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Abstract

Background Fermentation of sugars derived from plant biomass feedstock is crucial for sustainability. Hence, utiliz-
ing customized enzymatic cocktails to obtain oligosaccharides instead of monomers is an alternative fermentation
strategy to produce prebiotics, cosmetics, and biofuels. This study developed an engineered strain of Aspergillus niger
producing a tailored cellulolytic cocktail capable of partially degrading sugarcane straw to yield cellooligosaccharides.

Results The A. niger prtTA strain created resulted in a reduced extracellular protease production. The prtTA back-
ground was then used to create strains by deleting exoenzyme encoding genes involved in mono- or disaccharide
formation. Consequently, we successfully generated a tailored prtTAbgIAA strain by eliminating a beta-glucosidase
(bglA) gene and subsequently deleted two cellobiohydrolases and one beta-xylosidase encoding genes using

a multiplex strategy, resulting in the QuintupleA strain (prtTA; bglAA; cbhAN; cbhBA; xInDA). When applied for sugarcane
biomass degradation, the tailored secretomes produced by A. niger resulted in a higher ratio of cellobiose and cel-
lotriose compared with glucose relative to the reference strain. Mass spectrometry revealed that the QuintupleA strain
secreted alternative cellobiohydrolases and beta-glucosidases to compensate for the absence of major cellulases.
Enzymes targeting minor polysaccharides in plant biomass were also upregulated in this tailored strain.

Conclusion Tailored secretome use increased COS/glucose ratio during sugarcane biomass degradation showing
that deleting some enzymatic components is an effective approach for producing customized enzymatic cocktails.
Our findings highlight the plasticity of fungal genomes as enzymes that target minor components of plant cell walls,
and alternative cellulases were produced by the mutant strain. Despite deletion of important secretome components,
fungal growth was maintained in plant biomass.
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Background

The negative impacts of fossil fuels on the climate and
environment demand a change towards plant biomass-
derived products in biorefineries [1-4]. In biorefineries,
plant biomass is converted (refined) into relevant prod-
ucts or energy [5—7]. Traditionally, plant biomass com-
ponents such as cellulose and hemicellulose are degraded
into monosaccharides by efficient enzyme cocktails
produced by microbial cell factories. Monosaccharides
are then used to feed other microbial cell factories, e.g.,
Saccharomyces cerevisiae [8—10]. Recently, an efficient
and cost-effective alternative approach suggests using
oligosaccharides derived from partially degraded ligno-
cellulosic material instead of monosaccharides for fer-
mentation [10, 11]. This new strategy offers numerous
advantages. First, fewer enzymes are needed for the sac-
charification process. Second, it introduces a novel path
in synthetic biology and metabolic engineering for con-
structing fermentative strains with advantageous features
for large-scale bioreactors [12—14]. Finally, oligosaccha-
rides are resistant to compression, retain oils, and form
powders with high fluidity, which can improve formula-
tion processes for prebiotics, food supplements and med-
icine production [13-18]. Using oligosaccharides could
reduce contamination risks during fermentation because
only fungi, and not bacteria, can transport and consume
the oligosaccharides [19-21]. Cellulose and hemicellu-
lose are the two primary polysaccharides found in plant
cell walls. Xylooligosaccharides (XOS) can be highly pro-
duced from hemicellulose through a previously described
hydrothermal and deacetylation pretreatment [22], in
which cellulose constitutes the predominating solid frac-
tion, necessitating tailored enzymatic cocktails for con-
version into cellooligosaccharides (COS) [23].

Some characteristics and functional properties of COS
are relevant to industrial applications. The health sector
focuses on their prebiotic function in the large intestine,
where COS is an ideal substrate for beneficial microor-
ganisms. COS resists the initial stages of digestion and
can, therefore, be easily incorporated into feed formula-
tions and used as a supplement in diets [24—27]. Addi-
tionally, there is a growing interest in using short-chain
COS (cellobiose and cellotriose) as prebiotics. COS is the
main substrate for the in vitro growth of intestinal bac-
teria strains such as Lactobacilli and Bifidobacteria [18].
Studies on upscaling its production and evaluating prebi-
otic properties are scarce. Hence, further research and
analysis are necessary to address this issue [13, 28, 29].

Cellulose degradation is performed by glycoside hydro-
lases (GHs) and oxidative enzymes classified in the aux-
iliary activity class (AAs) [24]. Initially, endoglucanases
(EGLs) randomly cleave beta-1,4 glycosidic bonds,
forming shorter cellulose chains and COS with different
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degrees of polymerization depending on the reaction
time. The EGL-derived products are then cleaved by cel-
lobiohydrolases (CBHs) that bind to the cellulose chains
via their funnel-like active site to release cellobiose as a
main product. Lytic polysaccharide monooxygenases
(LPMOs) from family AA9 acting on crystalline cellulose
turns the polymer more accessible to EGLs and CBHs
[27] and contributes to COS production in long-term
reactions [25]. At the end of the process, cellobiose and
other COS are degraded into glucose molecules by beta-
glucosidases (BGLs) [28].

Due to high efficiency in protein production, Aspergilli
is one of the most used microbial cell factories in bio-
technology [23, 26, 30, 31]. Within this genus, Aspergil-
lus niger is an industrial workhorse and one of the main
representative species that has been studied over the dec-
ades for enzyme production due to its efficient secretory
pathway [32]. Given such interest, an elaborate genetic
toolbox has been developed, including efficient CRISPR
technologies for gene deletion, gene insertion, and site-
directed mutagenesis [10, 33, 34]. This is important as
genetic modifications of Aspergillus spp. are needed to
meet the requirements of industrial applications. Com-
mon approaches to developing fungal platforms include
deleting morphological genes, such as racA [35], chap-
erone deletion [36], upregulating cofactor metabolism
[37], as well as deleting amylase [38] and protease regula-
tors [39]. Similarly, strain engineering can be employed
to create robust A. niger enzyme producers, along with
designing optimized enzymatic cocktails for plant bio-
mass degradation [11, 23, 28, 40].

In this study, we investigated the potential of A. niger
as a source for a customized cellulolytic cocktail that can
efficiently produce COS from sugarcane straw. For this
purpose, we deleted critical exoenzyme-encoding genes
found in a previously published A. niger secretome pro-
duced in sugarcane bagasse [41]. Absence of the main
BGLs and CBHs in the secretome of the mutant strain
resulted in a significantly higher COS/glucose ratio
derived from plant biomass degradation. These findings
provide important insights into how targeted genetic
deletions can contribute to optimizing cellulolytic
enzyme mixtures for COS production from agricultural
waste such as sugarcane straw.

Materials and methods

Strains and cultivation media

Aspergillus niger ATCC1015 (pyrG1, kusAA) [34] was
used to generate all strains described in this study (Addi-
tional Table 1). The strains were maintained on mini-
mal medium (MM) composed of 1X Clutterbuck’s salts
(20 x Clutterbuck’s salts stock: 1.4 M NaNO,, 0.13 M
KCl, 0.042 M MgSO,7H,0O and 022 M KH,PO,),
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1 X trace elements (1000 X Trace elements stock: 7.2 mM
ZnSO,-7H,0, 17.7 mM H,BO,, 2.52 mM MnCl,-4H,0,
2.72 mM FeSO,7H,0, 0.95 mM CoCl,-5H20, 0.7 mM
CuS0,-5H,0, 021 mM Na,Mo0,-4H,0 and 17.11 mM
EDTA), 5 mM uracil and 5 mM uridine (u/u), pH 5.5,
supplemented with 1% (w/v) glucose (Sigma-Aldrich)
and maintained at 30 °C. Escherichia coli DH5a was cul-
tivated in Luria Bertani (LB) (Sigma-Aldrich) media and
used to propagate all plasmids.

DNA manipulation and gene deletions

Genomic DNA from A. miger strains were isolated
using FastDNA SPIN for Soil DNA extraction kit
(MP Biomedicals, USA). Primers were designed
using A. niger genome sequences for the follow-
ing genes: extracellular protease regulator (prt7T—
ID ASPNIDRAFT2_1146707), cellobiohydrolase
B (cbhB - GH7 - ID ASPNIDRAFT2_1117716),
cellobiohydrolase A (cbhA - GH 7—ID ASP-
NIDRAFT2_1164625, beta-glucosidase (bglA -
GH3—ID ASPNIDRAFT2_1147525), beta-xylosidase
(®¢InD - GH3- ID ASPNIDRAFT2_1156695) and
other six beta-glucosidases (GH3s - IDs — ASP-
NIDRAFT2_1099883, ASPNIDRAFT2_1105418,
ASPNIDRAFT2_1126962, ASPNIDRAFT2_1157877,
ASPNIDRAFT2_37673 and ASPNIDRAFT2_1173382)
publicly available in FungiDB (version 5.0) and JGI
(version 4.0), respectively [42, 43] (Additional Fig. 1
and Additional Tables 1 and 2). DNA fragments were
amplified by touch-down PCR with annealing tem-
perature ranging from 68-50.5 °C in 35 cycles using
proofreading PfuX7 polymerase [44] or Phusion U
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(Thermofisher). PCR reactions were prepared in 50 yL
including 1xPhusion HF Buffer (New England Bio-
labs, USA), 0.4 uM primers (TAG Copenhagen, Den-
mark), 0.2 mm dNTPs, 1 U PfuX7, 1-50 gDNA/plasmid
as template, 3% DMSO (Additional Fig. 1). All vectors
were constructed by USER cloning [45] using plasmid
backbones previously described [46, 47]. Specific infor-
mation for constructing CRISPR vectors containing
tRNAs based on in vivo sgRNA release was described
in a previous study [46] (Additional Table 2). All vec-
tors assembled to construct the tailored strains are
listed in Additional Table 1.

Fungal transformation

A. niger transformation was performed as previously
described [48]. Approximately 2 pg of CRISPR vectors
and 10 pL of single-stranded oligonucleotides (GE Life
Science) solution (100 uM) were used for gene editing.
Diagnostic PCR was performed using fungal mycelia or
extracted genomic DNA using primers annealing to 200
— 300 base pairs (bp) upstream and downstream regions
of the deleted ORE. Primers and repairing oligonucleo-
tide sequences are listed in Additional Table 2.

Protein analysis
Protein concentration in the fungal secretomes was
quantified using the BCA method (Thermo Scientific).
The secretome profiles (20 pug protein) were visualized
in 12% SDS-PAGE stained with Coomassie Brilliant
blue R-250 [49].
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Fig. 1 Analysis of protease activity, protein secretion, and fungal growth of the tailored strains. A Proteolytic activity (U/ug prot.) in the secretomes
using AZO-casein (5 mg/mL) as substrate. B Protein amount (mg/mL) in the secretomes. C Indirect analysis of fungal growth measured

by quantification of mycelial ergosterol (mg/mL). Secretomes and mycelia were obtained from cultures containing 1x 10° spores/mL inoculated
in liquid medium supplemented with 1% (w/v) SCB for 72 h at 30 °C and 180 rpm. Cultivation was conducted in five replicates. Statistical analysis
was performed using multiple tests (two-factor ANOVA with Tukey's test—p-value <0.05) in comparison with the REF strain as follows: *p < 0.05,

#p <001, **p < 0,001
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Phenotyping of the tailored strains

Growth on different substrates

Conidia suspensions of each strain were inoculated
(1x10° conidia/mL final concentration) on the center
of MM Petri dishes (as described above), supplemented
with 1% (w/v) of glucose, microcrystalline cellulose (Avi-
cel) (Sigma-Aldrich), carboxymethyl cellulose (CMC)
(Sigma-Aldrich), hydrothermally and deacetylated pre-
treated sugarcane bagasse (SCB), xylose (Sigma-Aldrich),
and xylan from beechwood (Sigma-Aldrich). Assay was
performed in five replicates at 30 °C for 7 days.

Cultivation in liquid medium

Conidia suspensions were inoculated (1x10° conidia/
mL final concentration) on Erlenmeyer flasks (250 mL)
containing 50 mL of liquid MM u/u 2% glucose (w/v)
pH 5.5 for 24 h at 30 °C for pre-cultivation. After 24 h,
mycelia were removed by filtration, abundantly washed
with distilled water, and transferred to Erlenmeyer flasks
(250 mL) containing 50 mL of liquid MM u/u pH 5.5
supplemented with 1% SCB or glucose for 72 h at 30 °C.
Subsequently, mycelia were removed by filtration, and
the secretome was concentrated using 10 kilodaltons
(kDa) cutoff Amicon (Merck) for protein quantification,
SDS-PAGE analysis, and enzymatic and saccharification
assays.

Ergosterol extraction and quantification

Solid fractions containing mixtures of mycelium and bio-
mass from SCB cultures were used for ergosterol extrac-
tion [50]. The assay was performed in five replicates. After
extraction, samples were diluted and analyzed in a High-
Performance Liquid Chromatography (HPLC) system
equipped with an absorbance A,q, detector coupled to
a C18 reversed-phase column (Supelco, 25 cm X 4.6 mm,
10 mm) and isocratically eluted with 1 mL/min metha-
nol. Total ergosterol was quantified based on peak area
using standard ergosterol (Sigma-Aldrich).

Enzyme activity assays

Enzymatic activities in the secretomes were assayed
using the following substrates: 5 mM 4-nitrophenyl 3-D-
cellobioside (pNPC) (Sigma-Aldrich), 4-nitrophenyl
B-D-glucopyranoside (pNPG) (Sigma-Aldrich), 4-nitro-
phenyl B-D-xylopyranoside (pNPX) (Sigma-Aldrich)1%
(w/v), 5% AZO-casein (Sigma-Aldrich) and 0.5% (w/v)
CMC, xylan from beechwood and beta-glucan from bar-
ley (Megazyme). Filter paper activity (FPAse) assays were
performed as previously described [51]. Reactions were
performed with 40—400 pL from the secretomes in 1 M
sodium phosphate buffer pH 6.0 at 50 °C during 0.5-1 h.
AZO-casein assays followed standard protocol (Sigma-
Aldich) with modifications (16 h and 37 °C). Reactions
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with polymeric substrates were interrupted with 100 uL
of DNS and the released reducing sugars were measured
at 540 nm (nm) [52]. Reactions using synthetic substrates
were interrupted with 100 pL of 1 M sodium bicarbo-
nate and the released 4-nitrophenolate was measured at
405 nm. AZO-casein assays were measured at 440 nm.
All assays were performed in five replicates. One enzyme
unit (U) corresponds to the amount of enzyme that cata-
lyzes the conversion of one umol of substrate per minute
under assay conditions.

PASC and lignocellulose saccharification assays
Phosphoric acid-swollen cellulose (PASC) was prepared
from Avicel PH-101 (Sigma-Aldrich) [53]. The optimized
hydrothermally and deacetylated pretreated SCB and
sugarcane straw (SCS) conditions were previously estab-
lished [22]. The SCS was composed of 52.82%+0.81 of
cellulose, 13.19%+0.23 of hemicellulose, 22.29%+0.16
of lignin, and 9.55% + 0.20 of ashes. Reactions containing
0.5% PASC (w/v) were performed in five replicates with
0.02 mg protein from the secretomes in 0.3 mL of 50 mM
sodium acetate buffer pH 5.0 and shaken in a Thermo-
mixer (Eppendorf) at 50 °C, 1000 rpm for 24 h. Reac-
tions containing 2% (w/v) of SCS were performed in four
replicates with 0.5 (mg) total secretome in 1 mL for 72 h.
Samples were cooled, centrifuged (13,500 rpm, 10 min),
filtered (0.45 pm), and diluted. Their products were
quantified using High-Performance Anion-Exchange
Chromatography with Pulsed Amperometric Detection
(HPAEC-PAD). Control assays corresponded to reactions
without fungal secretomes. Commercial enzymatic cock-
tail (Celluclast, Novozymes) was used as the reference
reaction. The protein amount applied for SCS assays was
equivalent to 15 FPU/g Celluclast.

HPAEC-PAD analysis

Detection of oligosaccharides

Oligosaccharides released from reactions with PASC
and SCS were quantified by HPAEC-PAD on a Dionex
ICS6000 system (Thermo Fisher Scientific) equipped
with a CarboPac PA 200 column (250 mm X 3 mm)
(Thermo Fisher Scientific), as previously described [54].
Spectrum intensity (V) was calculated using established
standard values of cellobiose, xylobiose, cellotriose, xylo-
triose, cellotetraose, xylotetraose, cellopentaose, xylo-
pentaose, cellohexaose and xylohexaose. Chromatogram
peaks were analyzed using the Chromeleon7 software
version 7.2.5.9507 (Thermo Fisher Scientific).

Detection of monosaccharides

Glucose, xylose, and arabinose release were quantified by
HPAEC on a Dionex ICS6000 system (Thermo Fisher Sci-
entific) equipped with a CarboPac PA 1 column (250 mm
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X 2 mm) (Thermo Fisher Scientific), and Pulsed Ampero-
metric Detection (PAD) with a mobile phase composed
of 30 mM sodium hydroxide (NaOH) at 30 °C for 30 min.
The flow rate was 0.25 mL/min, and the injection vol-
ume was 10 pL. Spectrum intensity (V) was calculated
using established standard values. Chromatogram peaks
were analyzed using the Chromeleon7 software version
7.2.5.9507 (Thermo Fisher Scientific).

Mass balance and conversion calculations
Biomass balance and conversion were calculated using
the following equations:

Glucan conversion (%) = [(((0.99 x C glucose) + (0.95 x C cellobiose)
+ (0.96 x C cellotriose)
+ (0.83 x C gluconic acid)] x V1))/Mc)]

x 100
(1)
Xylan conversion (%) = [(((0.88 x C xylose)
+ (0.88 x C arabinose)
+ (0.72 x C acetic acid)
+ (0.94 x C xylobiose] x V))/Mh)]
x 100 (2)

C = concentration; V = volume;
Mc = cellulosemass; Mh = hemicellulosemass

Secretome analysis by mass spectrometry

Triplicates of prtTA, prtTAbglAA, and QuintupleA
strains secretome were filtered, centrifuged (13,000g,
20 min, 4 °C), and concentrated using 10-kDa cut-off
Amicon Centrifugal Filter Units (Millipore). Protein
concentration was measured using the BCA method
(Thermo Scientific). Then, 20 pg of each secretome was
partially resolved on 12% SDS-PAGE [49], excised from
the gel, reduced, and digested with 20 mg/mL trypsin
(Promega). After extraction, samples were dried under
vacuum, and peptide mixtures were loaded onto a 2 cm
C18 trap column (Thermo Fisher Scientific), which was
connected in-line to a 15 cm C18 reverse-phase analyti-
cal column Thermo EasySpray ES803 (Thermo Fisher
Scientific). Separation was performed using 100% Buffer
A (0.1% formic acid in water) at 750 bar on the Thermo
EasyLC 120 HPLC system (Thermo Fisher Scientific).
The column oven was set at 45 °C to maintain optimal
temperature conditions during analysis.

Peptides were eluted using a 45-min gradient, start-
ing from 6 to 60% Buffer B (80% acetonitrile, 1% formic
acid) at 250 nl/min flow rate. Q-Exactive (Thermo Fisher
Scientific) was operated using a DD-MS2 top10 method.
Full MS spectra were collected at 70,000 resolution with
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a 3x10° AGC target or 20 ms maximum injection time,
covering a 300-175 m/z scan range. MS2 spectra were
obtained at 17,500 resolution with a 1x10° AGC target
value or 60 ms maximum injection time. A normalized
collision energy of 25 was used with an intensity thresh-
old set to 1.7e4. Dynamic exclusion was set to 60 s and
ions with a charge state<2 or unknown were excluded.
MS performance and chromatography were monitored
for consistency by running complex cell lysate quality
control standards.

Raw files were analyzed using Proteome Discoverer
2.4. Label-free quantification (LFQ) was performed in
the processing and consensus steps, and spectra were
matched against the FungiDB database [55]. Dynamic
modifications were set as Oxidation (M), GlcNac (N)
and Acetyl on proteins N-termini. Cysteine carbamido-
methyl was set as a static modification. All results were
filtered at 1% FDR, and protein quantification was con-
ducted using the built-in Minora Feature Detector. Spec-
tra data were annotated according to A. niger ATCC1015
genome deposited on the Fungal and Oomycete Infor-
matics Resources (https://fungidb.org/fungidb/app/).
Differentially secreted proteins were identified accord-
ing to their spectra counting using average spectra out-
puts, and quantitative values were applied to normalize
the counts. Statistical analysis of the spectra used t-test
(p-value <0.05) and log twofold change >1 ou< —1, with
data from the A. niger prtTA strain. Parameters used to
run BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
were E-value<40%, identity>40%, and consultation
coverage >80%. Classification of Carbohydrate-Active
Enzymes (CAZymes) and Carbohydrate-Binding Mod-
ules (CBM) was performed on dbCAN v.3 (www.csbl.
bmb.uga.edu/ dbCAN2) and CAZy database (www.cazy.
org/). Prediction of signal peptide (SP) and non-classical
protein secretion was verified using SignalP 4.1 (www.
cbs.dtu.dk/services/SignalP). Protein families were classi-
fied according to the Pfam database (https://pfam.xfam.
org). After statistical analysis, selected protein amino
acid sequences were collected from annotated genome
sequences from the FungiDB and BLASTp databases.

Results and discussion

A tailored A. niger secretome degrades plant biomass

into products with a higher COS/glucose ratio
Extracellular proteases are key contributors to the insta-
bility of enzyme cocktails [39, 56]. Transcriptional activa-
tor prtT, which plays an essential role in regulating the
expression of several extracellular proteases, was then
deleted [10, 57] (Additional Fig. 1A). This strategy was
previously applied to maintain the stability of a heterolo-
gous cutinase in A. niger [39]. The secretome of a purified
preTA strain cultivated in the presence of SCB showed
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approximately 80% reduction (from 3.18 to 0.63 U/pg) in
extracellular protease activity compared with the Refer-
ence strain (REF) (Fig. 1A).

Based on the classical model of cellulose degradation
(EGLs, CBHs, and BGLs), we hypothesized that reducing
the activity of exoenzymes (CBHs and BGLs) could lead
to a higher COS yield from SCS using tailored strains
secretomes. We chose to delete genes encoding highly
secreted cellobiohydrolase A (cbhA), cellobiohydrolase B
(cbhB), and beta-glucosidase (bglA) based on a previous
study on the A. niger secretome produced on sugarcane
bagasse [41]. Additionally, a highly secreted beta-xylosi-
dase (x/nD) was also deleted to prevent the production of
xylose by degrading the residual hemicellulose present in
SCS (approximately 13%) [22].

The genes selected were deleted in the prtTA back-
ground strain (Additional Figs. 1A-C, details in Addi-
tional Tables 1 and 2). Initially, we deleted the most
abundantly secreted CBH (cbhB), followed by the simul-
taneous deletion of cbhA, bglA, and xInD, resulting in a
QuintupleA strain, considering the previous prtT dele-
tion (Additional Fig. 1B and Additional Tables 1 and
2). Since CBHs are extensively secreted by filamentous
fungi and contribute to fungal growth and plant bio-
mass degradation [57, 58], we also constructed a double
mutant by deleting only bglA in the prtTA background
(prtTAbgIAA) (Additional Fig. 1C Additional Tables 1
and 2).

We assessed the radial growth of mutant strains in a
minimal medium supplemented with various carbon
sources. The tailored strains were capable of growing
on the selected carbon sources and exhibited similar
growth rates on monosaccharides such as glucose and
xylose. However, the QuintupleA strain showed reduced
growth on xylan (Additional Fig. 2A). Secretome analysis
of the QuintupleA strain also revealed distinct changes
in protein secretion. A qualitative analysis using SDS-
PAGE showed the absence of a band at approximately
70-80 kDa (Additional Fig. 2B). Furthermore, we noticed
the absence of bands around 30, 25, and 15 kDa (Addi-
tional Fig. 2B). Secretion profiles were consistent across
all biological replicates (Additional Fig. 2B).

Subsequently, we evaluated the protein production,
fungal growth, and enzymatic activity of the secretomes
generated by customized strains on SCB. Deleting the
prtT and bglA genes had no impact on protein secre-
tion levels, whereas the QuintupleA strain showed a 24%
decrease in protein secretion compared with the REF
strain (from approximately 0.47 to 0.36 mg/mL) (Fig. 1B).
These deletions did not adversely affect the growth of the
mutant strains on SCB, as evidenced by fungal mycelia
ergosterol quantification (Fig. 1C), indicating that these
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mutations did not compromise their use as a platform
for enzyme production. Moreover, there was no sig-
nificant difference in protease activity between prtTA,
preTAbglAA, and QuintupleA strains (Fig. 1A).

In addition to protein secretion and fungal growth, we
evaluated enzymatic activities on different substrates.
The prtTAbgIAA and QuintupleA secretomes showed a
considerable decrease of at least 50% in activity on pNPG
(from approximately 0.49 to 0.23 U/mg) and 36% on
CMC (from 0.11 to 0.07 U/mg). QuintupleA presented a
reduction of approximately 80% in pNPC (from 0.18 to
0.04 U/mg) (Fig. 2A-D). Secretome of the tailored strains
exhibited lower activity on beta-glucan, especially the
QuintupleA secretome, showing only 10% of total activ-
ity (from 0.99 to 0.09 U/mg) (Fig. 2E). A 43% reduction
(from 1 to 0.57 U/mg) in xylan activity was also observed
in the QuintupleA secretome (Fig. 2F), corroborating
the phenotypic analysis (Additional Fig. 2A). However,
similar activity was observed for all strains on filter paper
(Fig. 2G), suggesting that cellulase (Figs. 2B, D and E) and
xylanase activities (Fig. 2C and F) depend on CBHs and
beta-xylosidase XInD, respectively. Moreover, BglA is
responsible for about half of the total BGL activity in the
secretomes (Fig. 2A).

Despite presenting lower protease secretion, the prtTA
strain showed no significant differences in fungal growth,
protein secretion, and enzymatic activities compared
with the REF strain. Further experiments were conducted
using the mutant strains prtTAbgIAA and QuintupleA,
and prtTA as reference. First, we evaluated PASC break-
down using secretomes produced by the tailored strains,
which revealed that their secretomes exhibited similar
product profiles characterized by reduced glucose pro-
duction and comparable levels of cellotriose (Fig. 3A).
Analyzing the sum of the products released (glucose,
cellobiose and cellotriose), we found that the secretome
produced by the prtTAbgIAA strain showed increased
levels of cellobiose. In contrast, the secretome of the
Quintuple strain exhibited lower amounts of cellobiose
and glucose (Fig. 3A). Although both mutant strains had
a higher COS/glucose ratio, the sum of products released
was reduced. Specifically, the QuintupleA secretome
yielded approximately 0.3 g/L, while the prtTAbglAA
and prtTA strains yielded 0.6 g/L and 0.7 g/L respectively
(Fig. 3A).

The same secretomes were applied to SCS saccharifi-
cation. Commercial cocktail Celluclast was used as an
internal control due to the lack of BGLs in its composi-
tion [59], similar to prtTADIAA and QuintupleA strains.
The QuintupleA secretome released higher amounts
of COS (approximately 1.51 g/L) and lower glucose
concentration (approximately 0.03 g/L) compared
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Fig. 2 Enzymatic activity profiles of the REF, prtTA, prtTAbgIAA and Quintuplel strains. Enzymatic activities (U/mg prot.) of the tailored strains
secretomes using A pNPG, B pNPC, C pNPX, D CMC, E beta-glucan, F xylan from beechwood and G filter paper (FPase). Secretomes were
produced using 1 x 10° spores/mL inoculated in a liquid medium supplemented with 1% (w/v) SCB for 72 h at 30 °C and 180 rpm. The experiment
was conducted in five replicates. Statistical analysis was performed using multiple tests (two-factor ANOVA with Tukey's test—p-value < 0.05)

in comparison with the REF strain indicated as follows: *p < 0.05, **p < 0.01, ***p <0.001

with the prtTA strain (Fig. 3B and C). Gluconic acid
was produced by applying the prtTA and prtTAbglAA
secretomes (Fig. 3B). Xylobiose was detected only by
using the QuintupleA secretome to digest SCS, while
all secretomes released xylose (Fig. 3B). Comparison of
prtTA vs prtTAbglAA strains showed that deleting bglA
drastically impacted glucose production from plant
biomass (Fig. 3C). We then quantified biomass conver-
sion and production of mono- and oligosaccharides.
Secretome of the mutant strains produced a higher
amount of COS, but the biomass conversion obtained
with the QuintupleA secretome was reduced to about
50% (Fig. 3D). These data agree with previously pub-
lished results showing that CBHs deletion in Tricho-
derma reesei decreases the efficiency of secretomes

for plant biomass saccharification [57]. We found no
statistical difference in glucan conversion between the
Celluclast and prtTA secretome, corroborating that
beta-glucosidases are the primary enzymes for glu-
cose formation and increase glucan conversion [51,
60, 61] (Fig. 3D). In summary, a higher proportion of
COS (cellobiose and cellotriose) was obtained using the
secretome produced by A. niger tailored strain (Quin-
tupleA) for plant biomass saccharification, but overall
efficiency was reduced compared with the reference
strain (prtTA).
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Fig. 3 Enzymatic saccharification of PASC and SCS by applying prtTA, prtTAbglAA and Quintuplel secretomes. Quantitative analysis was performed
using HPAEC-PAD to quantify mono- and oligosaccharides released from assays containing A PASC (0.5% w/v) for 24 h and B SCS (2% w/v)

for 72 h. C Monomers and COS released from SCS assays. D Glucan and xylan conversion after 48 h. Assays were conducted using 20 ug of protein
for PASC and 0.5 mg for SCS. Proteins were obtained from the secretomes of cultures containing 1x 10° spores/mL inoculated in a liquid medium
supplemented with 1% (w/v) of SCB for 72 h at 30 °C and 180 rpm. Protein amount applied for SCS assays was equivalent to 15 FPU/g Celluclast.
PASC assays were performed in five replicates. SCS assays were performed in four replicates. Reactions containing 2% (w/v) solids loading in 50 mM
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derived from biological replicates. Statistical analysis was performed using multiple tests (two-factor ANOVA with Tukey's test—p-value <0.05)

in comparison with the prtTA indicated as follows: *p <0.05, **p < 0.01, ***p <0.001. Biomass conversion data were calculated stoichiometrically
using the following anhydrous correction values: 0.90 for glucose, 0.95 for cellobiose, 0.96 for cellotriose, 0.83 for gluconic acid, 0.88 for xylose,

and 0.94 for xylobiose

Deletion of additional beta-glucosidase genes

in the QuintupleA strain does not further affect secretome

activity

To investigate whether BGL activity in the secretome
of tailored strains can be further reduced, alterna-
tive GH3 beta-glucosidase coding genes were deleted.
A. niger genome has 19 putative genes encoding for
BGLs (Additional Table 3), of which 11 contain sig-
nal peptides for secretion as predicted by the Signal P
server [62]. Three genes were successfully deleted in the
QuintupleA strain (Additional Tables 1 and 2), result-
ing in the QuintupleAASPNIDRAFT2_1099883A, Qui
ntupleAASPNIDRAFT2_1105418A, and QuintupleAA
SPNIDRAFT2 1126962A strains (Additional Table 1

and Additional Fig. 1D). The generated tailored strains
presented similar amounts of secreted proteins (Addi-
tional Fig. 3A). No statistical differences were observed
by comparing pNPG activity using the secretomes of
preTAbglAA, QuintupleA, and the mutants with addi-
tional BGL deletions, indicating that bglA is the major
BGL secreted by A. niger in the conditions evaluated
(Additional Fig. 3B).

Elimination of exo-mode enzymes results in secretome
rearrangement

To investigate how A. niger coped with the constraints
from deleting genes coding significant enzymes involved
in plant biomass degradation, the prtTAbglAA and
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QuintupleA secretomes produced on SCB were ana-
lyzed by MS. The prtTA, prtTAbgIAA and QuintupleA
secretomes contained 157, 146 and 152 proteins, respec-
tively (and Fig. 4A and Additional Table 4). About 50%
of the proteins identified in each secretome (76,73 and
71, respectively) were classified as CAZymes. Most
CAZymes (69 proteins) were commonly present in
all secretomes, and three were exclusively found in
the prtTA secretome (Fig. 4B). Differential analysis of
CAZymes (prtTAbglAA and QuintupleA relative to
prtTA) revealed a GH105 upregulated exclusively in
the prtTAbglAA, whereas 45 proteins were differently
expressed only in the QuintupleA strain (Fig. 4C, D and
Additional Table 4). Of the 45 differentially expressed
proteins (DEPs) in the QuintupleA secretome, 30 were
upregulated and 15 were downregulated (Fig. 4D). Thus,
deleting multiple CAZymes affected the QuintupleA
secretome drastically, suggesting a secretome rearrange-
ment (Fig. 4D and Additional Table 4).

Differences in both secretomes were further investi-
gated. A heatmap depicting the DEPs revealed that dele-
tion and downregulation of the exoenzymes provide
further evidence for the importance of BglA, CBHs, and
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XInD in breaking down lignocellulosic biomass, as pre-
viously reported [41, 59, 60, 63, 64]. The tailored strains
secreted alternative BGLs to compensate for the bglA
deletion such as the ASPNIDRAFT2_1099883, an ortho-
logue of the characterized bglJ from A. oryzae (Fig. 5 and
Additional Table 4). BglJ shows high activity on synthetic
substrates such as pNPG and cellobiose [65]. A second
putative BGL was upregulated in the QuintupleA (ASP-
NIDRAFT2_1187703) secretome, an orthologue of bgl3
from A. oryzae and bglF from A. fumigatus (Fig. 5 and
Additional Table 4). These data suggest a compensa-
tion of BGL production when the most secreted enzyme
(BglA) is knocked out (Additional Table 4).

Alternatively, the QuintupleA strain secreted two
other CBHs (GH7) to compensate for the deletion of
cbhA and cbhB (Fig. 5 and Additional Tables 3 and 4),
indicating fungal plasticity. This suggests that those
alternative CBHs were essential to maintain the cel-
lulolytic capacity (Fig. 2G) and consequently sus-
tain fungal growth in complex substrates such as SCB
(Additional Fig. 2A). Moreover, the fungus remodels
its secretome to explore other substrates besides cel-
lulose. The QuintupleA strain also produced enzymes
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Fig. 4 PrtTA, prtTAbglAA and QuintupleA secretomes produced on SCB. A Number of proteins (CAZymes and Non

-CAZymes) identified

in the secretomes of tailored strains. Venn diagrams grouping B the CAZymes detected in the secretomes and C the differentially expressed
proteins in prtTAbglAA and QuintupleA secretomes compared with prtTA D Number of up- and downregulated CAZymes in the mutant strain

secretomes
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Fig. 5 Analysis of differentially expressed CAZymes in the A. niger tailored strains. Heatmap of the 20 differentially expressed CAZymes in the A.
niger secretomes. Differential expression analysis was performed by applying log2 fold change <1 and > —1 and p-value <0.05 relative to prtTA

strain

that break down minor polysaccharides in sugarcane
biomass, including a GH31 (ASPNIDRAFT2_1117636)
and GH76 (ASPNIDRAFT2_1164521) involved in xylo-
glucan metabolism, and arabinofuranosidase (ASP-
NIDRAFT2_1159267) and xylanases (GH10 and
GH43, ASPNIDRAFT2_1176802 and ASPNIDRAFT2_
1,178,295) involved in hemicellulose metabolism (Fig. 5
and Additional Table 4). In this regard, the prtTAbglAA
strain abundantly secreted ASPNIDRAFT2_1141724,
a predicted GH105 involved in pectin degradation [66,
67] (Fig. 5 and Additional Table 4). Minor plant biomass
components can provide energy for A. niger growth in
the absence of critical cellulases. Similar results were
obtained in A. niger by deleting genes encoding tran-
scription factors involved in (hemi)cellulose metabo-
lism [63], revealing a flexible regulatory system that can
facilitate the use of most plant biomass components
[63]. Additionally, enzymes such as mannosidases (ASP-
NIDRAFT2_1168995 and ASPNIDRAFT2_1187269),
glucosidases (ASPNIDRAFT2_1164521 and
ASPNIDRAFT2_1117636) and oxidases (ASP-
NIDRAFT2_1128838 and ASPNIDRAFT2_1183964)
were also found in QuintupleA strain heatmap (Fig. 5 and
Additional Table 4). These enzymes are usually secreted
in oxidative stress and/or starvation, generating inducers

from complex substrates [68—71]. Importantly, cellobiose
and cellotriose transporters were identified in A. niger,
such as CtA [72]. All this evidence may also explain the
tailored strains’ effective growth despite the absence of
major CBHs and BGLs.

Conclusion

The A. niger secretome produced on a lignocellulosic
substrate was engineered to design a tailored enzyme
cocktail for partial lignocellulose degradation. Applica-
tion of A. niger tailored strain secretomes for sugarcane
biomass degradation resulted in a higher COS/glucose
ratio, showing that deleting some enzymatic components
is an efficient approach. Fungal plasticity was demon-
strated as alternative cellulases were secreted in addition
to enzymes targeting minor components of plant cell
wall, which was an efficient strategy to sustain fungal
growth in plant biomass. The lack of impairment in fun-
gal growth on plant biomass suggests that tailored strains
uptake COS as a carbon source. Thus, exoenzyme dele-
tion is a promising approach to obtaining tailored enzy-
matic cocktails for oligosaccharide production from plant
biomass. Our findings provide insight into the remark-
able adaptability of fungi and their ability to thrive under
diverse conditions.



de Figueiredo et al. Microbial Cell Factories (2024) 23:323

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512934-024-02578-9.

Supplementary Material 1.

Supplementary Material 2. Additional Figure 1. Confirmation of gene dele-
tions for the tailored prtTA, prtTAbglAZ Quintuple/ and Quintuplel strains
containing the deletion of additional beta-glucosidases. Agarose gels
(1%) were used for PCR diagnostic tests using genomic DNA from REF and
tailored strains. These tests were conducted to confirm the deletion of (A)
extracellular protease regulator (prtT), (B) the four main CAZymes (cbhA,
cbhB, bglA, and xInD) and prtT, (C) beta-glucosidase A (bglA), and (D) the
additional beta-glucosidases. QA QuintupleA MW: Molecular Weight.

Supplementary Material 3. Additional Figure 2. Phenotypic analysis of the
prtTA, prtTAbglAAand QuintupleAstrains. (A) Cultivation of tailored strains
on agar minimal medium (MM) plates supplemented with 1% (w/v) of
glucose, Avicel, carboxymethyl cellulose (CMC), hydrothermally and dea-
cetylated pretreated sugarcane bagasse (SCB), xylan from beechwood and
xylose. A total of 1 10° spores were inoculated in the center of the plates
and maintained at 30 °C for 7 days. (B) SDS-PAGE gels (12%) showing the
protein secretion profiles (secretomes) of REF and tailored strains. Red
arrows represent the absent bands in the QuintupleA strain. Secretomes
were obtained from cultures containing 1 x 10° spores/mL inoculated in a
liquid medium supplemented with 1% (w/v) SCB for 72 h at 30 °C and 180
rpm. Cultivation was conducted in five replicates. MW: Molecular Weight.

Supplementary Material 4. Additional Figure 3. Characterization of the

A. niger mutant strains with deletion of additional beta-glucosidases. (A)
Protein amount (mg/mL) in the secretomes. (B) Enzymatic activity (U/

mg prot.) of secretomes using pNPG as substrate. Cultivation (4 biological
replicates) was performed in a liquid medium supplemented with 1%
(w/v) SCB for 72 h at 30 °C and 180 rpm. Statistical analysis was performed
using multiple tests (two-factor ANOVA with Tukey's test — p-value <0.05)

in comparison with the prtTA strain.
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