosynthesis-related gene clusters (SMBGCs).
The functional data and gene structure predictions were
integrated using Funannotate (Li and Wang 2021; Palmer
and Stajich 2020), which was implemented on the Galaxy
platform (Galaxy Community 2022).

The expression values of genes present in the
genomic regions of TH0179 and TA0020 selected by
BAC-guided assembly were extracted from previously
published data (Almeida et al. 2021) using FastQC
0.11.5 (Trivedi et al. 2014) and Trimmomatic 0.39
(Bolger et al. 2014) with the following parameters:
a  minimum length of 36 bp and
a SLIDINGWINDOW ratio of 4:10:10 were used to
assess and filter the reads by quality. Filtered reads
were aligned to BAC sequences with STAR 2.7.10b
aligner (Dobin et al. 2013), and StringTie 2.2.1
(Pertea et al. 2015) was used for transcript assembly.
In addition, the transcripts per million (TPM) value
for each gene was calculated automatically on the
basis of StringTie quantification. The EpGER package
(Robinson et al. 2010) was used to compare gene
expression under the studied conditions and identify
genes with significant differential expression.

To identify orthologous genes, OrthoFinder 2.5.2
(Emms and Kelly 2019) was used to compare newly
annotated gene models among 24 Trichoderma species,
with Saccharomyces cerevisiae S288C (Goffeau et al.
1996), Neurospora crassa OR74A (Galagan et al. 2003),
Pleurotus ostreatus PC15 (Riley et al. 2014), and
Phanerochaete chrysosporium RP-78 (Ohm et al. 2014)
as external groups, all of which were extracted from the
mycocosm (Grigoriev et al. 2014).

RESULTS

Target BAC selection.—The final BAC library consisted
of 5760 individual clones, each carrying a unique long
genomic fragment (ranging from 20 to 200 kb), and was
examined using a rapid selection platform with plates
containing pools for rapid screening of the whole library.
For genomic region screening, 42 and 54 BAC clones
were selected for TH0179 and TA0020, respectively.
Each positively extracted clone was subjected to quality
control, and the integrity profile of the pooled samples
was checked via a fingerprint test (HindIII BAC diges-
tion) involving 1% agarose electrophoresis and 3% agar-
ose electrophoresis. After BAC sequencing, all-vs.-all
sequence alignment was performed for each strain. Only
BACs larger than 40 kb were considered for further
analysis. After filtering, a final set of 24 nonredundant
genomic regions for TH0179 and 44 for TA0020, ranging
in size from 41 to 138 kb and 53 to 164 kb, respectively,
was obtained. BACs were submitted to the NCBI database
via BankIt under BioProject PRINA1028979, Biosamples
THO0179 SAMN37846728 and TA0020 SAMN37846658
(TABLE 1).

The size of the TH0179 genomic region was 1.9 Mb,
approximately 5% that of the T. harzianum CBS226.95
genome. On the other hand, 44 unique regions were
recovered from TA0020, reaching 4.7 Mb in size, which
was 15% the size of the T. atroviride IMI 206040 gen-
ome. A comparative analysis of the generated sequences
with reference genomes revealed that the alignment rate
against T. reesei QM6a was 12.3% for TH0179 and 7.5%
for TA0020. A total of 95.5% of the TH0179 sequence
was aligned with the T. harzianum CBS226.95 reference,
and 87.3% of the TA0020 sequence was aligned with

Table 1. Genomic and functional characterization overview.

Parameter THO0179 TA0020
Sequenced BACs 24 44
Sequenced length (bp) 1955378 4721491
Mean BAC length (bp) 81474.08 107306.61
GC (%) 49.64% 49.94%
Predicted gene models 629 1280
Average gene length (bp) 1704.13 1953.11
Multiexon transcripts 615 1267
Complete CDS 589 1207
Interpro 492 1054
Gene ontology 404 889
eggNOG 542 1138
Pfam 437 948
Cazy 59 142
SignalP 71 131
Merops 20 60
Kegg 181 432
Secondary metabolism core enzymes 4 7

*Abbreviations: CDS: Coding DNA Sequence; Pfam: Protein Families data-
base; Cazy: Carbon active enzymes data base; signalP: Signal peptide;
MEROPS: peptidase database; Kegg: Kyoto Encycloped of Genes.


http://www.kegg.jp

TaIMI 206040 as a reference. Notably, there as variation
in gene position among species; FIG. 1 shows the dis-
tribution of the aligned sequences in the different refer-
ence genomes, with the presence of orthologs in
different genomic regions, despite a tendency toward
similar gene organization that increased with species
similarity.
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To establish orthologous relationships, we analyzed
30 fungal species plus the gene models generated in this
study. In total, 310 808 genes were analyzed, 94.6% of
which were assigned to 19 020 orthogroups, including
1392  species-specific  orthogroups.  Forty-eight
orthogroups were shared among all of the strains.
A total of 1343 (92.2%) TA0020 genes were assigned
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Figure 1. Alignments, visualized using a MUMmer dot plot with the parameters Minmatch 50 bp and match length 500 bp, against
T. reesei QM6a, T. harzianum CBS22695, and T. atroviride IMI 206040. A. THO179 x T. reesei QM6a. B. TA0020 X T. reesei QM6a.
C. THO179 x T. atroviride IMI206040. D. TA0020 x T. atroviride IMI206040. E. THO0179 x T. harzianum (CBS226.95.
F. TA0O020 X T. harzianum CBS226.95.
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to orthogroups, with 37 genes remaining unassigned,
and they were distributed in almost all 24 genomic
regions. Among the THO0179 genes, 596 (94.8%) were
assigned to orthogroups and 33 remained unassigned
and distributed in 17 genomic regions. In addition, 168
orthogroups were shared between TH0179 and TA0020,
including genes encoding 15 CAZymes, 12 TRs, 10 TFs,
and 5 SMBs.

Multiple tools were used to access functional data for
the annotated models. Ninety-three percent of the
TA0020 annotated genes and 91% of the TH0179 anno-
tated genes had at least one functional annotation.
CAZyme modules represented 9.3% of the THO0179
annotated gene models and 11% of the TA0020 anno-
tated gene models.

CAZymes, transporters, and transcription factors
and clusters.—In total, 59 CAZymes, 27 TFs, and 39
TRs were identified in TH0179. Seventy-one genes pre-
sented signal peptides, including 23 CAZymes, one TR,
one TF, and two SMGs, which were linked to the NRPS
core enzyme from OR633216. Forty-two percent of the
annotated CAZymes had predicted substrates, four of
which had multiple targets. With respect to CAZyme
clustering, in THO0179, three genomic regions harbored
no CAZymes and five regions presented only one each.
The other 15 selected regions had two to six CAZymes,
among which OR633232 was considered the BAC with
the AA2, CE4, GH5, CE4, and AA11 CAZymes; inter-
estingly, all of these regions were related to cellulose
degradation to some extent, with the GH and CE
genes considered lignocellulolytic, whereas the AA
redox family was involved in complex substrate degra-
dation. dbCAN3 can also be used to identify signature
CAZyme clusters on the basis of genomic localization
and homology to known clusters in the database. For
THO0179, 14 regions presented annotated CAZyme
clusters.

For TA0020, 143 CAZymes, 62 TFs, and 114 TRs
were identified. A total of 131 genes presented signal
peptides, including 43 CAZyme genes, two TF genes,
two TR genes, and five SM genes. Forty percent of the
CAZymes of TA0020 had predicted substrates, with 13
showing more than one target substrate. With respect to
CAZyme clustering, four regions did not present any
CAZymes, four regions presented one CAZyme each,
and 36 genomic regions presented two or more
CAZymes. Additionally, 31 regions contained dbCAN3-
annotated CAZyme clusters.

Opverall, the TA0020 gene models presented a greater
number of annotated CAZymes, TFs, and TRs than did
TH179, but for both strains it was possible to identify

regions in which those hydrolytic genes were near the
same genome position, in tandem with other genes
predicted to be involved in metabolic hydrolysis control.

Expression analysis under cellulose degradation
conditions.—Among all the TA0020 BACs, 62 genes
were significantly differentially expressed (DEGs), 35 of
which were upregulated when cellulose was used as
a carbon source for culture, whereas 27 were
downregulated.

The downregulated Differently expressed genes p
value less than 0.05 and logFC greater than 1.5 or lesser
than -1.5 included GHI17 (TA0020_0933), AA9
(TA0020_1125), CBM18 (TA0020_1121), three TRs
(TA0020_0935, TA0020_0744, TA0020_1208), six TFs
(TA0020_0369, TA0020_0374, TA0020_0371,
TA0020_0358, TA0020_0735, TA0020_1197), an addi-
tional biosynthetic SM gene from the T1PKS SMBGC
cluster (TA0020_0056), and a direct neighbor gene from
the terpene core-enzyme SMBGC (TA0020_1004). The
cellulose-related DEGs included GH34 (TA0020_0446),
GT1 (TA0020_1099), GT20 (TA0020_1261), and GH28
(TA0020_0170); three TFs (TA0020_1100,
TA0020_0593, and TA0020_0023); two genes from the
Ripp-like SMBGC; one gene with no annotation
(TA0020_0494); and one gene encoding a protein with
an alpha/beta hydrolase fold domain (TA0020_0489).
Among the DEGs, the functional inference for two
downregulated and five upregulated genes remained
unclear, and these genes are therefore potential new
targets for future characterization.

Among the 14 DEGs identified in all of the TH0179
BACs, three were downregulated and 11 were upregu-
lated; these DEGs were distributed in nine genomic
regions. The downregulated genes were TH0179_0577
(eggNOG hit with a hypothetical protein ortholog),
THO0179_0308 TF (Zn(II)2-Cys6 fungal type), and
THO0179_0309 TR Major Facilitator Superfamily
(MFS). The 10 upregulated genes included three genes
encoding CAZymes: THO0179_0102 (GH18),
THO0179_0045 (AA7), and THO0179_0001 (GH95).
Additionally, TH0179_0393 and additional biosynthetic
genes from SMBGCs, TH0179_0359 (tetratricopeptide
repeat, a protein-protein interaction driver),
THO0179_0589 (WSC domain, a carbohydrate-binding
domain), TH0179_0302 (PAN domain), TH0179_0217
(only an eggNOG hypothetical protein hit),
THO0179_0053 TR (related to cation transport), and
THO0179_0248 (CorA-like Mg*" transporter protein),
were identified. AA7 also belongs to an annotated
CAZyme cluster in the OR633223 genomic region, pre-
sented in the next section (FIG. 3).



Major degradation-related regions and clusters.—
For in-depth investigation of the genome regions cap-
tured by the BACs, the gene clusters that presented
degradative genes were modeled, and the gene position,
annotation, and/or expression information is shown in
FIG. 3 for TA0020 and FIG. 4 for TH0179.

By crossing the DEGs and the CAZyme clusters, it was
possible to identify major cellulolytic and glycolytic
CAZyme clusters among the annotated BACs. For
TAO0020, eight relevant genomic regions were identified.

OR643395 carried three CAZymes. The first gene
in the annotated CAZyme cluster was
a downregulated gene, TA0020_0615 (a flavin reduc-
tase related to redox activities). OR643400 carried
three CAZymes and multiple TFs and TRs. Within
the cluster, two TFs, TA0020_0737 and
TA0020_0745, which are both Zn(II)2-Cys6 fungal-
type TFs, were upregulated. One gene, TA0020_0751
(alginate lyase), was downregulated. OR643406 also
carried three CAZymes; the first gene from the
CAZyme cluster, TA0020_0927 (pyridoxal phos-
phate-dependent enzyme), a direct neighbor of
GH3, was upregulated. OR643407 carried two
CAZymes, both in the annotated CAZyme cluster.
TA0020_0445 (ferric reductase nicotinamide adenine
dinucleotide [NAD]-binding domain) and
TA0020_0473 (no functional hit) were upregulated.
In contrast, TA0020_0447 (carboxylesterase family,
bifunctional feruloyl and acetyl xylan esterase [BD-
FAE], a novel bifunctional carbohydrate esterase
[CE]), TA0020_0450 TF (Zn(II)2-Cys6 fungal type),
and TA0020_0453 TR (ABC transporter and trans-
membrane region domain) were downregulated.
OR643408 carried six CAZymes, all of which were
in the annotated CAZyme cluster. Four genes were
upregulated: TA0020_0234 (GH20), TA0020_0239
(taurine catabolism dioxygenase TauD, TfdA family),
TA0020_0251 TR (peptidase merops family M28,
Major  Facilitator =~ Superfamily (MFS)), and
TA0020_0252 (taurine catabolism dioxygenase
TauD, TfdA family). OR643409 carried two
CAZymes, both in the CAZyme cluster. Two genes
were upregulated: TA0020_0203 (amino-transferase
class IV) and TA0020_0211 (amidohydrolase family).
OR643425 carried a CAZyme (GH26) in the anno-
tated clusters, plus two others at the edge of the
region. Within the clusters, the gene TA0020_0678
(fungal pheromone mating factor STE2 G protein-
coupled receptor [GPCR] and indoleamine 2,3-diox-
ygenase domains) was upregulated. Outside the clus-
ter, the gene TA0020_0689 TR Major Facilitator
Superfamily (MFS) was downregulated. OR643427
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did not present any CAZyme. Additionally, seven
genes were downregulated, one of which was
TA0020_0380 (amino acid permease). Interestingly,
the other six downregulated genes belonged to the
annotated SMBGC, including the nonribosomal pep-
tide synthetase (NRPS)-like core biosynthetic enzyme
TA0020_0395 (adenosine monophosphate [AMP]-
binding enzyme, phosphopantetheine attachment
site, transferase), TA0020_0396 (pyoverdine/dityro-
sine biosynthesis protein, sporulation related),
TA0020_0397 (enoyl-(acyl carrier protein) reductase),
TA0020_0398 (male sterility protein), TA0020_0400
(20G-Fe(II) oxygenase superfamily, nonheme dioxy-
genase in morphine synthesis N-terminal), and
TA0020_0401 (DUF218 domain).

For THO179, nine regions presented DEGs, among
which three contained CAZyme clusters with upregu-
lated genes. One region without CAZymes but carrying
three DEGs was identified.

OR633211 carried five CAZymes, all in the annotated
CAZyme cluster. In addition, one SMBGC was identified
in the same region. The expression of the gene
THO0179_0393 (zinc-binding dehydrogenase), which
belongs to the SMBGCs, was upregulated. OR633219 car-
ried no CAZyme. The expression of the TH0179_0302
gene (PAN domain, which mediates binding to high-
molecular-weight (HMW) kininogen) was upregulated.
THO0179_0308 TF (Zn(II)2-Cys6 fungal type) and
THO0179_0309 TR Major Facilitator Superfamily (MFS)
were downregulated. OR633223 carried a CAZyme cluster
with five CAZymes, and, interestingly, an SMBGC over-
lapped in the region. TH0179_0045 (AA7), belonging to
both functional clusters, and TH0179_0053 TR (haloacid
dehalogenase-like hydrolase) were upregulated. OR633224
carried four CAZymes, three of which were in the anno-
tated cluster. TH0179_0001 (GH95), which was not part of
the cluster, was upregulated.

Overall, relevant genomic regions with CAZyme-
annotated genes and clusters were observed. The
expression analysis of TH0179 and TA0020 helped to
identify major players in degradative conditions that
were likely active under the conditions tested herein
and were integrated with other genes in their vicinities.

DISCUSSION

BAC-guided transcriptome analysis was used to mine
high-quality genomic regions containing CAZyme targets
with biotechnological relevance from TA0020 and
THO179. This methodology promoted hybrid evidence-
based and ab initio gene prediction, followed by functional
inference and alignment-based expression analysis to
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identify regions potentially linked to cellulose and glucose
degradation. Overall, the main goal was to inspect the
genomic and transcriptomic variations and review the
genomic context of potential CAZymes and other relevant
features related to the cellulolytic metabolism process.
A range of clustered CAZymes, including cellulases, hemi-
cellulases, and ligninases, were identified. Additionally,
important genes, such as those encoding SMBGCs, oxi-
dases, proteinases, TFs, and TRs, were closely related to
CAZymes in the gene sequence clusters. Additionally,
genes with high expression levels under degradative con-
ditions were identified and are likely relevant to the degra-
dative process. The exact relationships of the clustered
genes, how their expression is orchestrated to respond to
lignocellulose synergistically, and the species-specific parti-
cularities affecting the ligninolytic process were reviewed
from a nonmodel species perspective for Trichoderma
species.

Genomic region characterization.—The BAC
approach is a methodology that can be used to success-
fully target specific regions and guarantee the quality

and stability of specific genomic regions; thus, this
method avoids assembly mistakes, especially in repeti-
tive regions of the genome. This work explored specitfic
regions of the genome; however, the total length
obtained for TA0020 was greater than that for TH179,
and the differences in the number of genes identified
between the two strains can be explained by this limita-
tion (FIG. 2). Therefore, the BAC sequences obtained
and compared with the genomes highlight the diversity
within the genus (FIG. 1). Previous comparative analysis
revealed that 50-25% of the Trichoderma genes are
species-specific genes and are not shared among
Trichoderma species. Additionally, gene families such
as the ankyrin, heterokaryon incompatibility domain
protein (HET), TF, carbohydrate degradative, and
SMBGC genes all presented high polymorphism rates
(Kubicek et al. 2011, 2019; Mukherjee et al. 2013). The
intraspecific diversity of the Harzianum clade is
a challenge to modern molecular genetics because this
species aggregates multiple highly complex infraspecific
groups (Druzhinina et al. 2010; Kubicek et al. 2019;
Schalamun and Schmoll 2022), which can partially
explain the limited CAZyme gene transfer.
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Figure 3. TA0020 Integrative Genome Viewer (IGV) visualization of CAZyme clusters or DEG-carrying regions identified via functional

inference, genomic context, and differential expression analysis.

Comparative analysis.—The BAC alignment with the
reference genome and orthology data helped in the
assessment of the complexity of Trichoderma at the
strain level. T. reesei QM6a is considered a model
Trichoderma species that is phylogenetically distant
from other biocontrol species (Kubicek et al. 2019). As
expected, the BAC correspondence decreased with phy-
logenetic distance. On the basis of the alignment to its

own species reference (FIG. 1), it is possible to conclude
that TA0020 may be more distant from T. atroviride
IMI206040 than THO179 is from T. harzianum
CBS226.95. Additionally, for all three comparisons, the
TA0020 alignments presented greater complexity, with
the same BAC aligning to multiple contigs/chromo-
somes in the references. In the orthology analysis, only
33 THO179 genes were unassigned to orthogroups,
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Figure 4. TH0179 Integrative Genome Viewer (IGV) visualization of CAZyme clusters or DEG-carrying regions identified via functional

inference, genomic context, and differential expression analysis.

whereas 37 genes for TA0020 remained unassigned.
According to a previous molecular phylogenetic analysis
of rpb2, T. atroviride species belong to a basal branch
that diverged early from other species, most likely main-
taining the characteristics of a common ancestor
(Kubicek et al. 2019).

Overall, the analysis of the BAC gene regions corro-
borated the findings of rapid evolution rates due to the
opportunistic lifestyle of Trichoderma. The rapid evolu-
tion of the genus reshaped its genomes, allowing these
species to colonize potential niches (Kubicek et al.
2019). Their notable intraspecific capacities are strongly
influenced by lateral gene transfer and other complex
evolutionary processes contributing to genomic varia-
tions, even those observed in closely related species.
Interestingly, carbohydrate metabolism and biocontrol
gene families seem to be especially influenced by evolu-
tionary processes (Guzmdn-Guzman et al. 2023;
Hewedy et al. 2020; Kubicek et al. 2011, 2019;
Schalamun and Schmoll 2022; Sood et al. 2020;
Tyskiewicz et al. 2022). Previous transcriptome and
coexpression network analyses have shown differential
efficiency and a high degree of variability at the strain

level (Almeida et al. 2021; Horta et al. 2018; Rosolen
et al. 2022). Further exploration of Trichoderma cap-
abilities could help identify specific traits that are useful
for second-generation bioethanol production and other
industrial processes that use biocatalysts derived from
genes and recombinant proteins. (Lima et al. 2024).

CAZyme genes and clusters.—CAZymes play
a central role in carbon substrate degradation, energy
consumption, cell wall synthesis, and other accessory
activities mediated by substrate availability and other
environmental stimuli (Drula et al. 2022).

For the studied species, the retrieved CAZyme genes
represent a small subset of all CAZymes (Filho et al.
2017; Kubicek et al. 2011; Rosolen et al. 2023). Whole-
genome analysis has shown that T. reesei genomes con-
tain fewer CAZymes than do those of biocontrol strains
(Kubicek et al. 2011; Li et al. 2017; Li and Wang 2021).
This is related to the fact that T. reesei is a saprophytic
species that has lost biocontrol-related gene families,
including important CAZyme genes (Kubicek et al.
2019), and the recent whole-genome comparative



analysis of T. harzianum I0C 3844, THO0179, and
TA0020 and T. reesei 711 corroborated these differences
(Rosolen et al. 2023). For the retrieved genomic regions
in the present study, TA0020 presented a diverse set of
cellulases, hemicellulases, and ligninases despite its
lower lignocellulolytic potential and lower expression
of CAZyme genes, which may be related to plant-
Trichoderma interactions partially degrading the plant
cell wall, allowing the exchange of nutrients in endo-
phytic species.

Complex substrate degradation, such as that of glu-
cose, cellulose, lignocellulose, and chitin, activates dif-
ferent and complex synergistic reactions with different
sets of genes, including CAZymes, TFs, and TRs. The
clustered distribution of genes contributing to the same
phenotype is not new, but in eukaryotes genes are
expressed individually, and the clustering of metabolic
genes in the fungal genome is still unclear (Rokas et al.
2018; Slot 2017; Wisecaver and Rokas 2015). In terms of
the clustered distribution of CAZymes, overall, more
than half of the CAZyme-containing BACs presented
multiple CAZymes in tandem with important regula-
tors, transporters, and other genes with a variety of
functions (FIG. 3 and 4). Careful inspection of such
clusters must be conducted to improve the understand-
ing of the coregulatory patterns and synergistic actions
among clustered genes, clarifying the lignocellulolytic
activities of Trichoderma spp. Species-specific differ-
ences in the CAZyme arsenal, linear organization, and
cluster organization lead to differential efficiency. This
knowledge can be used to engineer strains via classic
mutagenesis or CRISPR (clustered regularly interspaced
short palindromic repeats)-Cas-9 models, modulating
specific phenotypes or more efficient strains (Filiatrault-
Chastel et al. 2021; Kun et al. 2019). Thus, proper
genetic modifications can be directly applied in biopro-
cesses, such as the use of pretreatments with optimized
enzymatic cocktails or biorefinery approaches. Overall,
genetic modifications can influence the process of bio-
mass degradation by optimizing access to sugars and
other biomass-related compounds, increasing the cost-
effectiveness of lignocellulolysis-based fermentation and
increasing the reliability of bioprocesses at the industrial
level (Filiatrault-Chastel et al. 2021; Raulo et al. 2021;
Sardi and Gasch 2017).

Expression measurement and identification of
differently expressed genes.—A prevalidated RNA-
Seq (Almeida et al. 2021) data set was used as a source
to identify regions/genes potentially activated during
lignocellulose degradation. These previous studies char-
acterized the global transcriptome through
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transcriptomic profiling, revealing different strategies
for carbon utilization (Almeida et al. 2021).
Transcriptomic, genomic, and phenotypic variations
are common even at the strain level, and such differ-
ences must be carefully studied to understand their role
in the biodegradation process (Almeida et al. 2021;
Hewedy et al. 2020; Pachauri et al. 2023; Rosolen et al.
2023). In TA0020 and THO179, genes presented differ-
ences in expression, but few genes presented significant
differences. These genes are likely regulated in response
to the tested conditions; thus, these studies reveal the
genomic context of these genes (FIG. 3 and 4).

The complex transcriptomic profile of TA0020,
observed in the previous de novo transcriptome ana-
lysis, was captured in this reference-based transcrip-
tome assembly and differential expression analysis.
Their lower lignocellulolytic potential contrasts with
their complex transcriptome profile, likely because
T. atroviride may not be as specialized in lignocellu-
lose utilization as the saprophytic workhorse T. reesei
QMé6a or the T. harzianum IOC 3844 and
T. harzianum CBMAI-0179 strains, which show
greater efficiency in crystalline cellulose degradation
(Almeida et al. 2021; Horta et al. 2018; Li and Wang
2021). Transcriptomic and differential expression ana-
lyses offer a global understanding of complex activ-
ities and are reliable for identifying relevant target
genes and regulatory and metabolic pathways. Such
knowledge from a nonmodel and novel species per-
spective is important for synthetic biology and strain
engineering efforts and heavily impacts biodegrada-
tion-related  industrial  processes  that use
Trichoderma-based technology (Benocci et al. 2018;
Salazar-Cerezo et al. 2023; Xu et al. 2024).

CONCLUSIONS

The BAC methodology allowed us to identify CAZyme-
containing genomic regions and study their linear dis-
tribution, genomic context, and relationship with degra-
dative conditions. It was possible to identify target
lignocellulolytic CAZyme clusters and address the dif-
ferential lignocellulolytic potential in terms of gene
expression previously observed among species.
Functional inference combined with transcript expres-
sion quantification and comparative analysis provided
highly valuable information regarding the genome
arrangement of CAZyme genes, making it possible to
identify strain-specific characteristics. We recovered
multiple CAZyme-containing regions rich in TF- and
TR-flanking genes, revealing the control mechanisms
for CAZyme expression. Expression analysis helped to
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identify regions that were positively regulated under
biomass degradation conditions and likely involved in
the lignocellulolytic activities of both strains.

These results contribute to the genomic perspective of
targeted CAZyme regions in nonmodel Trichoderma spe-
cies to identify potential highly degradative regions, which
will be useful for improving enzymatic degradation tech-
nologies. Here, we provide an in-depth analysis of the
target lignocellulolytic genomic regions of novel
Trichoderma strains.
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