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Abstract
Filamentous fungi are prolific producers of carbohydrate-active enzymes (CAZymes) and 
important agents that carry out plant cell wall degradation in natural environments. The 
number of fungal species is frequently reported in the millions range, with a huge diversity 
and genetic variability, reflecting on a vast repertoire of CAZymes that these organisms 
can produce. In this study, we evaluated the ability of previously selected ascomycete and 
basidiomycete fungi to produce plant cell wall-degrading enzyme (PCWDE) activities and 
the potential of the culture supernatants to increase the efficiency of the Cellic® CTec2/
HTec2 for steam-exploded sugarcane straw saccharification. The culture supernatant of 
Penicillium ochrochloron RLS11 showed a promising supplementation effect on Cellic® 
CTec2/HTec2, and we conducted the whole-genome sequencing and proteomic analysis for 
this fungus. The size of the assembled genome was 38.06 Mbp, and a total of 12,015 pro-
tein-coding genes were identified. The repertoire of PCWDE-coding genes was compara-
tively high among Penicillium spp. and showed an expansion in important cellulases and 
xylanases families, such as GH3, GH6, GH7, and GH11. The proteomic analysis indicated 
cellulases that probably enhanced the biomass saccharification performance of the Cellic® 
CTec2/HTec2, which included enzymes from GH3, GH6, and GH7 families.
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Introduction

Fungi are a diverse and large group of eukaryotes, comprising species adapted to almost all 
terrestrial and aquatic ecosystems [1]. The widespread and multitude of lifestyles of fungi 
entail a huge genetic variability, even inside the same genus [2]. This diversity is accom-
panied by biological importance, such as its prominent role in soil carbon cycling, patho-
genesis, and plant symbiosis. These features may be highly dependent on the fungal ability 
to produce and secrete carbohydrate-active enzymes (CAZymes) that must act on highly 
heterogeneous substrates, and thus, a massive diversity regarding sequence and function is 
frequently observed for these enzymes [3].

Filamentous fungi significantly diverge in how they decompose lignocellulose, which 
is a consequence of their genetic background driving the production and secretion of plant 
cell wall-degrading enzymes (PCWDEs). Soft-rot fungi include ascomycetes and basidio-
mycetes, mainly employing hydrolases to depolymerize polysaccharides from the plant cell 
wall. Brown-rot species are basidiomycetes that can produce non-enzymatic oxidative sys-
tems, while white-rot fungi are prolific producers of lignin-degrading oxidoreductases [4]. 
Necrotrophic phytopathogenic fungi generally have an enriched repertoire of PCWDE-cod-
ing genes to rapidly and effectively decompose plant polysaccharides, while symbionts and 
biotrophic fungi generally possess fewer CAZyme-coding genes [5]. Although this classi-
fication of fungi provides a glimpse of plant cell wall-degrading capabilities, a closer look 
into the repertoire of such genes in fungal genomes may reveal considerable variations, 
even considering closely related species. This knowledge was enriched by many whole-
genome sequences available and the comprehensive characterization of exoproteomes by 
mass spectrometry [6–8].

Despite being an industrially attractive process, the use of enzymes for plant biomass 
saccharification represents a significant proportion of the capital cost to generate value-
added products from lignocellulose [9]. In this sense, there is a continuous effort to 
improve (hemi)cellulolytic cocktails, driven by protein engineering and enzyme screening 
from wild organisms, aiming to produce or discover more efficient biocatalysts.

The production and commercialization of (hemi)cellulase mixtures for industrial pro-
cesses are dominated by companies such as Novozymes (Cellic® enzyme cocktails) and 
DuPont (Accellerase® and Spezyme® enzyme cocktails). Although the composition 
of commercial enzyme mixtures is not known in detail, they are primarily composed 
of Trichoderma sp. CAZymes that were possibly improved by protein engineering. The 
enzyme mixtures probably contain β-glucosidase from Aspergillus spp. and other proteins 
that enhance lignocellulose conversion obtained from various organisms, such as swollen-
ins and LPMOs from the AA9 family [10].

Besides improving enzymatic cocktails using molecular tools, the inspection of high-
performance fungal enzyme systems could provide important information regarding new 
or more efficient biocatalysts to supplement existing enzyme cocktails.

In this study, we evaluated the ability of filamentous fungi with previous ability to 
secrete of CAZymes to produce PCWDEs grown on pretreated sugarcane straw and the 
application of these enzymes in the saccharification of the same biomass. The sacchari-
fication assays were conducted using the Cellic® CTec2/HTec2 (Novozymes A/S) sup-
plemented with crude fungal enzyme preparations to assess the ability of fungi to secrete 
proteins to improve the performance of the commercial enzyme mixture. Our analysis 
indicated that the culture supernatant of Penicillium ochrochloron strain RLS11 showed 
a promising supplementation effect, and we conducted whole-genome sequencing of this 
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fungus to uncover its PCWDE-coding gene repertoire. Also, LC-MS/MS analysis was car-
ried out to comprehensively characterize its exoproteome and identify the proteins that 
provided the good ability to supplement the Cellic® CTec2/HTec2 for sugarcane straw 
saccharification. The cellulases and xylanases of P. ochrochloron RLS11 identified here 
are promising targets for future experiments to improve modern commercial CAZyme 
preparations.

Materials and Methods

Fungal Strains and Culture Conditions for PCWDE Production

In this study, we evaluated the ability of nine pre-selected fungal isolates to produce 
PCWDEs with the potential to improve saccharification yields of Cellic® CTec2/HTec2. 
The fungal cultivation periods (10 days for ascomycetes and 15 days for basidiomycetes) 
were based on a previous screening study, which provided higher PCWDE activities (data 
not published).

The ascomycete fungi (Trichoderma sp. J7, Penicillium ochrochloron RLS11, and 
Fusarium verticilliodes AZB) were obtained from the mycological culture collection of 
the Biochemical Analysis Laboratory, Bioagro, Universidade Federal de Viçosa (Brazil). 
The basidiomycete fungi (Pleurotus cornucopiae PLOCOR, Pleurotus floridanus PLO09, 
Pleurotus ostreatoroseus PLO13, Pholiota adiposa KGM, Pholiota nameko PH01, Heri-
cium erinaceus HE) were kindly provided by the Laboratory of Mycorrhizal Association, 
Bioagro, Universidade Federal de Viçosa (Brazil). These fungal isolates were chosen based 
on previous screening studies evaluating CAZyme production and activity. Each fungus 
was cultivated on potato-dextrose-agar (PDA) plates for 7 days at 28 °C in the dark. Ten 
agar plugs (Ø = 5.0 mm) of PDA-containing mycelia were added to sterile Erlenmeyer 
flasks (250 mL) containing 100 mL of propagation medium with the following composi-
tion: yeast extract 10 g.L−1, peptone 20 g.L−1, and glucose 20 g.L−1. The flasks were kept 
under agitation (150 rpm) for 7 days at 28 °C in the dark.

For the production of PCWDEs, 5 mL of propagation medium from each fungal culture 
was added to sterile Erlenmeyer flasks (125 mL) containing 55 mL of mineral solution and 
1.2 g of steam-exploded sugarcane straw (dry weight) as the sole carbon source. The min-
eral solution consisted of NH4NO3 2.0 g.L−1; K2HPO4 2.0 g.L−1; MgSO4 2.0 g.L−1; NaCl 
1.0 g.L−1; CaCl2 2.0 g.L−1; citric acid 2.8 g.L−1; yeast extract 3.0 g.L−1; peptone 2.0 g.L−1; 
and 1.0 mL.L−1 of trace elements solution (EDTA 50.0 g.L−1; MnCl2 0.4 g.L−1; CoCl2 
0.16 g.L−1; CuSO4 0.16 g.L−1; H3BO3 1.1 g.L−1; (NH4)6Mo7O24 0.13 g.L−1; FeSO4 0.5 
g.L−1; and ZnSO4 2.2 g.L−1). The flasks were kept at 28 °C under the agitation of 250 
rpm in the dark. The ascomycetes were grown for 10 days and the basidiomycetes for 15 
days. The residual solids were filtered for extracellular enzyme recovery using a nylon filter 
followed by centrifugation at 15,000g for 10 min at 4 °C. The clarified supernatants were 
kept at 4 °C, and phenylmethanesulfonyl fluoride (PMSF) was immediately added to a final 
concentration of 1.0 mM. All experiments were performed in triplicate.

Plant Cell Wall‑Degrading Enzyme Activities

Endo-β-1,4-glucanase (CMCase) and β-1,4-xylanase activities were measured with carbox-
ymethyl cellulose (CMC) and beechwood xylan as substrates, respectively. The enzymatic 
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reactions were conducted in test tubes with substrate suspension (1.0% w/v) in sodium ace-
tate buffer (50 mM pH 5.0) and appropriately diluted enzyme preparation. The tubes were 
incubated at 50 °C for 15 min. The released reducing sugars were quantified using dinitro-
salicylic acid reagent [11]. Enzymatic activity units (U) were determined by the correlation 
between absorbance at 540 nm and known concentrations of the analyte.

β-glucosidase, β-xylosidase, and cellobiohydrolase activities were quantified using 
4-nitrophenyl sugar derivatives as substrates (β-D-glucopyranoside, β-D-xylopyranoside, 
and β-D-cellobioside, respectively). The enzymatic reactions were carried out on substrate 
suspension (0.5 mmol.L−1) in sodium acetate buffer (pH 5.0) and appropriately diluted 
enzyme preparation. After 15 min at 50 °C, the reactions were terminated by adding 1 M 
NaOH. The 4-nitrophenolate was quantified by the correlation between absorbance at 410 
nm and known concentrations of the analyte.

Laccase activity was measured by monitoring the oxidation of the ABTS (2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)). The enzymatic reactions contained 300 μL of 
the appropriately diluted enzyme suspension, 600 μL of sodium acetate buffer (50 mM pH 
5.0), and 100 μL of 10 mM ABTS. This mixture was incubated for 5 min at 50 °C. After 
that, the absorbance was taken at 420 nm. Laccase activity was calculated using the Lam-
bert-Beer law, using a molar extinction coefficient of 3.6 × 104 M−1cm−1.

The manganese peroxidase activity (MnP) was carried out using 100 μL of 0.25 mol.
L−1 sodium lactate, 50 μL of 2 mM MnSO4, 20 μL of 0.5% (m/v) bovine serum albumin, 
100 μL of 0.1% (m/v) phenol red, 500 μL appropriately diluted enzyme suspension and 
50 μL of 2 mM H2O2 in sodium succinate buffer (25 mM and pH 4.5). The mixture was 
incubated for 5 min at 30 °C, and the reaction was ended by the addition of 40 μL of 2 M 
NaOH. Control assays were conducted in the absence of Mn2+ by omitting the addition of 
MnSO4 in the reaction mixture. The absorbance was taken at 610 nm, subtracting the value 
of the control reaction. MnP activity was calculated using the Lambert-Beer law, using a 
molar extinction coefficient of the oxidized phenol red (0.022 M−1cm−1).

One unit of enzymatic activity was defined as the amount of enzyme that released 1 
μmol of product per minute under assay conditions.

Steam‑Exploded Sugarcane Straw Saccharification by Cellic® CTec2/HTec2 
Supplementend with Crude Fungal Enzyme Preparations

The saccharification assays were conducted based on protein loading since complex fungal 
exoproteomes might contain poorly active enzymes on model substrates or even proteins 
that are not enzymes that positively impact biomass saccharification, such as swollenins. 
To access the effect of the fungal culture supernatants on Cellic® CTec2/HTec2 saccharifi-
cation performance, we supplemented it with each supernatant individually and quantified 
the glucose release. The steam-exploded sugarcane straw had a minor amount of hemicel-
luloses (Table  S4), leading to low xylose concentration after saccharification. Thus, the 
xylose yields were not reported.

For saccharification assays, Cellic® CTec2/HTec2 enzyme mixture (75% of CTec2 
and 25% of HTec2) was applied alone and combined with fungal culture supernatants for 
steam-exploded sugarcane straw saccharification. Reactions were conducted in 25-mL 
Erlenmeyer flasks with 5 mL of reaction medium consisting of pretreated plant biomass 
5.0% (w/v), 0.1 M sodium citrate buffer pH 5.0, and 1 mM sodium azide. The reactions 
contained 5.00 mg of protein per gram of dry matter (referred to as “Mix”), 5.50 mg of 
protein per gram of dry matter (“Mix + 10%”) or 6.25 mg of protein per gram of dry 
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matter (“Mix + 25%”). The protein supplementations (Mix +10% and Mix + 25%) were 
conducted using the commercial mixture itself Cellic® CTec2/HTec2 (control) or the fun-
gal culture supernatants (treatments). A detailed description of the protein loadings of each 
enzyme mixture used in sugarcane straw saccharification is given in supplementary file 1.

The flasks were incubated at 250 rpm and 50 °C for 72 h. Aliquots were taken and 
immediately boiled to protein denaturation, centrifuged at 16,000g for 15 min, and filtered 
using PVDF filters with 0.45 μm pore size. Glucose was detected in a high-performance 
liquid chromatography system Shimadzu 20A series equipped with Aminex HPX-87H 
column (300 × 7.8 mm) and a refractive index detector. The elution was performed with 
H2SO4 5 mM, with a flow rate of 0.6 mL.min−1 and column temperature of 55 °C. The 
glucose was quantified using a calibration curve that correlates peak areas and known con-
centrations of the analyte.

The experiment was performed in triplicate for each condition, and the statistical analy-
ses were conducted in the R environment (version 3.5.3) [12]. The T-test was used for the 
comparison of means. The null hypothesis was defined as the control mean higher than the 
treatment mean, and the alternative hypothesis consisted of equal means or control mean 
less than treatment mean. The significance level was 5% for all conclusions.

DNA Extraction, Genome Sequencing, and Assembly

For genomic DNA extraction, P. ochrochloron RLS11 was cultured on PDA plates, and the 
mycelium was collected with a sterile scalpel and immediately frozen with liquid nitrogen. 
DNA isolation was carried out according to a method described elsewhere [13].

The genome was sequenced using Illumina Novaseq platform (Illumina Inc., San Diego, 
CA, USA). The library was prepared using TruSeq Nano DNA prep kit (Illumina Inc., San 
Diego, CA, USA) with 150 bp pair-end reads and 550 bp fragment length. Raw data filter-
ing was performed with Trimmomatic v0.36 [14] using a 4-mer sliding window and mean 
Q equal to 15. Filtered reads were used for de novo genome assembly using SPAdes v.3.9.0 
[15] using kmer sizes ranging from 27 to 123. The genome completeness was accessed 
with BUSCO v3 [16], using the Ascomycota and Eurotiomycetes single-copy orthologous 
genes.

This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under 
the accession JAAVMA000000000 and BioProject number PRJNA614650.

Phylogenetic Analysis

Initially, its regions (internal transcribed spacer 1 – 5.8S – internal transcribed spacer 2) 
were searched in the assembled genome of P. ochrochloron RLS11 using BLASTn searches 
with sequences from Fungi RefSeq ITS project (NCBI BioProject: PRJNA177353). After 
identifying the fungal species that provided the best-hit (based on sequence identity), the 
RNA polymerase II subunit 2 (rpb2) and β-tubulin (tub) sequences were downloaded from 
Genbank and used in new BLASTn searches to identify these genes in the P. ochrochloron 
RLS11 assembly.

For phylogenetic analysis, reference sequences of rpb2, tub, and its regions were down-
loaded from GenBank (Table S1). These sequences were separately aligned with MAFFT 
v.7.305 [17] using the L-INS-i strategy. The three multiple sequence alignment files gener-
ated were combined with a custom Python script.
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The jmodeltest v.2.1.10 [18] was used to infer the best substitution model under Akaike 
information criterion. Phylogenetic reconstruction using the maximum likelihood method 
was carried out in RaxML v.8.2.12 [19] using the GTR+I+G model with 2000 searches for 
the best-scoring tree. Maximum likelihood bootstrap proportions (MLBP) were calculated 
with 5000 replicates. Bayesian inference was carried out with MrBayes v.3.2.7 [20] using 
Markov Chain Monte Carlo (MCMC) algorithm. Six independent runs with four chains 
each were conducted for 2,000,000 generations, sampling every 100th generation. The ini-
tial 25% trees were discarded as burn-in phase, and the remaining trees were used for esti-
mating Bayesian inference posterior probability (BIPP) values. Trees were visualized in 
FigTree v.1.4.4 [21].

Gene Prediction and Annotation

A combination of ab initio and similarity-based methods were applied to predict protein-
coding genes in the P. ochrochloron RLS11 genome assembly. Augustus v3.2.2 [22] trained 
with Penicillium chrysogenum NRRL 1951 gene parameters and GeneMark-ES v4.38 [23] 
using self-training mode were used for ab  initio gene predictions. The similarity-based 
gene predictions were based on RNA-seq data from Penicillium species downloaded from 
NCBI Sequence Read Archive (Table  S2). Transcriptome assembly was conducted with 
Tophat/Cufflinks pipeline [24], and the coding sequences were used as input for Exonerate 
v.2.2.0 [25], which predicted its most likely position in the P. ochrochloron RLS11 assem-
bly using spliced-sequence alignments. The EvidenceModeler v.1.1.1 [26] was used to 
merge the genes predicted by ab initio and similarity-based methods applying a weighted 
consensus metric.

Carbohydrate-active enzymes annotation was carried out with dbCAN2 [27] using 
HMMER, DIAMOND, and Hotpep predictions. Only CAZy families predicted by at least 
2 tools were kept in the data set. The dbCAN2 predictions were refined with BLASTp (cut-
off values: identity > = 60% and coverage > = 80%) and InterProScan best-hits (e-value < 
= 1e–30) aiming to annotate enzymes at activity level. This prediction was also applied to 
other Penicillium genomes used in this work (Table S3).

Mass Spectrometry‑Based Proteomics of Penicillium Ochrochloron RLS11 Culture 
Supernatants

Proteins of the 5-day and 10-day culture supernatants were precipitated with ethanol (90% 
v/v) for 24 h at −20 °C. After centrifugation (9000 × g, 20 min, and 4 °C), the protein 
pellet was resuspended in 100 μL of a solution containing 7.0 M urea, 2.0 M thiourea, 
and 4.0% (w/v) CHAPS. A SDS-PAGE was conducted with 30 μg of proteins, and the 
run was stopped when proteins migrated from stacking gel to resolving gel. The unique 
protein bands were excised, discolored with methanol 50% and acetic acid 5.0%, treated 
with 0.05 mol.L−1 dithiothreitol and 0.10 mol.L−1 iodoacetamide, and subjected to in-
gel trypsinization with 2 μg of trypsin (Trypsin Gold, Promega™). The peptides were 
desalted using stage-tips [28], dried in a vacuum, and reconstituted in 0.1% formic acid. 
One microliter of the peptide-containing solution was injected on PicoFrit Column (20 cm 
× ID75 μm, 5 μm particle size, New Objective) and analyzed on an Orbitrap Velos mass 
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) connected to the EASY-
nLC system (Proxeon Biosystem, West Palm Beach, FL, USA). Protein identification was 
performed with MaxQuant v.1.6.3.3 [29] using a database of predicted protein sequences 
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from P. ochrochloron RLS11, P. oxalicum 114-2, P. brasilianum, and P. rubens Wisconsin 
54-1255. Quantification was performed using the label-free quantification (LFQ) method. 
A false discovery rate (FDR) of 1% and a minimum of 2 unique peptides were used as 
identification confidence parameters.

The experiment was conducted in triplicate for each condition (5-day and 10-day super-
natants), and statistical and exploratory data analyses were conducted in the R environment 
(version 3.5.3) [12]. The T-test was used to compare the means (protein relative abun-
dance). The null hypothesis was defined as equal means and the alternative hypothesis as 
different means. The significance level was 5% for all conclusions.

Results

Plant Cell Wall‑Degrading Enzyme Activities in Fungal Culture Supernatants

Overall, the culture supernatants of basidiomycetes showed less cellulase and xylanase 
activities than the ascomycetes (Table 1). All basidiomycetes produced laccase activity, but 
only Pleurotus floridanus PLO09 produced manganese peroxidase in detectable amounts. 
This fungus and the Pleurotus ostreatoroseus PLO13 showed higher PCWDEs activities 
than other basidiomycetes evaluated in this work.

Regarding the ascomycetes, the Trichoderma sp. J7 produced a high xylanolytic activ-
ity, several orders of magnitude higher than the cellulase activities, while F. verticillioides 
AZB provided a more balanced set of cellulase and xylanase activities. In turn, the Peni-
cillium ochrochloron RLS11 was by far the best producer of cellulases specific activities 
(CMCase, β-glucosidase and cellobiohydrolase), as well as a high xylanolytic specific 
activity. Hence, this fungus produced the highest proportion of proteins that are active 
enzymes, or enzymes with higher efficiency to catalyze reactions on model substrates. 
Therefore, the P. ochrochloron RLS11 showed the greatest potential for plant biomass sac-
charification among the fungi evaluated.

Steam‑Exploded Sugarcane Straw Saccharification by Cellic® CTec2/HTec2 
Supplemented with Fungal Culture Supernatants

Overall, the culture supernatants of basidiomycetes promoted a lower glucose release from 
steam-exploded sugarcane straw compared to the Cellic® CTec2/HTec2 alone, especially 
of Pholiota nameko PH01 and Pholiota adiposa PKGM (Fig. 1A). Increasing the protein 
loads from these fungi in the saccharification medium had a greater detrimental effect on 
Cellic® CTec2/HTec2 since it was detected with lower glucose concentration relative to 
the control (less protein loading — Mix). The culture supernatant of Pleurotus ostreatoro-
seus PLO13 was the only from basidiomycetes that showed a promising result at 10% sup-
plementation, providing a glucose release equal to or greater than the control supplemented 
with the commercial enzyme mixture itself at the same protein loading (Mix + 10%). Nev-
ertheless, the same effect was not observed for 25% supplementation (Mix + PLO13 25%). 
Thus, these results indicated that all evaluated basidiomycetes have poor ability to improve 
the commercial enzymatic mixture for saccharification.

Similarly, the culture supernatants of Trichoderma sp. J7 and Fusarium verticilliodes 
AZB provided significant results at 10% protein supplementation but a lower glucose 
release when protein load was increased (25% protein supplementation) (Fig. 1B). At first 
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glance, these crude enzymatic preparations have no components that enhance the efficiency 
of Cellic® CTec2/HTec2 for steam-exploded sugarcane straw saccharification.

On the other hand, the secretome of Penicillium ochrochloron RLS11 showed a prom-
ising result. Adding this fungal culture supernatant to the Cellic® CTec2/HTec2 mixture 
led to positive supplementation effects on both protein loading levels (10% and 25%), i.e., 
glucose release compatible with the commercial mixture alone at same protein loading 

Fig. 1   Glucose concentration 
(g.L−1) in the reaction medium 
of steam-exploded sugarcane 
straw after saccharification. The 
reaction was conducted with 5% 
(w/v) dry matter for 72 h at 50 
°C under 250 rpm agitation. The 
“Mix” refers to saccharification 
containing by the Cellic® CTec2/
HTec2 alone (3:1 ratio) with 5.0 
mg of protein per gram of dry 
matter (5 mg/g DM). The “Mix” 
was supplemented based on 
protein loading with the Cellic® 
CTec2/HTec2 itself or with the 
culture supernatants of basidi-
omycetes (15 days of cultivation) 
and ascomycetes (10 days of 
cultivation). A detailed descrip-
tion of the protein loadings of 
each enzyme mixture used in 
sugarcane straw saccharification 
is given in supplementary file 1. 
The symbol * represents p-value 
< 0.05
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(Fig. 1B). During growth, fungi generally produce and secrete proteins that do not partici-
pate in the biomass saccharification or even show a negative effect, such as proteases. Thus, 
the above results provided evidence that the Penicillium ochrochloron RLS11 secretome 
contains components that increase the saccharification performance of the Cellic® CTec2/
HTec2.

Steam‑Exploded Sugarcane Straw Saccharification by Cellic® CTec2/HTec2 
Supplemented with Penicillium Ochrochloron RLS11 Culture Supernatants

To confirm the potential of P. ochrochloron RLS11 to improve the Cellic® CTec2/HTec2, 
we reconducted enzymatic saccharification assays supplementing the commercial mixture 
with culture supernatants of P. ochrochloron RLS11 obtained after 10 days of cultivation, 
as in the previous saccharification assay, and culture supernatants obtained in other cultiva-
tion periods (3, 5, and 7 days). The 10-day culture supernatant yielded the same result as 
the previous assay, but the other culture supernatants did not show the same supplementa-
tion effect (Fig. 2).

This result motivated the conduction of proteomic analysis of the Penicillium RLS11 
culture supernatants to gain insights into which proteins promote the good supplementation 
effect. Also, the genome sequencing of this fungus was interesting to gain knowledge on 
the genetic basis of its promising ability to supplement commercial enzyme mixtures and 
predict the sequence of genes to aid protein identification by proteomic analysis.

Penicillium Ochrochloron RLS11 Genome and Protein‑Coding Gene Prediction

The P. ochrochloron RLS11 genome sequencing generated 71,026,620 reads with 151 base 
pairs (bp) each, totalizing 10,725,019,620 bp. After quality control and raw data filtering, 
69,872,948 reads and 10,550,815,148 bp were kept in the data set, representing 98.4% of 
the total data generated. The assembled genome contained 991 contigs in 354 scaffolds 
(minimum length equal to 500 bp), with the largest scaffold of 2094 Kbp. The N50 and 
L50 parameters were 832,608 bp and 16, indicating a good genome assembly (Table 2). 
The total size of the assembled genome was approximately 38 Mbp, featuring in the upper 
range of known genome sizes of Penicillium species (https://​mycoc​osm.​jgi.​doe.​gov) [30].

We employed ab initio and similarity-based approaches to predict protein-coding genes 
in the P. ochrochloron RLS11 assembly. The final consensus gene set comprised 12,015 
protein-coding genes, and a search for Ascomycota and Eurotiomycetes universal single-
copy orthologs with BUSCO v3 yielded 99.2% and 97.7% of completeness, respectively, 
indicating good genome assembly and gene content.

Phylogenetic Analysis

Preliminary searches with sequences from Fungi RefSeq ITS bioproject using BLASTn 
provided best hits between P. ochrochloron RLS11 and sequences from other Penicillium 
ochrochloron strains, with 100% sequence identity. The combined multiple sequence align-
ment of rpb2, tub, and its gene sequences was used for phylogenetic reconstruction and 
confirmation of P. ochrochloron RLS11 taxonomic classification.

The maximum likelihood (ML) and Bayesian inference analysis generated the same 
tree topology, and MLBP/BIPP values were depicted on the ML tree (Fig.  3). All 
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sections obtained were in accordance with previous studies and the currently accepted 
Penicillium sections [31]. Regarding the P. ochrochloron RLS11, it grouped in a clade 
containing Penicillium ochrochloron strains with reliable bootstrap proportions and 
posterior probabilities, and thus, we confidently classified this fungus as a Penicillium 
ochrochloron strain RLS11.

Fig. 2   Glucose concentration (g.L−1) in the reaction medium of steam-exploded sugarcane straw after sac-
charification. The reaction was conducted with 5% (w/v) dry matter for 72 h at 50 °C under 250 rpm agita-
tion. The “Mix” refers to saccharification containing by the Cellic® CTec2/HTec2 alone (3:1 ratio) with 
5.0 mg of protein per gram of dry matter (5 mg/g DM). The “Mix” was supplemented based on protein 
loading with the Cellic® CTec2/HTec2 itself or with the culture supernatants of Penicillium sp. RLS11 
(3-day, 5-day, 7-day, and 10-day culture supernatants). A detailed description of the protein loadings of 
each enzyme mixture used in sugarcane straw saccharification is given in supplementary file 1. The symbol 
* represents p-value < 0.05
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Comparative Analysis of CAZyme Repertoire Between P. Ochrochloron RLS11 
and Other Penicillium Species

The number of genes encoding CAZymes in P. ochrochloron RLS11 genome was com-
pared to the other Penicillium species. The Penicillium genus contains species with an 

Table 2   Summary of the P. 
ochrochloron RLS11 genome 
assembly

*The genome completeness was calculated using the Ascomycota 
and Eurotiomycetes universal single-copy orthologs with BUSCO v3 
(Simão et al., 2015)

Total sequenced bases 10,725,019,620

Number of scaffolds 354
Largest scaffold (bp) 2,093,928
Total length (bp) 38,056,224
GC content (%) 49.03
N50 832,608
L50 16
N’s per 100 kbp 7.45
Completeness (Ascomycota) * 99.2%
Completeness (Eurotiomycetes) * 97.7%
# protein-coding genes 12,015
Average exons/gene 3.0
Average introns/gene 2.0

Fig. 3   Best-scoring Maximum Likelihood tree of concatenated sequence alignments of RPB2 (RNA poly-
merase II subunit 2), β-tubulin, and ITS (internal transcribed spacer 1 – 5.8S – internal transcribed spacer 
2) from species belonging to Penicillium sections Chrysogena, Citrina, and Lanata-divaricata. The tree is 
rooted in Aspergillus niger. MLBP above 70% (left) and BIPP above 95% (right) are indicated in black at 
the nodes. The Penicillium strain in boldface was used in this study. The Genbank accessions in given in 
Table S1
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excellent ability to depolymerize plant biomasses and thus are important sources of 
CAZymes [32] already used in commercial preparations [33].

Among the 12,015 protein-coding genes of P. ochrochloron RLS11, 737 were predicted 
as carbohydrate-active enzymes. Glycosyl-hydrolases were by far the most abundant fam-
ily with 391 predicted genes, followed by glycosyl-transferases (121 genes), carbohydrate 
esterases (105 genes), auxiliary activity enzymes (90 genes), and polysaccharide-lyases (12 
genes) (Table S5).

Overall, P. ochrochloron RLS11 showed more genes related to cellulose, xylan, and pec-
tin depolymerization than other Penicillium species (Fig. 4). This PCWDE-coding gene rep-
ertoire was more similar to that of Penicillium subrubescens, a closely related species to P. 
ochrochloron (Fig. 3), and a good source of enzymes for plant biomass saccharification [34].

P. ochrochloron RLS11 showed the largest number of protein-coding genes related to cel-
lulose depolymerization (65 genes), outperforming all other Penicillium species analyzed 
(min = 27 genes, max = 56 genes, s.d. = 7). This included oxidative (AA9 and AA3_1 fami-
lies) and hydrolytic enzymes (GH3, GH5_5, GH6, and GH7 families). Furthermore, P. ochro-
chloron RLS11 genome harbors the largest number of endo-β-1,4-xylanases (GH10, GH11, 
GH30_7 families), α-arabinofuranosidases (GH51), β-xylosidases/α-arabinofuranosidases 
(GH43_14), and acetylxylan/feruloyl esterases (CE1, CE3, CE4, CE5).

Proteomic Analysis of P. Ochrochloron RLS11 Culture Supernatants

We conducted LC-MS/MS analysis of P. ochrochloron RLS11 culture supernatants to 
identify which PCWDEs of the 10-day culture supernatant provided the supplementation 
of Cellic® CTec2/HTec2. We compared this sample to the 5-day supernatant (Tables S6 
and S7), as it did not significantly supplementate the commercial enzyme cocktail (Fig. 2).

To detect quantitative changes in the abundance of PCWDEs between the samples, we 
first accessed the similarity of replicates using principal component analysis (Fig.  5A). 
The replicates were close in space using the PC1, mostly encompassing the data variance 
(39.4%). Only one replicate of the day 10 samples was apart from the others in the PC2, 
but this component represented less than 19% of the total variance. Thus, the overall simi-
larity of samples agrees with the experimental design.

An overview of the number of proteins detected in each culture supernatant was given 
in the Venn diagram (Fig. 5B). A total of 151 and 120 unique proteins were detected in 
10-day and 5-day culture supernatants, respectively. Although many exclusive proteins 
were detected, few corresponded to PCWDEs (Table 3). The 10-day culture supernatant 
had a higher number of unique cellulases, comprising β-glucosidases, exo- and endo-β-
1,4-glucanases, which might contribute to the improvements of Cellic® CTec2/HTec2. 
A volcano plot was built to visualize the proteins with a significant fold change between 
samples, which indicated 18 proteins with higher abundance in the 10-day culture super-
natant (Fig. 5C). These proteins comprised GH6 and GH7 exo-β-1,4-glucanases (cellobio-
hydrolases) and GH3 β-1,4-glucosidases (T-test, p-value < 0.05 and log2(fold change) > 
1), promising targets for biochemical characterization and supplementation of commercial 
enzyme cocktails to increase plant biomass saccharification efficiency.

Although a qualitative analysis indicated high similarity between the two culture 
supernatants (Fig.  6A and 6B), especially regarding endo-β-1,4-xylanases (GH10 and 
GH11) and β-1,4-glucanases (GH5, GH6, and GH7), the 10-day sample was more 
enriched with total cellulases than the 5-day sample (10.9% vs. 4.1% of total relative 
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abundance). On the other hand, the relative abundances of the xylan-degrading enzymes 
were similar (23.5% vs 22.4%, respectively). Such enzyme profiles may result from a 
higher proportion of cellulose in steam-exploded sugarcane straw (Table S4) and accu-
mulation of cellulose over xylan during the cultivation period, leading to more expres-
sion of cellulases than hemicellulase genes.

Fig. 4   The putative inventory of carbohydrate-active enzymes (CAZymes) in Penicillium spp. genomes. 
CAZyme families were grouped according to their primary polysaccharide substrate, given on the right side 
(cellulose, pectin, xylan). The number of genes belonging to CAZy families in each genome is indicated 
inside the frames. The cladogram on the top is based on the number of genes per CAZy family. CAZy 
families marked with ** contain members acting on other polysaccharides in addition to that depicted (see 
http://​www.​cazy.​org/). In some cases, the number of CAZyme-coding genes depicted may be slightly dif-
ferent from the true values since the genes were predicted using fully-automatic annotation tools (dbCAN2, 
BLASTp, InterProScan) and were not subjected to a careful curation by experts
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Discussion

Recent estimates place the number of fungal species in the million range [35], and such 
magnitude can be linked to huge species diversity, genetic variability, and the wide-
spread across the globe [36]. This led to various fungal lifestyles, which directly influ-
ence the repertoire of extracellular enzymes related to their nutritional strategies, such 
as CAZymes [5]. Therefore, the search for enzymes with superior biochemical-kinetic 
properties or even unknown enzyme activities is justified since many unexplored fungal 
species and CAZyme sequences variability may exist [37].

In this work, we first accessed the ability of nine fungal species from Ascomycota 
and Basidiomycota phyla to produce PCWDE activities when grown on steam-exploded 
sugarcane straw. We choose sugarcane straw as model substrate for fungal cultivation 

Fig. 5   Exoproteome analysis 
by LC/MS-MS of 5-day and 
10-day culture supernatants 
of P. ochrochloron RLS11. A 
Principal component analysis of 
5-day culture supernatant (red 
dots) and 10-day culture super-
natant (blue dots). PC1 explains 
39.4% of the variance, while 
PC2 explains 18.6%. B Venn 
diagrams showing the number of 
proteins detected exclusively in 
each culture supernatant and the 
proteins found in both samples. 
C Volcano plot showing the 
significance (-log p-value > 1.30) 
and log2 fold-change of proteins 
with the 10-day culture super-
natant proteome as reference. 
The red dots represent proteins 
with significantly higher relative 
abundance than the 5-day culture 
supernatant relative abundances, 
while the blue dots represent 
proteins with significantly lower 
relative abundance. Protein IDs: 
1 – evm_model_NODE_48_1; 
2 – evm_model_NODE_44_29; 
3 – evm_model_NODE_1_426; 
4 – evm_model_NODE_23_206; 
5 – evm_model_NODE_1_379; 
6 – evm_model_NODE_38_43; 
7 – evm_model_NODE_26_63; 
8 – evm_model_NODE_5_339; 
9 – evm_model_NODE_12_211; 
10 – evm_model_NODE_6_91
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and saccharification assays since it is abundant in Brazil and easily recovered from com-
mercial plantations.

Most basidiomycetes produced fewer enzyme activities than ascomycetes (Table 1). 
This could result from unappropriated growth conditions (stirred liquid cultures at high 
rotation speeds), leading to poor substrate colonization. On the other hand, the ascomy-
cetes showed higher potential to produce cellulases and xylanases but no ability to pro-
duce lignin-degrading activities (e.g., laccase activity). Considering only the PCWDE 
activities detected in the culture supernatants, the enzyme mixtures produced by the 
ascomycetes were more suitable for saccharification of grass biomass since this mate-
rial generally shows a high proportion of cellulose especially after the pretreatment. 
The biomass pretreatment generally removes hemicelluloses and removes/redistributes 
the lignin on the surface of the lignocellulosic material. Therefore, cellulases are the 
primary set of enzymes that drives the production of fermentable sugars from such 
biomasses.

Table 3   Unique carbohydrate-active enzymes P. ochrochloron RLS11 culture supernatants (day 5 and day 
10)

*The functional assignments were manually inspected using BLASTp best-hits (identity > = 60% and cov-
erage >= 80%) and Interpro domains (e-value < = 1e–30) since there is various enzymatic activities in the 
same CAZy family
**The relative abundance was calculated taking into account all proteins detected in the respective culture 
supernatant

CAZymesdetected in P. ochrochloron RLS11 culturesupernatant after 5 days of cultivation
Protein ID CAZy family Putative function * Polysaccharide Relative abundance**(%)
evm_model_

NODE_6_182
AA7 FAD linked oxidase - 0.10

evm_model_
NODE_44_9

AA7 FAD linked oxidase - 0.01

evm_model_
NODE_3_306

CBM63 Cellulose-binding Cellulose 0.01

evm_model_
NODE_2_60

GH35 β-galactosidase β-mannans 0.01

evm_model_
NODE_15_291

GH54 α-arabinofuranosidase Xylan 0.02

CAZymes detected in P. ochrochloron RLS11culture supernatantafter 10 days of cultivation
Protein ID CAZy family Putative function * Polysaccharide Relative abundance**(%)
evm_model_

NODE_31_73
GH2 β-mannosidase β-mannans 0.01

evm_model_
NODE_45_11

GH3 β-glucosidase Cellulose 0.01

evm_model_
NODE_15_258

GH5_4 Endo β-1,4-glucanase Cellulose 0.01

evm_model_
NODE_48_29

GH5_22 Endo β-1,4-glucanase Cellulose 0.02

evm_model_
NODE_16_17

GH6 Exo β-1,4-glucanase Cellulose 0.06

evm_model_
NODE_18_203

GH7 Endo β-1,4-glucanase Cellulose 0.01

evm_model_
NODE_14_62

GH12 Endo β-1,4-glucanase Xyloglucan 0.01
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Fig. 6   Exoproteome analysis of culture supernatants of P. ochrochloron RLS11 by LC/MS-MS. Rela-
tive abundances of plant cell wall-degrading enzymes detected in the A 5-day culture supernatant and 
B 10-day culture supernatant of Penicillium ochrochloron RLS11 grown on steam-exploded sugar-
cane straw. The “Others” sector comprised proteins not annotated as CAZymes by dbCAN2. Protein 
IDs: 1 – evm_model_NODE_54_10; 2 – evm_model_NODE_1_379; 3 – evm_model_NODE_38_114; 
4 – evm_model_NODE_5_339; 5 – evm_model_NODE_26_63; 6 – evm_model_NODE_38_43; 
7 – evm_model_NODE_2_422; 8 – evm_model_NODE_8_18; 9 – evm_model_NODE_6_4; 10 – 
evm_model_NODE_11_34; 11 – evm_model_NODE_16_264; 12 – evm_model_NODE_1_425; 13 
– evm_model_NODE_18_192; 14 – evm_model_NODE_18_43; 15 – evm_model_NODE_23_206; 16 – 
evm_model_NODE_23_208
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Although the composition of commercial enzyme mixtures is not known in detail, they 
contain protein stabilizers, a significant proportion of protein-engineered (hemi)cellulases, 
and the absence of proteases. Thus, they are specifically tailored for biomass saccharifica-
tion, making it unfair to directly compare such enzyme cocktails with crude fungal enzy-
matic preparations. For this reason, we opted to supplement the commercial enzyme mix-
ture with the fungal culture supernatants to assess if they significantly enhance sugarcane 
straw saccharification. The Cellic® CTec2/HTec2 supplemented with the 10-day culture 
supernatant of P. ochrochloron RLS11 provided a comparable glucose release to the com-
mercial mixture alone at the same protein loading. This suggested that P. ochrochloron 
RLS11 secretome contains components that increase the efficiency of the commercial 
enzyme mixture for biomass saccharification. Penicillium species are proving to be promis-
ing sources of PCWDEs [33, 38], producing a complete and balanced set of enzymes to 
catalyze polysaccharide conversion into fermentable sugars [34, 39, 40]. Several reports 
indicated that cellulases produced by Penicillium species exhibit better catalytic perfor-
mance than widely used cellulases from Trichoderma reesei [41–43], showing a potential 
to improve the conversion of plant biomasses into fermentable sugars.

The genome of P. ochrochloron RLS11 contained a higher number of gene coding for 
cellulases and hemicellulases than many Penicillium species (Fig. 4). Such genetic features 
suggested that P. ochrochloron RLS11 might be very effective for saccharification of gram-
inaceous feedstock, such as sugarcane straw/bagasse and corn stover, which are biomasses 
with high potential to support biorefineries [44].

The (hemi)cellulolytic enzyme system of P. ochrochloron RLS11 induced by steam-
exploded sugarcane straw was primarily composed of hydrolases (families GH3, GH5, 
GH6, GH7, GH10, GH11) and a lower proportion of oxidative enzymes from AA3 and 
AA9 families (Fig.  6A and 6B). Such an enzyme profile seems common among Peni-
cillium species since a similar trend was observed in other studies [40, 45]. Surpris-
ingly, an endo-β-1,4-xylanase was the most abundant enzyme in the P. ochrochloron 
RLS11 exoproteome, although steam-exploded sugarcane straw was composed primar-
ily of cellulose and lignin with small amounts of xylan. This could be due to transcrip-
tion factors that induce xylanase-coding genes expression in cellulose medium, such as 
POX02484 of P. oxalicum HP7-1 [46], which have a homolog in P. ochrochloron RLS11 
(evm_model_NODE_31_72).

To infer which PCWDEs in the 10-day supernatant of P. ochrochloron RLS11 are pro-
viding good supplementation on Cellic® CTec2/HTec2, we compared the proteomic pro-
file of this sample to the 5-day sample, which did not show a significant supplementation 
effect. Since the saccharification assays were conducted based on protein loading, the pro-
teomic profile of each sample is well correlated to glucose yields. Although homogeneous 
qualitatively, the relative abundance of PCWDEs between the culture supernatants of P. 
ochrochloron RLS11 varied substantially, which may be a consequence of modifications 
in the carbon source composition over the cultivation time. It is well known that the secre-
tion of PCWDEs by fungi is tightly regulated and largely dependent on the carbon source 
available. As the fungus grows and modifies the surrounding environment, a change in 
the requirement of enzymes may occur, and the fungus adapts its metabolism for better 
growth performance. This can be evidenced by the greater abundance of cellulases in the 
10-day culture supernatant than the 5-day (more than twice), while a similar trend was not 
observed for total xylan-degrading enzymes.

The 10-day culture supernatant possessed many unique cellulases (Table 3) and other 
enzymes with higher relative abundance (Fig.  5C, Fig.  6A and 6B). The exo-β-1,4-
glucanases (cellobiohydrolases - CBH) from GH6 and GH7 families are fundamental 
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hydrolases for plant biomass saccharification, and previous studies indicated that such 
enzymes from a Penicillium species possessed a better hydrolysis potential than CBH from 
Trichoderma reesei [42]. Thus, CBHs of P. ochrochloron RLS11 are exciting targets for 
subsequent experiments to confirm if these proteins increase saccharification yields by Cel-
lic® CTec2/HTec2.

Also, β-1,4-glucosidases are essential to alleviate the inhibitory effects of cellobi-
ose on CBHs and endo-β-1,4-glucanases and are necessary enzymes to improve enzy-
matic saccharification yields [47]. A β-1,4-glucosidase from the GH3 family (evm_
model_NODE_5_339) was five times more abundant in the 10-day culture supernatant P. 
ochrochloron RLS11 and, thus, might be involved in the positive supplementation effect 
observed for this crude enzymatic extract.

These results are the first steps towards improving modern commercial enzyme prepara-
tions for plant biomass depolymerization and have shown the potential of poorly explored 
fungi to produce efficient PCWDEs. Also, biochemical and kinetic characterization of the 
cellulases identified here may provide more profound knowledge on the structure-function 
of enzymes with superior catalytic properties. Taking together, the results presented here 
may contribute to the development of biotechnology regarding the production of plant bio-
mass-derived biofuels and biomaterials.

Conclusions

Poorly explored fungi are potent sources of carbohydrate-enzymes and can improve modern 
commercial enzyme mixtures, such as Cellic® CTec2/HTec2 for biomass saccharification.

Genomic, proteomic, and functional assays evidenced the ability of Penicillium ochro-
chloron RLS11 to produce CAZymes for plant biomass saccharification and provided a 
wealth of “omics” data that may be used for other biotechnological applications.

The P. ochrochloron RLS11 cellulases from GH3, GH6, and GH7 families are promis-
ing targets for following experiments to improve modern commercial enzyme mixtures for 
biomass saccharification.
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