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deconstruction by fungal secretomes highlights
markers of lignocellulose recalcitrance
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Abstract

Background: Lignocellulose biomass is known as a recalcitrant material towards enzymatic hydrolysis, increasing the
process cost in biore nery. In nature, lamentous fungi naturally degrade lignocellulose, using an arsenal of hydro

lytic and oxidative enzymes. Assessment of enzyme hydrolysis e ciency generally relies on the yield of glucpse for a
given biomass. To better understand the markers governing recalcitrance to enzymatic degradation, there i5 a need to
enlarge the set of parameters followed during deconstruction.

Results: Industrially-pretreated biomass feedstocks from wheat straw, miscanthus and poplar were sequentially
hydrolysed following two steps. First, standard secretome from Trichoderma reesei was used to maximize cellulose
hydrolysis, producing three recalcitrant ligeimriched solid substrates. Then fungal secretomes from three basidi-

omycete saprotrophs (Laetisaria arvalis, Artolenzites elegans and Trametes ljubarskyi) displaying various hydrolytic and
oxidative enzymatic pro les were applied to these recalcitrant substrates, and compared to the T. reesei secfetome.

As a result, most of the glucose was released after the rst hydrolysis step. After the second hydrolysis step,| half of the
remaining glucose amount was released. Overall, glucose yield after the two sequential hydrolyses was more depend-
ent on the biomass source than on the fungal secretomes enzymatic pro le. Solid residues obtained after the two
hydrolysis steps were characterized using complementary methodologies. Correlation analysis of several physico
chemical parameters showed that released glucose yield was negatively correlated with lignin content and gellulose
crystallinity while positively correlated with xylose content and water sorption. Water sorption appears as a pivotal
marker of the recalcitrance as it re ects chemical and structural properties of lignocellulosic biomass.

Conclusions: Fungal secretomes applied to highly recalcitrant biomass samples can further extend the release of the
remaining glucose. The glucose yield can be correlated to chemical and physical markers, which appear to be inde
pendent from the biomass type and secretome. Overall, correlations between these markers reveal$ralenano
properties (polymer content and organization) in uence mauale properties (particle size and water sorption)
Further systematic assessment of these markers during enzymatic degradation will foster the development of novel
cocktails to unlock the degradation of lignocellulose biomass.
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Background (lignin and relative monolignol contents [20]; hemicel
Lignocellulosic biomass (LB) is considered as a -suslulose acetyl groups content [21]; water retention prep
tainable and alternative source of fuels, chemicals ancerties [22]) and structural factors (cellulose accessibility,
materials. Valorisation of LB is expected to favour thecrystallinity and degree of polymerization, porosity 8
transition from a fossil to a renewable carbon-based(many factors reviewed in [[J. Several studies appear
economy (so-called bioeconomy), thus limiting green contradictory regarding the impact of these factors,
house gas emission and climate change, which havémiting the emergence of universal trends, because (i)
become strong policy priorities of the United Nations they often focus on speci ¢ plant species, whereas LB
in the last years [[L LB from grass and wood is mainly composition and structure is species-dependent; (ii)
composed of three types of polymers that account forpretreatments are not optimized and often not indus
more than 90% of the plant dry weight: cellulose, hemi trially compatible; (iii) one factor possibly determin
celluloses and lignin [R e high chemical and struc- ing recalcitrance can be measured by various technical
tural complexity of LB at di erent scales is a strong approaches (for example at least ve analytical methods
limitation for the development of economically viable exist to measure cellulose accessibility [23]), hindering
processes [B To tackle the recalcitrance of LB [4], comparative analyses; (iv) enzymatic industrial ceck
a physico-chemical pretreatment step is mandatorytails have unknown composition, which does not help
to “open” the network of polymers, so that enzymatic to gure out the importance of specic activities on
catalysts can access and convert polysaccharides inttecalcitrance [24].
oligosaccharides and monosaccharides. Enzyme action e objective of this study was to assess the sacchati
is often hampered by structural features, which limit cation potential of LB by performing sequential hydrol
or prevent progression of the enzymes towards theirysis by fungal secretomes, in order to understand the
substrate [6-8] and by chemical motifs (such as hydro recalcitrance of residual products and to de ne sacchari
phobic clusters made by lignin), which are known to cation recalcitrance factors, which can be quanti ed and
bind enzymes more or less irreversibly, making themtherefore called markers. We have applied an industri
unavailable for their substrate [910]. In particular, ally-type steam-explosion pretreatment [25] to substrates
lignin is an important factor [11] involved in non-spe issued from an energy crop (miscanthus), a hardwood
ci ¢ interactions with enzymes [12]. As a result, the (poplar) and an agriculture by-product (wheat straw),
enzyme loading used in bioconversion of LB must bewhich are representative LB feedstocks. Sequential action
high enough to circumvent these limitations, impacting of the enzymatic cocktail of T. reesei and then of various
the cost of the enzymatic hydrolysis step considered agungal secretomes selected for their ability to e ciently
a bottleneck to the establishment of cost-competitive degrade LB was followed [146]. e characterization
biore neries [3, 13]. of the substrates and products along the hydrolysis steps
In order to optimize the sacchari cation step, mim was used to highlight chemical and structural LB markers
icking strategies used by microorganisms that e ciently correlated with sacchari cation, thus indicating recalei
decay plant biomasses seems a relevant approach [14]. inance level, independently from the substrates and from
nature, lamentous fungi are the most e cient decayers the fungal secretomes considered.
of LB with the secretion of a large array of complemen
tary enzymes targeting the di erent components of plant
cell walls [15]. To date, the enzymatic cocktails obtainedMaterials and methods
from the industrial workhorse Trichoderma reesei are Substrate pretreatment
very e cient on cellulose [16,17]. However, LB conver Steam-exploded poplar (Populus nigradeltoides),
sion is still not optimal due to the paucity of some key wheat straw (Triticum aestivum, Haussmann variety) and
enzyme activities such as oxidative enzymes targeting theniscanthus (Miscanthus giganteus) were used as raw
recalcitrant fraction of LB [18,19]. erefore, fungal bio-  substrates (RO samples). e steam explosion process was
diversity is seen as a promising source of lignocelluloseeonducted under the following conditions: miscanthus
acting enzymes to improve T. reesei enzyme cocktails. 190 °C, 7.5 min, 0.4%,S0O,; wheat straw 170 °C, 7.5 min,
Regarding LB characteristics, recalcitrance to enzy 0.35%H,S0O,; poplar 195 °C, 7.5 min, 0.7Pk,SO,, as pre
matic hydrolysis is related to several chemical factorsviously described [25] (Additional le 1: Figure S1).
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Fungal strains membrane, Millipore), dialtered with 50 mM acetate

e strains Artolenzites elegans BRFM 1663 (subse solution buer pH 5.2, concentrated(Pellicor® 2 Ultra-
quently named A. elegans}rametes ljubarskyi BRFM ltration cassette with a 10 kDa cut-o polyethersulfone
1659 (T. ljubarskyi) and Laetisaria arvalis BRFM 514 (L.membrane, Millipore) and then stored at 20 °C until
arvalis) (deposited by “Université Joseph Fourier’;, Gre use.

noble, France, as CMPG 934) were obtained from the e total amount of proteins (Additional le 2:
CIRM-CF collection (International Centre of Microbial Table S1) was assessed using Bradford assays (Bio-Rad
Resources dedicated to Filamentous Fungi, INRA, Mar Protein Assay Dye Reagent Concentrate, Ivry, France)
seille, France). All strains were identi ed by morphologi with a BSA standard that ranged from 0.2 to 1 mg rhL

cal and molecular analysis of ITS (Internal Transcribed

Spacer) sequences using the expert database Fungene-

db [27] (http://www.fungene-db.org) or Genbank [28]. Proteomic analysis of secretomes _
e strains were maintained on malt agar slants at 4 °C. LC-MS/MS analysis of L. arvalisA. elegansT. ljubar-
e genome sequencing and assembly, and gene struc skyiand T. reesei secretomes was performed as described

tural and functional annotations for T. ljubarskyi and A. [26]- Brie'y, short SDS-PAGE runs (pre-casted Bis-Tris

elegans were performed at the Joint Genome Institute Mini Gels, Invitrogen, France) were performed, allowing

All data are publicly available on the Mycocosm portal of 10 Hg of proteins dia ltered from secretomes to migrate
these genomes (http#genome.jgi.doe.gov/Tralj1/Tralj ©N 0.5 cm length. Each one-dimensional electrophere

L.home.html;  https://genome.jgi.doe.gov/Artel1/Artel SIS lane was cut into two slices of gel and protein iden
1.home.html). Global transcriptomic data of L. arvalis {i cation was performed using PAPPSO “Plate-forme

was obtained from Navarro et al. [26]. e Trichoderma d/Analyse Protéomique de Paris Sud-Ouest” platform
reesei TR3002 strain (subsequently named T. reesdfcilities. In-gel digestion was carried out accord
was the cellulase hyperproducer strain CL847 contain IN9 t0 @ standard trypsinolysis protocol. Online analy

ing a copy of an evolved variant of the bgll gene (straii¥iS Of peptides was performed with a Q-exactive mass

TR3002) [29]. spectrometer (ermo Fisher Scientic, USA), using a
nanoelectrospray ion source. Protein identi cation was
performed by querying MS/MS data against the cofre

Production of secretomes sponding genome available at the Joint Genome Institute

Trichoderma reesei (strain TR3002) was grown at 27 °d32].forA. eIegansT. ljubarskyi andT: rqesei .strains, and
in a 3 L bioreactor with a culture volume of 2 L. Fungal against the transcriptome of L. arvali@BioProject Acces

biomass was produced in a batch phase, on a minera?ion: PRJINA244907), together with an in-house contami

medium as described previously [30], containing 30 § L nant database, using the X!Tandem software (X!Tandem

glucose as a carbon source. Enzyme production was don%YC'O”e’ Jouy en Josas, France). All peptides matghed
in fed batch, feeding a 500 g kg sugar solution com with an E value lower than 0.05 were parsed with

posed of glucose/lactose/xylose at a 70:25:5 ratio (feecf(!Tandem p?peline sqftware. Proteins identi ed with at
ing rate of 2 mL h* during 220 h) to favour the secretion least two unique peptides and a log (E value) lower than

of both cellulases and hemicellulases. e culture broths ~ 2-6 Were validated.
(secretomes) were ultra- ltered (5 kDa cut-0 mem
brane) and then stored at 4 °C until use.

Based on previous studies [18]1], fungal cultures of
basidiomycetes were performed in 250 mL ba ed Erlen
meyer asks with 100 mL medium containing 2.5 ig*
of maltose as a starter, 1.842Lg" of diammonium tar
trate as a nitrogen source, 0.5lg* yeast extract, 0.2 g

Sequential hydrolysis of the substrates

Hydrolyses of the pre-treated RO substrates were -per
formed in a 20 L reactor using the secretome of T.+ee
sei. Reactions were conducted with the washed and dried
RO substrates at a matter content of 10% (w/w) and an
1 " ;¥ enzyme concentration of 15 mg 4y substrate at 45 °C

L* KH,PO, 0.0132 gL® CaCl/i2H,0 and 0.5 gL during 72 h in a sodium acetate bu er (50 mM, pH 4.8).
MgSQ,/7H;0, and as a main carbon source, 15lg ¢ hydrolysis reactions were monitored by measur
(dry weight) Avicel® (Avicel PH-101, Sigma-Aldrich) ing the glucose released in the medium using the glu
for L. arvalis or 15 gL* of wheat straw for A. elegans coge oxidase assay (GM10, Analox). Hydrolyses from
and T. ljubarskyi. Cultures were incubated in the dark {heo remaining solids were washed with water and dried

at 30 °C with Shaking at 120 rpm. e cultgres WEre at 50 °C, yielding the R1 residues. e corresponding
stopped 10 days after inoculation for L. arvalier 7 days  gqjyple liquid fractions were isolated by centrifugation

for A. elegans and T. ljubarskyi, and the culture brothsyng |ration (using 0.45 m glass bre membrane, GF/F,
(secretomes) were Itered (using 0.2 m polyethersulfone Whatman) were named S1 fractions (Fig. 1).
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https://genome.jgi.doe.gov/Tralj1/Tralj1.home.html
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Biomass material

Pretreatment
Steam explosion

Pretreated substrates

Hydrolysis
T. reesei

Residual fraction

Soluble fraction @

Hydrolysis
Fungal secretomes

Residual fraction

Soluble fraction @

Fig. 1 Biomass préreatment and sequential hydrolysis steps by fungal enzymatic secretomes of the biomass materials (poplar, wheat straw and
miscanthus). R and S indicate residual (solid) and soluble fractions, respectively

Each solid R1 residue was subsequently hydrolysedrabinose, xylose, glucose) were identied and quanti
using each fungal secretome so that new S2 and R2fraced by gas-liquid chromatography after pre-hydrolysis
tions were recovered (Figl). Briey, each R1 substrate and hydrolysis in sulphuric acid 13 M and 1 M, respec
( 150 mg) was hydrolysed with either L. arvali®\. tively [33]. Each sample was analysed after the rst and
elegans T. ljubarskyi or T. reesei secretomes, with 15 mgecond acid hydrolysis steps and after the second hydrol
of protein g* of R1 sample at 2.5% (w/v) of dry mat ysis step only. e dierence between the two results in
ter in 0.02% (w/v) merthiolate. e enzymatic reaction glucose recovery was attributed to cellulose. Sugars were
was performed at pH 4.8 and 40 °C for all secretomesteduced to alditols with sodium borohydrure under agi
ese enzymatic conditions are usually suitable for most tation. en alditols were acetylated using acetic anhy
fungal secretomes but might not be optimal for these dride and imidazole [34]. Alditol acetates were recovered
secretomes. After 72 h with shaking at 100 rpm, solublein dichloromethane and analysed on Trace GC Ultra
fractions S2 were isolated by centrifugation and lItration chromatograph ( ermo Scienti ¢, USA) equipped with
(using 0.7 m glass bre membrane, GF/F, Whatman) a TG-225MS column (ermo Scienti ¢, USA). Inositol
and then stored at 20 °C. Solid residual fraction R2 was used as the internal standard and a standard solution
were washed twofold with 400 mH,O and nally dried  of sugars was used for calibration.

96 h at 45 °C. Overall, steam-exploded (RO) substrates Ester-linked phenolic acid content was determined
provided three R1 and S1 samples, and twelve R2 and Ster saponi cation in sodium hydroxide 2 M, addition

samples. of 3,4,5-trimethoxy-transcinnamic acid as the internal
standard and extraction with ethylic ether [35]. e sam
Compositional analysis ples were analysed by HPLC on a C18 column (Vision

e composition of the substrates was determined by HT, GRACE, Epernon, France) mounted on an Ultimate
the combination of dierent techniques. For the resid 3000 system (ermo Scientic, Courtaboeuf, France)
ual (solid) fractions, all the analyses were performed inand eluted with a gradient of acetonitrile and acetate
triplicate on dry samples. Monosaccharides (including bu er pH 4.6.
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Lignin content was quanti ed using a spectrophoto crystalline cellulose (86-94 ppm) and disordered cellu
metric method after acetyl bromide dissolution of ligno lose (80-86 ppm). e integrated signal intensities were
cellulose, as previously described [36]. considered as proportional to the number of carbon

e FTIR spectra were recorded from KBr pellets made atoms belonging to the corresponding to the functional
from 2 mg of samples mixed with 120 mg of KBr. e groups. Apparent cellulose crystallinity was expressed as
spectra were collected in transmission mode betweena percentage of the ratio of the integral of the C4 signal
4000 and 700 cmh at 2 cm?® intervals (Bruker Vector 22 related to the crystalline contribution divided by the sum
spectrometer, France). e infrared spectra resulted from of the integrals of the C4 signal of both crystalline and
the co-addition of 200 interferograms. All infrared spec disordered cellulose.
tra in the 2000700 cnt region were baseline-corrected
and unit vector normalized using the OPUS software Correlation analysis
(version 7). Principal component analyses were appliedPearson’s coe cients were calculated between all pessi
to the normalised spectra of RO, R1 and R2 residues ohle pairs of markers and were displayed by using R-soft
Unscrambler 10.1 software (CAMO, Oslo Norway). ware (R Foundation for Statistical Computing, Vienna,

Austria) and corrplot package.
Analysis of oxidized and non-oxidized oligosaccharides
Mono-, oligo-saccharides and their corresponding Results and discussion
aldonic acids present in S2 were analysed by ionic ehroCharacterisation of raw lignocellulosic biomass samples
matography (HPAEC) as already described [37], usingVheat straw, miscanthus and poplar samples were
non-oxidized oligosaccharides (Megazyme, Bray, -Ire selected as raw materials due to their relevance as indus
land) as standards. Gluconic acid (Megazyme) and-cortrial LB feedstocks. ey were subjected to pre-treatment
responding Cl-oxidized standards (from DP2 to DP6)and dierent enzymatic hydrolysis steps described in
were produced from non-oxidized cello-oligosaccharides Fig. 1. e steam explosion pre-treatment [25, 40] led

using a cellobiose dehydrogenase treatment [37]. to RO samples. FT-IR spectra measurements followed
by a principal component analysis (PCA) of the spectra
Structural analysis of the substrates showed that RO from wheat straw was separated from

Scanning electronic microscopy (SEM) was performedthe two other RO samples (Fig?). Samples separated
directly onto solid R samples with no metallisation, asaccording to their content in sugar and phenolic com
previously described [25]. pounds: miscanthus and poplar presented a higher eon

e particle size in R samples was determined by the tent in phenolics (bands at 1512 and 1600 ém Fig.2)
Mor instrument [38]. 100 mg of each sample was added while wheat straw presented a higher content in hemicel
in a 1 L beaker, then 2 mL of 95% ethanol were addeduloses (bands at 1070 and 1045 émnot shown). is
before pouring 1 L of water. After mixing for 2 min at was con rmed by the analysis of their chemical compo
120 rpm, the particles in suspension were analysed by thsition (contents in neutral sugars, lignin, phenolic acids,
Mor during 2 min so that the particles size distribution Table 1). All three biomass RO samples displayed a high
was obtained. content in cellulose and lignin. As already reported in

Sorption of the samples was performed by the Dynamicother studies [40-44], wheat straw RO was the richest
Vapour Sorption (DVS) method as previously detailedin xylose while miscanthus RO was the richest in p-eou
[39]. Sorption isotherms presenting water uptake versusmaric acid. ese three LBs are chemically-contrasted
humidity from 10 to 90% were measured in duplicate for substrates with potential various degrees of recalci
4-6 mg sample, in a temperature-controlled chamber trance o ering the possibility to assess fungal enzymatic
maintained at 20 °C. Water uptake at 90% humidity forsecretomes.
each sample was determined.

Solid-state *C CP-MAS NMR was used to quantify Compositional analyses of the fungal secretomes
the apparent cellulose crystallinity. e powder samples e strains L. arvalis , A. elegans and T. ljubarskyi were
were packed into a zirconium specimen rotor and meas selected for their ability to e ciently degrade LB based
ured using a Bruker Avance spectrometéfC frequency on previous studies [1426]. To determine the compe
of 100 MHz) under3C Cross-Polarization/Magic Angle sition of the fungal secretomes and of the industrial T.
Spinning (CP/MAS) with a cross-polarization contact reesei enzymatic cocktail, liquid chromatography—tan
time of 2 ms, a spinning rate of 12 kHz and an acquisi dem mass spectrometry (LC-MS/MS) was performed
tion time of 35 ms. e recycle delay was 2 s for the CP/ and the data were analysed using mass matching against
MAS measurements. e spectra were divided into spec predicted proteins inferred from genomic and tran
tral regions corresponding to di erent functional groups scriptomic sequence data. Overall, 283, 103, 76 and 49
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Fig. 2 PCA of the biomass sampledRBEpectra. A: RO and R1, B: R2. Wheat straw (WS), blue; miscanthus (M), red; poplar (PO), green

Table 1 Composition of residual (solid) fractions RO, R1 and R2

Samples Biomass Secretome Glc Xyl Ara Lignin Ferulic acid® p-Coumaric
acic®
RO Wheat straw  None 54.71.9 5.67 0.23 0.390.04 30.340.07 0.06 0.13
Miscanthus 59.41.1 2.090.04 0.390.04 34.090.92 0.07 0.55
Poplar 53.30.8 0.630.01 0.110.01 45.821.74 0.01 0.01
R1 Wheat straw  T. reesei 26.81.1 4.020.17 0.59 0.07 54.56 0.58 0.08 0.26
Miscanthus 36.60.9 1.940.05 0.510.05 59.740.21 0.07 0.89
Poplar 20.70.9 0.440.02 0.120.08 73.031.43 0.01 0.02
R2 Wheat straw  T. reesei 16.6 0.3 2.96 0.10 0.48 0.01 61.850.76 0.08 0.28
Miscanthus 31311 1.720.08 0.490.03 65.831.04 0.07 0.99
Poplar 13.80.3 0.46 0.04 0.07 0.02 80.324.51 0.01 0.02
Wheat straw L. arvalis 22.50.6 3.640.01 0.47 0.04 54.852.50 0.08 0.28
Miscanthus 33.81.3 1.910.09 0.430.04 53.472.62 0.08 1.09
Poplar 21.00.2 0.630.02 0.07 0.01 74.893.44 0.01 0.02
Wheat straw  A. elegans 23.20.3 3.680.01 0.48 0.01 48.390.35 0.06 0.25
Miscanthus 37.10.7 2.050.05 0.510.03 59.183.79 0.06 0.90
Poplar 20.90.2 0.600.01 0.110.01 67.621.17 0.01 0.02
Wheat straw  T. ljubarskyi 22.70.8 3.630.17 0.500.04 48.331.86 0.06 0.25
Miscanthus 33711 2.000.07 0.56 0.03 61.701.95 0.06 0.98
Poplar 19.90.5 0.650.03 0.130.03 76.112.97 0.01 0.02

Results are expressed as % (w/w) of the residues. Values are means of independent triplicate measures

2 Standard deviations were below 2%

Ae, A. elegans;
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proteins were identied for T. ljubarskyi, A. elegans, to R1 samples by each of the four di erent secretomes
L. arvalis secretomes and T. reesei enzymatic cock(L. arvalis A. elegansT. ljubarskyi and T. reesei) yielded
tail, respectively, for a total of 511 proteins (Figa). As residual samples R2 and soluble fractions S2.
expected, the highest proportion of carbohydrate-active e rst hydrolysis kinetics by the T. reesei secretome
enzymes (CAZymes) in the secretomes was found in thabn the three pretreated biomass substrates were followed
of T. reesei (more than 75%), followed by L. arvdli®€%) during 72 h (Additional le 4: Figure S3), they were very
andA. elegans (59%), and the lowest was for T. ljubarskydimilar regarding the initial velocity and hydrolysis evo
(less than 37%). Interestingly, the secretome of T. ljubar lution over 72 h. Wheat straw and poplar were hydro
skyi contained a large number of proteins of unknown lysed more e ciently than miscanthus by the T. reesei
function. Among CAZymes, T. ljubarskyi had the high secretome, as 77% of the initial cellulose content was
est number of glycoside hydrolases, while A. elegans hagleased after 72 h for the two former substrates, against
the largest number of auxiliary activity (AA) enzymes only 64% for miscanthus (Tablg). is is in agreement
(Fig. 3b). More details of the CAZyme distribution in with the strongest known recalcitrance of miscanthus
each secretome compared to T. reesei can be found i{4-47].
Additional le 3: Figure S2. It can be emphasized that Composition of all solid fractions RO, R1 and R2 were
the secretomes from the three basidiomycete strains (Lanalysed (Tabld), in order to determine for each hydrel
arvalis, A. elegans and T. ljubarskyi) display a very diversgsis step and for the overall hydrolysis steps the remain
set of CAZymes compared to the engineered strain ofing glucose content in the residues (Tab®). After the
the ascomycete T. reesei, which lacks AA enzyme famirst hydrolysis, the highest glucose content was meas
lies that may target lignin components (AA1l laccases,ured in miscanthus (ca. 36% of RO in R1) and was lower
AA2 peroxidases, AA3 oxidoreductases and AA5 glyoxalfor wheat straw and poplar (ca. 23% each) (TabjeAfter
oxidases). Although the T. reesei secretome displays the second hydrolysis with each of the four dierent
diverse set of cellulose-acting enzymes with GH5, GH6secretomes,T. reesei led to the best hydrolysis (remain
and GH12 endoglucanases and GH7 cellobiohydrolasedng glucose from 52 to 74%), wheat straw being better
it lacks the GH131 endoglucanase abundantly secretedhydrolysed than poplar and miscanthus. For the three
by the three basidiomycete fungi. e only secretome other secretomes, the remaining glucose content in R2 in
lacking cellulose-acting AA9 Iytic polysaccharide wheat straw was around 80% of R1, 90% for miscanthus
monooxygenases (LPMOSs) is the one of L. arvdist it and more than 90% in poplar, the latter appearing
may compensate this de cit with the high level secretion highly recalcitrant to the second hydrolysis. Regarding
of GH5_5 endoglucanases and GH7 cellobiohydrolases. secretomes e ciency, only T. reesei and T. ljubarskyi
were able to release glucose from all R1 samples.
Enzymatic degradation of the pretreated biomass samples Considering now the impact of the two sequential
Steam-exploded biomass RO substrates were subjecteuydrolyses (Table2), the most e cient secretome was
to two sequential hydrolyses (Fid): a rst hydrolysis by that the T. reesei, with only 12 to 27% remaining -glu
the T. reesei secretome led to residual (solid) samples Rdose in the residual fractions R2, whereas the three other
and soluble samples S1; then a second hydrolysis appliesecretomes were close to each other with remaining

300 120

250 UNKNOWN 100 = ® OTHER
PROTEASE mpL
200 80
B OTHER GH
150 M ESTERASE / LIPASE 60 — mCE
= CAZY —— uAA

40

Number of identified proteins @

100
20

"1 1 B
A A RR = B B =B

L. arvalis T.ljubarskyi A.elegans T.reesei L. arvalis T. ljubarskyi  A. elegans T. reesei

Fig. 3 Distribution pro le of a proteins and b CAZymes identi ed in fungal secretomes. AA, auxiliary activity enzyme; CE, carbohydrate esterase;
GH, glycoside hydrolase; PL, polysaccharide lyase

Number of identified CAZYmes T
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Table 2 Remaining glucose content in the residual (solid) products after the rst and second hydrolysis and after both
hydrolyses

Secretome Wheat straw (%) Miscanthus (%) Poplar (%)
First hydrolysis (RO into R1) T. reesei 22.7 35.6 22.9
Second hydrolysis (R1 into R2) T. reesei 52.5 74.4 58.2

L. arvalis 82.2 90.7 100.0

A. elegans 79.4 92.5 94.5

T. ljubarskyi 82.0 87.2 915
Both hydrolyses (RO into R2) T. reesei 11.9 26.5 13.3

L. arvalis 18.7 32.3 22.9

A. elegans 18.0 32.9 21.6

T. ljubarskyi 18.6 31.0 20.9

Glucose content is expressed as the % of the initial glucose content either in RO (considering rst hydrolysis and both hydrolyses) or in R1 (considering second
hydrolysis). Standard deviations for all measurements are below 5%

glucose content spanning from 18% (for wheat straw)after hydrolysis was not modi ed for wheat straw and
to 32% (for miscanthus), con rming the recalcitrance of miscanthus, and slightly decreased (from 54 to 51%)
LB in the order miscanthus poplar>wheat straw. Since for poplar. is means that after the rst hydrolysis, the

the T. reesei enzyme secretome used for the rst and thenature of the remaining cellulose in R1 samples was not
second hydrolysis was identical, the highest glucose-conso di erent from the one of the RO samples, validating
tent in the residual fractions R2 after the second hydroly that the T. reesei secretome used can degrade both-crys
sis step in comparison to the residual fractions R1 aftertalline and amorphous cellulose [49].

the rst hydrolysis indicated that cellulose was much Water sorption properties were also analysed (Tal3dg
more prone to hydrolysis in the RO samples than in thesince they can re ect the chemical and structural organi
R1 residues. Consequently, the release of glucose from Rétion of biopolymers that cause their hydrophilic behav
samples conferred an increased recalcitrance to the Riour. Water sorption was considered in high relative air
samples. Overall, large di erences in glucose release werkumidity (90%) in order to better discriminate samples,
observed, depending both on the biomass species andnd even in such a humid environment, sorption by RO
the secretome used for the second hydrolysis. is dier samples was below 17%, indicating that samples were
ence could be due to the relative abundance and specihighly hydrophobic. After hydrolysis, sorption by R1
city of endoglucanases and cellobiohydrolases targetingsamples was even lower (14% or less). For RO and R1
amorphous and/or crystalline cellulose regions. In order samples, water uptake was minimal for poplar samples,
to analyse the impact of the di erent secretomes in more higher for miscanthus and wheat straw. ese results
details, chemical and structural characterization of the were consistent with the increase in hydrophobic materi

residual samples were performed. als content such as lignin in R1 samples in comparison to
RO samples (Table 1).
Substrate evolution during the rst hydrolysis Regarding the particle sizes observed by SEM (Addi

e FTIR analysis (Fig. 2) showed that the R1 spectra dif tional le 1: Figure S1), RO samples from poplar appeared
fered from the RO ones mainly by the higher intensity ofmore uniform than those from miscanthus and wheat
the bands in the lignin region (1512 and 1600 ¢msee straw in which cell wall structures were still present.
loading PC1 Fig2a) following the disappearance of sug After the rst hydrolysis, particle size in R1 samples
ars induced by T. reesei secretome. Evolution in menoseemed to be largely decreased for wheat straw and-pop
saccharide content (Tabld) indicates that while glucose lar, whereas miscanthus particles were more heterogene
content was decreased after hydrolysis, hemicellulos@us. is observation was in agreement with hydrolysis
content was not altered, leading to an enrichment in phe e ciency, which was higher for poplar and wheat straw
nolic compounds, in accordance with the FTIR data. than for miscanthus, indicating a potential relationship
Properties of remaining cellulose were investigated bybetween particle size and hydrolysis e ciency, a trend
measuring its apparent crystallinity by NMR (Tabl8). previously described for wheat straw [50]. To further
e steam explosion pretreatment leading to RO sam test this trend, quantitative analysis of particle size was
ples is recognized as having a moderate e ect on celludone. Distribution of the particle sizes (Figla) showed
lose crystallinity [48]. Interestingly, apparent crystallinity that particles below 100 um represented at least 90%
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Table 3 Structural properties of the RO, R1 and R2 samples

Substrate Biomass Secretome Crystallinity Water sorption Particle size
RO Wheat straw None 43 16.96 53.2
Miscanthus 47 16.23 60.7
Poplar 54 14.74 63.6
R1 Wheat straw T. reesei 43 14.08 71.1
Miscanthus 47 14.15 72.3
Poplar 51 11.59 80.3
R2 Wheat straw T. reesei 41 15.04 72.2
Miscanthus 47 14.95 71.2
Poplar 45 11.02 78.0
Wheat straw L. arvalis 41 15.29 71.5
Miscanthus a7 14.46 66.1
Poplar 50 12.23 80.9
Wheat straw A. elegans 41 16.15 72.3
Miscanthus 49 15.36 69.2
Poplar 49 12.35 80.4
Wheat straw T. ljubarskyi 37 15.58 70.5
Miscanthus 46 15.28 73.5
Poplar 50 12.12 80.3

Crystallinity is the apparent cellulose crystallinity expressed as a %. Water sorption indicates the water uptake % of the sample when humidity is 90%. Particle size
indicates the % of particles whose size is equal or below 40 pm. Standard deviations for all measurements are below 5%

Fig. 4 Distribution of particle sizes in a RO, R1 samples and b R2 samples

of the population in RO samples, and that even smallefSubstrate evolution during the second hydrolysis

particles below 40 um were around 60%. After the rst FTIR spectra were acquired for all R2 residues. PCA
hydrolysis, the distribution was modi ed so that particles (Fig.2) showed that the biomass species had a stronger
below 40 um represented more than 70-80% of the totalin uence on spectra distribution than the secretome
particles, the poplar samples distribution being the mosttype, as indicated by the three groups corresponding to
modi ed by hydrolysis regarding their size. Since 40 um wheat straw, miscanthus and poplar. Inside each -bio
seemed to be a relevant threshold to compare the evolumass group, spectra from R2 produced by T. reesei were
tion of particle sizes, the proportion of particles below separated from the other R2 samples produced by the
40 um was gathered in Table 3. three other secretomes. Discrimination according to the
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second component highlighted a higher content in pro correlation matrix (Fig.5a) indicated that the glucose
tein in wheat straw (band at 1645 ci), other bands do yield was positively related to the proportion of parti
not seem to be discriminant. cles of size below 40 um (abbreviated as MOR; Pear
A detailed compositional analysis of each R2 was-person’s coe cient of 0.6) and negatively correlated to
formed (Table 1). As previously mentioned, glucose arabinose content as ARA (0.6) and SOR (water sofp
content in the R2 samples were always lower or nearlyion of sample at 90% air humidity) (0.55). ImpoF
identical to those of the R1 residues, T. reesei hydrolysigantly, there was also strong correlation between (i)
contributing to the highest decrease. Contents in hemi XYL (xylose content), ARA and SOR, (i) LIG and
celluloses (followed thanks to xylose and arabinose) werdlOR, and (iii) CRI (apparent cellulose crystallinity)
only slightly a ected in comparison to R1, whatever the and XYL. is means that the chemical composition of
biomass or secretomes considered. As a consequenchemicelluloses was inversely related to lignin content
lignin relative content increased in all R2 residues, withand that it directly in uenced the particle size together
the notable exception of hydrolysis by A. elegans orwith apparent cellulose crystallinity. Water sorption
wheat straw ( 6.2 points) and poplar ( 5.5),L. arvalis appeared as a central marker: positively correlated with
on miscanthus ( 6.2) andT. ljubarskyi on wheat straw hemicellulose content, since hemicelluloses are rather
( 6.2). hydrophilic; negatively correlated with lignin content
Apparent cellulose crystallinity decreased more afterand particle size, probably because small and hydro
the second hydrolysis than after the rst one, aver phobic particles are less prone to water interactions.
age index being close to 45% for R2 instead of 47% forlf the T. reesei secretome is not taken into account
R1 (Table3). Even if these values are similar, there ardor the correlation analysis, based on the fact that
some important di erences between biomass types: mis its glycoside hydrolases content is substantially -dif
canthus crystallinity did not evolve between R1 and R2ferent from the three other secretomes (Figb), the
samples with an average di erence of 0%, whereas thimatrix (Fig. 5b) remained similar to that including all
di erence reached 3% and 6% for wheat straw and poplarsecretomes (Fig5a), the glucose yield being not bet
respectively. ter correlated to other markers. is e ect could be
Water sorption results (Table3) did not highlight expected since the glucose yield calculated from R2 to
obvious dierences between R1 and R2 samples, onlf\RO mainly originates from the rst hydrolysis step. Also,
con rming lower values for poplar than for miscanthus regarding the content of oxidized sugars, a strong €or
and wheat straw, and T. reesei R2 samples displayinglation was observed between cellobionic (CEL) and
decreased sorption. Finally, particle size analysis (Blm). gluconic (GLU) acid contents ( 0.76), indicating that
indicated heterogeneous distribution of particles depend only the three secretomes from L. arvalis, A. elegans
ing on biomass types and on secretomes, poplar-havand T. ljubarskyi secrete sugar oxidases (mainly AA3
ing particle size distribution lower than miscanthus and enzymes such as cellobiose dehydrogenases absent in T.
wheat straw. Overall, the proportion of particles below reesei), as indicated by the analysis of their secretome
40 um (Table3) did not signi cantly decrease in R2 com in terms of CAZymes (Additional le 3 Figure S2).
pared to R1, with the exception of miscanthus particles In order to decipher the importance of these mark
when hydrolysed by L. arvali¢ 6) and A. elegans ( 3) ers when considering recalcitrant substrates, the same
secretomes. correlation analysis were done considering the glu
Overall, biochemical and structural results obtained cose yield between R2 and R1, which involved only
after the hydrolysis by the secretomes highlighted di-er one hydrolysis step with one secretome of the recal
ent factors such as lignin content, water sorption, particle citrant substrates previously hydrolysed by T. reesei.
size and apparent cellulose crystallinity related to enzy When considering all the secretomes (Fidga), the
matic hydrolysis e ciency. ese factors can thus be same order in the correlations was observed as before
considered as markers of sample recalcitrance. In orde(Fig. 5a). e most striking di erence arose when the
to better understand the relationships between theseT. reesei secretome was removed from the correlative
markers and how they can help predict hydrolysis, €or analysis (Fig5b). In addition to the still existing strong
relation analysis between these markers, together withcorrelations previously described between the XYL,
other evaluated factors, was performed. ARA, LIG, SOR, MOR, and CRI markers, glucose yield
between R2 and R1 was highly correlated to apparent
cellulose crystallinity ( 0.92), hemicellulose content
e( 0.63 for ARA and 0.89 for XYL) and lignin content
( 0.76), water sorption ( 0.70) and to a lesser extent
fo particle size ( 0.52).

Relationships between markers

First, a correlation analysis was performed between th
markers and the nal glucose yield obtained between
R2 and RO. When all secretomes are considered, th
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Fig. 5 Correlation matrices between all measured markers for the R2 samples when considering a all secretomes and glucose yields R2 vs RO

and R2 vs R1; b all secretomes except that of T. reesei and glucose yields R2 vs RO and R2 vs R1. Correlation intensity (as the Pearsan’s coe cient)
between two markers is re ected by the size of the disk and is positive when blue and negative when red. ARA, arabinose content; CEL,
cellobionic acid content of the corresponding S2 fraction; CRI, apparent cellulose crystallinity; GLC, glucose content; GLU, gluconic acid content of
corresponding S2 fraction; LIG, lignin content; MOR, % of particles of size is below 40 um; SOR, % water uptake of sample at 90% water humidity;
XYL, xylose content in R2; YLD20: glucose yield R2 vs RO; YLD21, glucose yield R2 vs R1

e fact that more chemical and structural mark- to consider to make sacchari cation cost-e ective. Also,
ers were highly correlated to the hydrolysis yield whensince water sorption was also strongly correlated to the
the T. reesei secretome was not considered re ects it9article size, this reinforces the fact that reducing parti
higher content in cellulose-acting enzymes (mainly GH5, cle size is a key step to optimise hydrolysis [51]. Overall,
GH6 and GH7) in comparison with other secretomes, among all the markers shown to be strongly correlated to
which have proportionally more diverse CAZymes with enzymatic hydrolysis yield [4751-56], water sorption,

a wider range of hydrolases and oxidases (Big). More even not the fastest one to measure, seems representative
importantly, these results show that when consider of the factors guiding hydrolysis.

ing recalcitrant substrates (pretreated and hydrolysed),

some generic markers can help understanding the-ori Conclusions

gin of hydrolysis limitations. Apparent cellulose crystal e two-step hydrolysis performed in this study by fun
linity together with xylose and lignin contents appeared gal secretomes led to a higher glucose yield than a one-
as strong markers of substrate recalcitrance. Althoughstep hydrolysis. is well-known phenomenon is mainly
this was already largely described for raw or pretreateddue to enzyme inactivation and inhibition during the
substrates [7], this was not clearly described for highlycourse of hydrolysis [57], showing that enzyme non-
recalcitrant substrates such as those used in this studyspeci c interactions with hydrophobic features of the
Contrary, water sorption seems to be a pivotal markersubstrate are an essential behaviour to consider. -Pro
since it re ects indirectly the chemical properties of viding more diverse enzymatic activities (both hydro
both hemicellulose and lignin and their spatial arrange lytic and oxidative enzymes) does not necessarily help
ment. It is important to note that even if water sorption increasing glucose yield on highly recalcitrant substrates
was already mentioned as a relevant predictor of enzyin comparison to a pure-hydrolytic secretome like that
matic hydrolysis yield [22], our study expands the irter of T. reesei. However, the presence of oxidative enzymes
est of such a marker to a wider set of biomass specieis fungal secretomes can favour the release of oxidative
(grasses and hardwood) and to highly recalcitrant sub sugars, some of them (e.g. gluconic acid) being consid
strates (hydrolysis residue) which are the key substrategred as platform chemicals [58] or can help releasing
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lignin-derived molecules that serve as electron carri

used by LPMOs to increase the degradation of polysac

charides [59].

Page 12 of 14

erslinteractions Assemblages, Nantes, Frdnt®.Department of Energy Joint
Genome Institute, Walnut Creek, CA, ?Jépartment of Plant and Miero
bial Biology, University of California Berkeley, Berkeley, CACNS2\. Univ.
Grenoble Alpes, CERMAYV, Grenoble, France.

As expected, biomass recalcitrance mainly comes from

cellulose crystallinity and lignin content, which increase

Acknowledgements
Authors would like to thank Jacqueline Vigouroux (INRA, UR 1268 BIA, Nantes)

during the course of hydrolysis, thus disfavouring hydrol ang sophie Le Gall (BIBS platform, INRA, UR 1268 BIA, Nantes) for their help
ysis mechanisms (through substrate inaccessibility andn biochemical analyses and Didier Chevret (PAPPSO, INRA, Jouy en Josas) for

non-speci ¢ interactions of enzymes with lignin). Water

proteomic analyses of secretomes. David Cronier and Miguel Pernes (FARE,
Reims) are acknowledged for their help for lignin analysis and water sorption

sorption appears as a relevant marker representative Ofeasurement, together with Laurent Bleuze (FARE, Reims) for his help for
Iignin and hemicellulose properties, and whose meas the preparation of correlogramms. Bernard Henrissat and the members of

urement can help to predict glucose yield, independently

the CAZy database (Matthieu Hainaut, Elodie Drula, Pascal Lapébie, Vincent
Lombard) are acknowledged for their analysis of hundreds of fungal genomes

from biomass type and secretomes composition. To-fur geposited in the JGI Mycocosm portal. Procéthol 2G (Futurol project) is
ther investigate this observation, there is a need to bettercknowledged for providing pretreated biomass samples.
understand what happens at hanoscale over the course og I

ompeting interests

lignocellulose degradation.

Additional les

Additional le 1: Figure S1. SEM images of steaxrploded samples
(RO, left) [25] and of residual solids fraction R1 from hydrolysed RO s
(right, this study) for wheat straw, miscanthus and poplar (from top).

Additional le 2: Table S1. Production and protein content of fungal
secretomes.

Additional le 3: Figure S2. Abundance of CAZymes and unknown
proteins in the fungal secretomes. Abundances were determined bas
on the number of peptides unambiguously identi ed by LC-MS/MS.
(a) Abundance of peptides for each CAZyme, represented by increas
ing shades of orange. (b) Abundance of proteins of unknown functio
grouped by orthology groups. Ortholog clustering was performed by
OrthoDB [60]. The abundance of peptides corresponding to each ortl
ogy cluster is represented by increasing shades of green.

Additional le 4: Figure S3. Kinetic hydrolysis of RO samples from
wheat straw (square), poplar (circle) and miscanthus (triangle) by T. 1
secretome.

Abbreviations

The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Consent for publication

Not applicable.

amples

Ethics approval and consent to participate
Not applicable.

Funding

This study was funded by the French National Research Agency in the frame
of the Funlock project (ANR-13-BIME-0002-01) and the Funtune project
(ANR-142E06-0020-01). The work by the US Department of Energy Joint
Genome Institute, a DOE O ce of Science User Facility, is supported by

the O ce of Science of the US Department of Energy under Contract No.

| DE-AC02-05CH11231.
nol-

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims-in pub
eesel S -

(T"lshed maps and institutional a liations.

Received: 17 December 2018 Accepted: 23 March 2019

CAZyme: carbohydratctive enzyme; LB: lignocellulosic biomass; LC-MS/
MS: liquid chromatography—tandem mass spectrometry; PCA: principal

component analysis.

Authors’ contributions

DN and MH performed fungal cultures and prepared fungal secretomes. YB1 .

References
United Nations. Goal 13: Take urgent action to combat climate change

and BChau performed sacchari cation assays using T. reesei under the superviand its impacts. https://www.un.org/sustainabledevelopment/clima
sion of SB and AM. MNR and IVG supervised genome sequencing, assembly te-change2/. Accessed 5 Dec 2018.

and gene annotations for Artolenzites elegans BRFM 1663 and Trametes 2.

Pauly M, Keegstra K. Plant cell wall polymers as precursors for biofuels.

ljubarskyi BRFM 1659. DN performed HPAEC analyses. LH and YN performed Curr Opin Plant Biol. 2010;13:305-12.
solid state NMR analyses. SD and CL performed FTIR and sugar compositign viikari L, Vehmaanperé J, Koivula A. Lignocellulosic ethanol: from sci-

analyses under the supervision of EB. GP and BChab performed microscopy
and sorption analyses. GP, EB and DN made relevant gures and tables. GR.
BChab and SR made correlation analyses. PMC was in charge of CAZyme
annotation. GP, EB and JGB organized the data and drafted the manuscript.
JGB coordinated the work. All authors made comments on the manuscript. ll
authors read and approved the nal manuscript.

Author details 6.
1 FARE Laboratory, INRA, Université de Reims ChasApdgnee, Reims,
France? INRA, Aix Marseille Univ., UMR1163, BBF, Biodiversité et Biotech-
nologie Fongiques, Marseille, FraAtNRA, Aikarseille Univ., UMR1163, 7.

CIRMCF, Marseille, Franté=pP Energies Nouvelles, Rueil-Malmaison, France.
5 CNRS, AMarseille Univ., UMR7857 AFMB, Architecture et Fonction des
Macromolécules Biologiques, Marseille, Framd®A, UR1268 Biopolyméres

ence to industry. Biomass Bioenergy. 2012;46:13-24.

Himmel ME, Ding SY, Johnson DK, Adney WS, Nimlos MR, Brady JW,
Foust TD. Biomass recalcitrance: engineering plants and enzymes for
biofuels production. Science. 2007;315:804-7.

Burton RA, Gidley MJ, Fincher GB. Heterogeneity in the chem-

istry, structure and function of plant cell walls. Nat Chem Biol.
2010;6:724-32.

Ding SY, Liu YS, Zeng YN, Himmel ME, Baker JO, Bayer EA. How does plant
cell wall nanoscale architecture correlate with enzymatic digestibility?
Science. 2012;338:1055-60.

Zhao XB, Zhang LH, Liu DH. Biomass recalcitrance. Part I: the chemical
compositions and physical structures a ecting the enzymatic hydrolysis
of lignocellulose. Biofuels Bioprod Biore ning. 2012;6:465-82.



Paés et al. Biotechnol Biofuels

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2019) 12:76

Page 13 of 14

Herbaut M, Zoghlami A, Habrant A, Falourd X, Foucat L, Chabbert B, Paésstrains: application to cellulase hypesducing Trichoderma reesei

G. Multimodal analysis of pretreated biomass species highlights generic
markers of lignocellulose recalcitrance. Biotechnol Biofuels. 2018;11:531.
Zhang JH, Tang M, Viikari L. Xylans inhibit enzymatic hydrolysis of ligno
cellulosic materials by cellulases. Bioresour Technol. 2012;121:8-12.

strains. Microb Cell Fact. 2012;11:11.

Couturier M, Navarro D, Olive C, Chevret D, Haon M, Favel A, Lesage
Meessen L, Henrissat B, Coutinho PM, Berrin J@erRwsic analyses of
fungal lignocellulosic biomass degradation reveal the unexpected poten-

Inouye H, Zhang Y, Yang L, Venugopalan N, Fischetti RF, Gleber SC, Vogt tial of the plant pathogen Ustilago maydis. BMC Genomics. 2012;13:14.

S, Fowle W, Makowski B, Tucker M, et al. Multiscale deconstruction of 32.
molecular architecture in corn stover. Sci Rep. 2014;4:3756.

Saini JK, Patel AK, Adsul M, Singhania RR. Cellulase adsorption on
lignin: a roadblock for economic hydrolysis of biomass. Renew Energy.33.
2016;98:29-42.

Li X, Zheng Y. Lignémzyme interaction: mechanism, mitiga-

tion approach, modeling, and research prospects. Biotechnol Adv.
2017;35:466-89.

Lynd LR. The grand challenge of cellulosic biofuels. Nat Biotechnol.
2017;35:912.

Berrin J5, Navarro D, Couturier M, Olivé C, Grisel S, Haon M, Taussac 3.

34.

Grigoriev 1V, Nikitin R, Haridas S, Kuo A, Ohm R, Otillar R, Riley R, Salamov
A, Zhao XL, Korzeniewski F, et al. MycoCosm portal: gearing up for 1000
fungal genomes. Nucleic Acids Res. 2014;42:D699-704.

Hoebler C, Barry JL, David A, Delortlaval J. Rapid acid-hydrolysis of plant
cell wall polysaccharides and simpli ed quantitatie¢ermination of

their neutral monosaccharides by gas-liquid chromatography. J Agric
Food Chem. 1989;37:360-7.

Englyst HN, Cummings JH. Improved method for measurement of dietary
ber as non-starch polysaccharides in plant foods. J Assoc O Ana Chem.
1988;71:808-14.

Waldron KW, Parr AJ, Ng A, Ralph J. Cell Wall Esteri ed Phenolic Dimers:

Lechat C, Courtecuisse R, Favel A, et al. Exploring the natural fungal biodi-ldenti cation and Quanti cation by Reverse Phase High Performance

versity of tropical and temperate forests toward improvement of biomass
conversion. Appl Environ Microbiol. 2012;78:6483-90.

Gupta VK, Kubicek CP, Ber@n\Wilson DW, Couturier M, Berlin A, Filho 36.
EXF, Ezeji T. Fungal enzymes fgproiducts from sustainable and waste
biomass. Trends Biochem Sci. 2016;41:633-45. 37.
Margeot A, Hahn-Hagerdal B, Edlund M, Slade R, Monot F. Newimprove
ments for lignocellulosic ethanol. Curr Opin Biotechnol. 2009;20:372-80.
Berrin J5, HerpoeGimbert |, Ferreira NL, Margeot A, Heiss-Blanquet S.

Liquid Chromatography and Diode Array Detection. Phytochem Anal.
1996;7:305-12.

liyama K, Wallis AFA. Determination of lignin in herbaceous plants by an
improved acetyl bromide procedure. J Sci Food Agri. 1990;51:145-61.
BennatiGranier C, Garajova S, Champion C, Grisel S, Haon M, Zhou S,
Fanuel M, Ropartz D, Rogniaux H, Gimbert I, et al. Substrate speci city
and regioselectivity of fungal AA9 lytic polysaccharide monooxygenases
secreted by Podospora anserina. Biotechnol Biofuels. 2015;8:90.

Use of cellulases from Trichoderma reesei in the twenty- rst century—@28t Passas R, Voillot C, Tarrajat G, Caucal G, Kheli B, Tourtollet GEP. Mor as a

II: optimization of cellulolytic cocktails for sacchari cation of lignocel-

novel technology for morphological analysis of bers. In: Boudrant J, Pons

lulosic feedstocks. In: Gupta VK, Schmoll M, Herrera-Estrella A, Upadhyay MN, editors. Récents Progrés en Génie des Procédés, vol. 15. Paris: Société

RS, Druzhinina I, Tuohy MG, editors. Biotechnology and biology ef tricho
derma. Amsterdam: Elsevier; 2014. p. 263-80. 39.

Frangaise de Génie des Procédés; 2001. p. 259-64.
Muraille L, Pernes M, Habrant A, Serimaa R, Molinari MBégguréV,

Martinez D, Berka RM, Henrissat B, Saloheimo M, Arvas M, Baker SE, Chdghabbert B. Impact of lignin on water sorption properties of bioinspired

man J, Chertkov O, Coutinho PM, Cullen D, et al. Genome sequencing
and analysis of the biomadsgrading fungus Trichoderma reesei (syn.
Hypocrea jecorina). Nat Biotechnol. 2008;26:553—-60.

Berrin 35, Rosso M, Abou Hachem M. Fungal secretomics to probe the
biological functions of lytic polysaccharide monooxygenases. Carbohydr
Res. 2017;448:155-60. 41.
Li M, Pu Y, Ragauskas AJ. Current understanding of the correlation of
lignin structure with biomass recalcitrance. Front Chem. 2016;4:45.

Pan X, Gilkes N, Saddler Jack N. E ect of acetyl groups on enzymatic 42.
hydrolysis of cellulosic substrates. Holzforschung. 2006;60:398.

Williams DL, Crowe JD, Ong RG, Hodge DB. Water sorption in pretreated
grasses as a predictor of enzymatic hydrolysis yields. Bioresour Technd3.
2017;245:242-9.

40.

self-assemblies of lignocellulosic polymers. Eur Polym J. 2015;64:21-35.
Silveira MHL, Morais ARC, Lopes AMD, Olekszyszen DN, Bogel-Lukasik
R, Andreaus J, Ramos LP. Current pretreatment technologies for the
development of cellulosic ethanol and biore neries. Chemsuschem.
2015;8:3366-90.

Kumar R, Mago G, Balan V, Wyman CE. Physical and chemical characteriza-
tions of corn stover and poplar solids resulting from leading pretreat
ment technologies. Bioresour Technol. 2009;100:3948-62.
Wojtasz-Mucha J, Hasani M, Theliander H. Hydrothermal pretreatment
of wood by mild steam explosion and hot water extraction. Bioresour
Technol. 2017;241:120-6.

Huron M, Hudebine D, Ferreira NL, Lachenal D. Impact of deligni cation
on the morphology and the reactivity of steam exploded wheat straw.

Meng X, Ragauskas AJ. Recent advances in understanding the role of cel-Ind Crops Prod. 2016;79:104-9.

lulose accessibility in enzymatic hydrolysis of lignocellulosic substrates44.
Curr Opin Biotechnol. 2014;27:150-8.

Pielhop T, Amgarten J, von Rohr PR, Studer MH. Steam explesion pre
treatment of softwood: the e ect of the explosive decompression on

Himmel ME, Abbas CA, Baker JO, Bayer EA, Bomble YJ, Brunecky R, Cheanzymatic digestibility. Biotechnol Biofuels. 2016;9:152.
X, Felby C, Jeoh T, Kumar R, et al. Unde ned cellulase formulations hintier Ji Z, Zhang X, Ling Z, Zhou X, Ramaswamy S, Xu F. Visualization of

scienti ¢ reproducibility. Biotechnol Biofuels. 2017;10:283.

Miscanthus giganteus cell wall deconstruction subjected to dilute acid

Auxenfans T, Cronier D, Chabbert B, Paés G. Understanding the structural pretreatment for enhanced enzymatic digestibility. Biotechnol Biofuels.

and chemical changes of plant biomass following steam explosion
pretreatment. Biotechnol Biofuels. 2017;10:36.

Navarro D, RossaN| Haon M, Olivé C, Bonnin E, Lebtasssen L,
Chevret D, Coutinho PM, Henrissat B, Be®rifrdst solubilization of
recalcitrant cellulosic biomass by the basidiomycete fungus Laetisaria
arvalisinvolves successive secretion of oxidative and hydrolytic enzymek.
Biotechnol Biofuels. 2014;7:143.

Navarro D, Favel A, Chabrol O, Pontarotti P, Haon M;:Messgen L.
FunGeneDB: a welbased tool for polyporales strains authentication. J
Biotechnol. 2012;161:383-6.

46.

48.

Agarwala R, Barrett T, Beck J, Benson DA, Bollin C, Bolton E, Bourexis D,

2015;8:103.

Chabbert B, Habrant A, Herbaut M, Foulon L, Bggjkin V, Garajova

S, Grisel S, Benr@tianier C, Gimbekterpoel |, Jamme F, et al. Action

of lytic polysaccharide monooxygenase on plant tissue is governed by
cellular type. Sci Rep. 2017;7:17792.

Adams JMM, Winters AL, Hodgson EM, Gallagher JA. What cell wall
components are the best indicators for Miscanthus digestibility and con-
version to ethanol following variable pretreatments? Biotechnol Biofuels.
2018;11:67.

Sun S, Sun S, Cao X, Sun R. The role of pretreatment in improving the
enzymatic hydrolysis of lignocellulosic materials. Bioresour Technol.

Brister JR, Bryant SH, Canese K, et al. Database resources of the National2016;199:49-58.

Center for Biotechnology Information. Nucleic Acids Res. 2018;46:D8-29.

Payne CM, Knott BC, Mayes HB, Hansson H, Himmel ME, Sand-

Ayrinhac C, Margeot A, Lopes Ferreira N, Ben Chaabane F, Monot F, Ravogren M, Stahlberg J, Beckham GT. Fungal cellulases. Chem Rev.

G, Sonet JM, Fourage L. Improved sacchari cation of wheat straw for
biofuel production using an engineered secretome of Trichoderma reesgQ.
Org Process Res Dev. 2011;15:275-8.

2015;115:1308-448.
Silva GGD, Couturier M, Berrin JG, Buléon A, Rouau X. E ects of grinding
processes on enzymatic degradation of wheat straw. Bioresour Technol.

Jourdier E, Poughon L, Larroche C, Monot F, Ben Chaabane F. A new stoi-2012;103:192-200.

chiometric miniaturization strategy for screening of industrial microbial



Paéset al. Biotechnol Biofuels (2019) 12:76 Page 14 of 14

51.

52.

53.

54.

55.

Dougherty MJ, Tran HM, Stavila V, Knierim B, George A, Auer M, AdarB§. Herbaut M, Zoghlami A, Paés G. Dynamical assessment of uorescent
PD, Hadi MZ. Cellulosic biomass pretreatment and sugar yields as a func- probes mobility in poplar cell walls reveals nanopores govern sacchari -
tion of biomass particle size. PLoS ONE. 2014;9:e100836. cation. Biotechnol Biofuels. 2018;11:271.

Gaur R, Agrawal R, Kumar R, Ramu E, Bansal VR, Gupta RP, Kumar B7Tuiansou K, Rémond C, Paés G, Bonnin E, Tayeb J, Bredeweg B. Testing
DK, Das B. Evaluation of recalcitrant features impacting enzymatic sac-  scienti c models using qualitative reasoning: application to cellulose
chari cation of diverse agricultural residues treated by steam explosion hydrolysis. Sci Rep. 2017;7:14122.

and dilute acid. RSC Adv. 2015;5:60754—62. 58. Mehti6 T, Toivari M, Wiebe MG, Harlin A, Penttila M, Koivula A. Produc-
Pihlajaniemi V, Sipponen MH, Liimatainen H, Sirvié JA, Nyyssola A, Laaksdion and applications of carbohydraderived sugar acids as generic

S. Weighing the factors behind enzymatic hydrolyzability of pretreated biobased chemicals. Crit Rev Biotechnol. 2016;36:904-16.

lignocellulose. Green Chem. 2016;18:1295-305. 59. Westereng B, Cannella D, Wittrup Agger J, Jgrgensen H, Larsen Andersen
Monschein M, Nidetzky B. E ect of pretreatment severity in continuous M, Eijsink VGH, Felby C. Enzymatic cellulose oxidation is linked to lignin by
steam explosion on enzymatic conversion of wheat straw: evidence long-range electron transfer. Sci Rep. 2015;5:18561.

from kinetic analysis of hydrolysis time courses. Bioresour Technol. 60. Zdobnov EM, Tegenfeldt F, Kuznetsov D, Waterhouse RM, Simao FA, loan-
2016;200:287-96. nidis P, Seppey M, Loetscher A, Kriventseva EV. OrthoDB v9.1: catalog-
Escamez S, Latha Gandla M, Derba-Maceluch M, Lun@Mdelsere ing evolutionary and functional annotations for animal, fungal, plant,

wicz EJ, Jonsson LJ, Tuominen H. A collection of genetically engineered archaeal, bacterial and viral orthologs. Nucleic Acids Res. 2017;45:D744-9.
Populus trees reveals wood biomass traits that predict glucose yield from
enzymatic hydrolysis. Sci Rep. 2017;7:15798.



	Tracking of enzymatic biomass deconstruction by fungal secretomes highlights markers of lignocellulose recalcitrance
	Abstract 




