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Abstract

The decomposition of lignocellulose in nature, as well as when used as feedstock in industrial settings, takes place

in a dynamic system of biotic and abiotic reactions. In the present study, the impact of abiotic reactions during the
storage of pretreated lignocellulose on the efficiency of subsequent saccharification was investigated. Abiotic decar-
boxylation was higher in steam-pretreated wheat straw (SWS, up till 1.5% CO,) than in dilute-acid-catalysed steam-
pretreated forestry residue (SFR, up till 3.2% CO,) which could be due to higher iron content in SFR and there was no
significant CO, production in warm-water-washed slurries. Unwashed slurries rapidly consumed O, during incubation
at 50 °C; the behaviour was more dependent on storage conditions in case of SWS than SFR slurries. There was a pH
drop in the slurries which did not correlate with acetic acid release. Storage of SWS under aerobic conditions led to
oxidation of the substrate and reduced the extent of enzymatic saccharification by Cellic® CTec3. Catalase had no
effect on the fractional conversion of the aerobically stored substrate, suggesting that the lower fractional conversion
was due to reduced activity of the lytic polysaccharide monooxygenase component during saccharification. The frac-
tional conversion of SFR was low in all cases, and cellulose hydrolysis ceased before the first sampling point. This was
possibly due to excessive pretreatment of the forest residues. The conditions at which pretreated lignocellulose are
stored after pretreatment significantly influenced the extent and kind of abiotic reactions that take place during stor-
age. This in turn influenced the efficiency of subsequent saccharification. Pretreated substrates for laboratory testing
must, therefore, be stored in a manner that minimizes abiotic oxidation to ensure that the properties of the substrate
resemble those in an industrial setting, where pretreated lignocellulose is fed almost directly into the saccharification
vessel.
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Introduction
The bioconversion of lignocellulosic feedstocks to etha-

of redox-active enzymes discovered in recent years
(Johansen 2016), are important drivers of lignocellu-

nol is being commercialised, but further process devel-
opment is required to improve the economic feasibility.
The industrial saccharification of lignocellulose relies on
highly optimized commercial enzyme cocktails. Lytic
polysaccharide monooxygenases (LPMOs), a group

*Correspondence: ksj@ign.ku.dk

! Division of Industrial Biotechnology, Department of Biology

and Biological Engineering, Chalmers University of Technology, 412
96 Goteborg, Sweden

Full list of author information is available at the end of the article

@ Springer Open

lose decomposition. LPMOs are mono-nuclear copper
enzymes that require O, and a source of electrons to
cleave glycosidic bonds (Quinlan et al. 2011; Vaaje-Kol-
stad et al. 2010). They are classified into several auxiliary
activity (AA) enzyme families in the CAZy database.
Importantly, certain AA9 LPMOs initiate cellulose sac-
charification by cleaving internal f3-1,4-glycosidic bonds
without the need for prior hydration (decrystallisation)
of individual cellulose chains. In doing so, LPMOs cre-
ate access points for processive exo-cellulases (Eibinger
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et al. 2017). Therefore, to achieve efficient saccharifica-
tion, it is important that O, and appropriate reductants
are present (Miiller et al. 2015; Scott et al. 2016). Reduct-
ants are inherently present in lignocellulosic materials
and may be produced enzymatically. Activated O, in the
form of hydrogen peroxide (H,O,) is an alternative co-
substrate. The understanding of the catalytic mechanism
of this enzyme class and the interaction with other redox
processes associated with the saccharification of ligno-
cellulose is still incomplete. Catalase can decrease the
inactivation of the cellulolytic enzyme cocktail, which is
highly dependent on the O, content and LPMO activity
(Scott et al. 2016).

The first process step in biotechnology-based ligno-
cellulosic biofuel production involves pretreatment of
the biomass. Pretreated lignocellulosic materials used
in laboratory experiments are often stored for extended
periods under poorly controlled conditions, where tem-
perature and exposure to air may vary. This is in contrast
to the industrial process were the pretreated biomass is
typically fed directly into the saccharification reactor.

Abiotic redox processes similar to those that occur in
natural water-logged environments affect the sacchari-
fication of pretreated lignocellulose. The fact that these
processes change the pretreated material is clear from
the temperature dependent consumption of O, and the
production of CO, by the material (Peciulyte et al. 2018).

In the present study, we investigated how storage of
steam-pretreated wheat straw (SWS) and dilute-acid-
catalysed steam-pretreated forestry residue (SFR) under
different conditions influences subsequent enzyme-
mediated saccharification. The underlying hypothesis
was that the type and extent of abiotic reactions taking
place would depend on the storage conditions, and that
they would determine how easily the material could be
saccharified. Abiotic reactions were assessed by measur-
ing the degree of oxidation of slurries during storage, the
consumption of O, and release of CO, during incubation
at 50 °C, and the extent of acidifying reactions measured
as the change in pH. Materials stored under nitrogen
pressure represented non-oxidized substrate, while stor-
age under aerobic conditions at room temperature or
4 °C represented ageing conditions (Fig. 1).

Materials and methods

Production and storage of slurries

SWS was prepared at the Department of Chemical Engi-
neering, Lund University, Sweden. Pretreatment was
performed in a bench-scale steam pretreatment unit
using saturated steam at 190 °C for 10 min, without the
addition of a catalyst (Bondesson et al. 2013). Spruce
tips, branches and needles were harvested, crushed to
an average size of 15 mm and steam pretreated at 209 °C
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for 13.5 min, with an acid catalyst loading of 1 kg,y;15504/
l(gDryW?ight in a 30 L pretreatment reactor at RISE Proces-
sum (Ornskoldsvik, Sweden) (SWR). The chemical com-
position of the slurries is given in the Additional file 1:
Table S1.

Virginiamycin S1 (3 pg/g slurry, V4140-5MG, Sigma)
and Virginiamycin M1 (6 pg/g slurry, V2753-10MG,
Sigma) were added to prevent microbial contamination
during the long-term storage.

One portion of SWS and SFR slurries were stored in
glass bottles (approx. 1:1, slurry:headspace (wt/vol)) at
room temperature exposed to light. The bottles were
plugged with butyl rubber stopper and closed with
a screw cap with a hole in the middle. The sterile filter
(0.2 um) was pierced through the stopper. The bot-
tles were shaken once per week to aerate the slurries.
Another portion of SWS and SFR slurries were stored at
4 °C under N, pressure (approx. 4 psi) in the darkness,
in Oxoid™ Anaerobic 3.5 L jars (Thermo Fisher Scientific,
Basingstoke, England). Slurries were also stored after
pH pre-adjustment to 5.5 for SWS slurry, and to 5.9 for
SER slurry using 1 M KOH. Tap water was used to dilute
the slurries. Portions of SWS and SFR were washed with
warm water. The supernatants was discarded after cen-
trifugation (5000 g at 4 °C for 20 min) and approx. 100 g
of the solid fraction was mixed with up to 2 L tap water.
The mixture was heated to 50—-60 °C and stirring contin-
ued at this temperature for 30 min. The washing water
was then removed by filtration using a 0.2 pm polyether-
sulphone filter (Nalgene Rapid-Flow). The washing pro-
cedure was repeated three times. Washed slurries (SWS
dry matter (DM) 11% and SFR DM 24%) were stored at
4 °C maximum for two days prior the experiment.

Elemental analysis of lignocellulose

Both the solid and liquid fractions of water-washed slur-
ries from SWS and SFR were analysed (Additional file 1:
Table S1) at the Department of Biology, Lund Univer-
sity, Sweden. Samples were dried at 105 °C. A knife mill
(Retsch GmbH, Haan, Germany) was used with a 1 mm
screen during milling. Elemental analysis was carried out
using inductively coupled plasma optical emission spec-
trometry (Optima 8300, Perkin Elmer, Waltham, MA,
USA). The solid material (~0.5 g) was digested in 7 mL
HNO; and 3 mL water in a Mars5 microwave (CEM,
Matthews, NC, USA) and diluted to 50 mL with tap
water prior to analysis. C and N were measured using a
Vario MAX CN from Elementar (Langenselbold, Ger-
many) and the ions were analysed with an 861 Advanced
Compact IC from Metrohm (Herisau, Switzerland).
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Fig. 1 Storage conditions for SWS and SFR slurries. Pretreated slurries were divided into four portions and stored: at 4 °C with ambient air, under N,
pressure, in the cold room, with ambient air at room temperature (RT) and with pH pre-adjustment from an initial pH of 3.5 to 5.5 for SWS slurry, and
from an initial pH of 1.5 to 5.9 for SFR slurry. Just before the saccharification experiments, samples of SWS and SFR stored in condition at 4 °C with
ambient air were washed in warm water

Lignocellulose incubation with and without enzymes
The enzyme cocktail, Cellic® CTec3, and catalase from
Thermoascus aurantiacus (Accession DD046677) were
kindly provided by Novozymes A/S. The catalase prepa-
ration was more than 90% pure. Enzyme stock samples
were prediluted with tap water prior to addition to the
slurry samples.

During the saccharification of the slurries, CTec3
enzyme loading was 4.7 mg/g cellulose in unwashed
SWS slurry, 4.7 mg/g cellulose in washed SWS slurry,

12.2 mg/g cellulose in unwashed SFR slurry and
12.9 mg/g cellulose in washed SER slurry. The catalase
loading was 0.25 mg/g cellulose in unwashed SWS slurry,
0.26 mg/g cellulose in washed SWS slurry, 0.66 mg/g cel-
lulose in unwashed SER slurry and 0.70 mg/g cellulose in
washed SER slurry. The saccharifications were performed
in 50 mL Falcon tubes on 20 g 10% DM slurry at 50 °C in
ambient air conditions.

Experiments to determine CO,, O, saturation and
pressure were performed using 15 g slurry diluted to 2, 5
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or 10% DM in 30 mL serum bottles capped with airtight
butyl rubber caps (Rubber BV), and sealed with alumin-
ium crimp caps (with a removable centre) prior to incu-
bation. Mixing was performed on an orbital shaker at
180 rpm. The pH was initially adjusted to 5.3 with KOH.

Analysis of CO, in the headspace

These experiments were performed as described pre-
viously (Peciulyte et al. 2018) using a two-channel gas
chromatography GC instrument (490 Micro GC, Agi-
lent Technologies Sweden AB), equipped with a ther-
mal conductivity detector. Channel 1 was equipped with
a 10 m-long Molsieve 5 column (Agilent Technologies
Sweden AB), and helium was used as the carrier gas (at
a pressure of 5.44 atm), and this was used for the analysis
of N, and O,. Channel 2 was equipped with a 10 m-long
CP-PoraPLOT U column (Agilent Technologies Swe-
den AB), argon was used as the carrier gas (at 5.44 atm),
and this was used for the analysis of CO,. The columns
described above also allowed the detection of permanent
gases such as methane, CO, NO, hydrocarbons C1-C6,
H,S, SO,, etc.

Pressure measurements

The pressure in the headspace was measured using a digi-
tal manometer (GMH 3111) and a relative pressure sen-
sor (MSD 2,5 BRE; Greisinger Electronic, Regenstauf,
Germany). Pressure measurements were performed after
incubation of the slurries by inserting a needle connected
to the manometer through the septum of the butyl rub-
ber cap of the serum bottles.

0, content in the headspace and slurry

The dissolved oxygen content (DO) in the biomass slurry
and the O, content in the headspace were measured as
has been described previously (Peciulyte et al. 2018), with
two optode sensors mounted inside the serum bottles.
The amount of O, was determined by fluorescent quan-
tification using a Fibox4 oxygen meter (PreSens Precision
Sensing GmbH, Germany).

Cyclic voltammetry

Cyclic voltammetry (CV) experiments were carried out
in a 20 mL voltammetry cell (VC-2; BASi, USA) con-
taining 15 mL slurry (SWS or SFR; pH adjusted to 5.0
using KOH) in a three-electrode configuration together
with a potentiostat. The working electrodes were 3 mm
() graphite rods (Alfa Aesar, Sweden) with a working sur-
face area of 7.5 cm? A Pt wire was used as the counter-
electrode, along with a Ag/AgCl reference electrode (3 M
NaCl; RE-5B, BASi, USA) vs. which the working elec-
trode potentials were controlled (+210 mV vs. Standard
Hydrogen Electrode; all electrode potentials given are vs.
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Ag/AgCl). A two-channel potentiostat (MLab; Bank Ele-
ktronik-Intelligent Controls GmbH, Germany) was used
to control the electrode potential and record the cur-
rent. CV experiments were performed within a scanning
range of — 200 to+ 680 mV to avoid reactions related to
H, and O, generation which occur below — 500 mV and
above +720 mV, respectively, at pH 5. The CV scan rate
was 10 mV/s and each experiment was performed at least
three times in duplicate reactors. All experiments were
conducted under ambient conditions, at room tempera-
ture (21+1 °C). The slurry was only mixed during pH
adjustment, immediately before CV analysis.

Determination of glucose, xylose and acetic acid

The saccharified samples were analysed using HPLC
with a Rezex ROA-Organic Acid H+(8%) column with
a 3 mm LD. maintained at 80 °C with a Carbo-H4 guard
cartridge (both from Phenomenex Inc.) maintained at
room temperature. As eluent, 5 mM H,SO, was used at
a flow rate of 0.8 mL/min. Analytes were detected with a
refractive index detector.

Results

The experiments were carried out to determine abiotic
and biotic reactions in pretreated lignocellulosic streams
stored at different conditions (as outlined in Fig. 1).

Biomass pretreatment and composition

SWS was collected directly from the bench-scale steam
pretreatment reactor and a portion of it was stored in
an airtight container under nitrogen pressure. SER was
obtained from a pilot-scale steam pretreatment reactor
and stored in containers under nitrogen pressure upon
arrival. Analysis of the chemical composition of the liquid
fractions and the washed solid fractions was carried out
(Additional file 1: Table S1). The solid fractions differed
markedly in their contents of insoluble glucose (mainly
present as cellulose) relative to acid-insoluble lignin. The
solid fraction of SWS contained 61% glucose by weight
(unless otherwise stated % is w/w throughout) and 26%
acid-insoluble lignin, while the solid fraction of SFR con-
tained 23% glucose and 72% acid-insoluble lignin. The
pretreatment of forestry residue appears to have been of
high severity degrading large amounts of the carbohy-
drates. The liquid fractions differed in their xylose and
glucose concentrations. The SWS liquid fraction con-
tained more xylose (19 g/L), while the SFR liquid fraction
contained more glucose (19 g/L). Elemental analysis of
the slurries was performed (Additional file 1: Table S2).
The SER contained high amounts of sulphur due to the
addition of sulphuric acid during pretreatment. The total
iron content was approximately 280 mg/kg for SWS
and 430 mg/kg for SFR. The liquid fraction from SFR
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also contained a high amount of iron (approximately
100 mg/L slurry when diluted to 10% DM content) com-
pared to the liquid fraction from SWS (approximately
3 mg/L at 10% DM content). This difference may be the
effect of a higher degree of decomposition of SFR than
SWS caused by the addition of acid during pretreatment.
Also release of iron from the employed equipment during
strong acidic conditions cannot be excluded.

The two pretreated slurries were stored and handled
as outlined in Fig. 1. The experiments were performed
to assess the impact of oxidative modifications that may
take place when pretreatment and bioconversion are sep-
arated in time. The abiotic reactivity and the efficiency of
the enzymatic saccharification of the slurries were inves-
tigated as described below.
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The contribution of CO, to headspace pressure

The degree of abiotic reactions taking place in differently
stored materials was assessed. The content of CO, in the
headspace after incubation at 50 °C for 24 h was 1-1.5%
for the SWS slurries and 2-3.2% for the SFR slurries
(Fig. 2a, c), which is significantly higher than the content
in air (0.04%). The CO, production normalized to the
DM was consistently higher in the 5% DM samples than
in the 10% DM samples stored under the same conditions
(Additional file 1: Figure S1).

The pressure differed between SWS and SER slurries
after 24 h incubation (Fig. 2b, d). For SWS slurries there
was a direct correlation between % CO, and the head-
space pressure. While for SFR slurries, an inverse correla-
tion was seen between % CO, and pressure. Surprisingly,
an overpressure developed in the headspace above the
warm-water-washed samples without any significant

pe SWS

Fig. 2 CO, content (% CO,) and pressure in the headspace of the SWS (a and b) and SFR (c and d) slurries after incubation at 50 °C with shaking
at 180 rpm for 24 h. The samples contained 5% or 10% dry matter, and the pH was adjusted to 5.5 (SWS) or pH 5.9 (SFR) prior to storage of the
slurries at room temperature under aerobic conditions. N, denotes storage of the slurries under N, pressure, and Air storage of the slurries at room
temperature exposed to air. Washed denotes warm-water-washed slurries after storage. Each data point is the average value of two to seven
replicates (except the 5%_pH 5.9 measurement which did not have replicates), and error bars show one standard deviation (SD). The right-hand

figures show the % CO, as a function of pressure for SWS (b) and SFR (d)

(o

SWS

1.204

Pressure (bar)

a
90
M
A
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production of CO,. No other volatile analytes that could
account for the increased pressure, such as CO, NH,, H,S
etc. (see methods and materials for details) were detected
in the headspace.

0, consumption was higher in stored and unwashed
slurries than in washed slurries
Rapid consumption of O,, within 30 min of incubation,
was observed for the SWS slurries (Fig. 3b), which con-
tinued throughout the whole experiment. In 10% DM
SWS slurries almost all the O, was depleted by the end
of the experiment, whereas the DO remained high in
the samples containing 5% DM. The O, content in the
headspace remained high in the serum bottles through-
out incubation (Fig. 3a), with only marginal differences
between samples containing 5% or 10% DM (13-18%
DO).

The O, was rapidly consumed in the SFR slurries
within half an hour of starting incubation (Fig. 3d). The
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DO increased after the initial fall, and then continued to
decrease. Lower O, content was found in the headspace
of differently stored unwashed slurries containing 10%
DM than in those containing 5% DM after 24 h incuba-
tion (Fig. 3c). The O, consumption in the SFR slurries
was more dependent on the storage conditions than in
the SWS slurries (Fig. 3). The highest O, consumption in
both slurries was seen in those stored under N, pressure
(Fig. 3b, d). Lower O, consumption was found in warm-
water-washed slurries than in unwashed slurries, ie.,
the O, content in 10% DM washed SWS and SFR slur-
ries was 8 and 12%, respectively, while the O, content in
unwashed slurries was 1%.

Lignocellulose storage conditions affect pH

For reliable comparison of the pH values, all samples
were allowed to adjust to room temperature prior to
measurements. During the long-term storage of slurries
with pre-adjusted pH (condition d in Fig. 1) a reduction

=
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©
]
b=

c 1 1 1 I 1 1
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Time (h)

measurement which had no replicates), and error bars show 1 SD

Slurry O, (%)
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Fig. 3 O, consumption in differently stored wheat straw (SWS) and forestry residue (SFR) slurries during incubation at 50 °C for 24 h.a, b O,
saturation in SWS headspace and slurry. ¢, d O, saturation in SFR headspace and slurry. The pH was adjusted to 5.3 before incubation. Storage
conditions of the slurries before incubation: pH adjusted to 5.5 (SWS) and pH 5.9 (SFR), stored at room temperature under aerobic conditions
(blue), and under N, pressure (magenta), at room temperature under aerobic conditions (orange) and slurries washed with warm water after
storage (cyan). Measurements of SFR stored at room temperature under aerobic conditions were not conducted due to the shortage of the
material. Dashed line: 5% DM, continuous line 10% DM. Each data point is the average value of two to seven replicates (apart from the pH 5.9 SFR
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in pH from 5.5 to 5.0 for SWS slurry and from 5.9 to 5.1
for SER was observed. No significant changes in pH were
observed in the slurries stored under conditions without
pH adjustment before storage (conditions a, b, and ¢ in
Fig. 1).

When the slurries after the long-term storage were
incubated at 50 °C while shaking, pH in SWS slurries
fell from 5.3 to 4.9-5.3 and in SER to 4.7—4.9 after 4 days
(Fig. 4). The pH of the warm-water-washed samples fell
to 4.5 (SWS) and 3.6 (SFR), possibly due to the much
reduced buffering capacity of these materials than the
slurries. No correlation was found between the pH value
during the incubation of the SWS and SFR slurries and
acetic acid release (data not shown).

5.4 SWS

5.1
4.8

pH

4.5
4.2

3.9

[
oy I I 1 1

0 24 48 72 96
Time (h)

SFR

5.4~
5.14
4.8+

pH

4.5
4.2+

3.94

3.6 I 1 1 1
0 24 48 72 96

Time (h)

Fig. 4 pH of SWS (a) and SFR (b) slurries as a function of incubation
time at 50 °C. After storage, the slurries were diluted to 10%

DM, and the pH adjusted to 5.3 with KOH. Storage of slurries

prior to the experiment: pH pre-adjusted to 5.5, stored at room
temperature under aerobic conditions (blue), under N, pressure
(magenta), at room temperature under aerobic conditions (orange),
warm-water-washed prior to the experiment (cyan). Each data point

is the average of two replicates, and error bars show 1 SD
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The availability of compounds that can be oxidized

is decreased in slurries stored under aerobic conditions
CV experiments were carried out to evaluate the change
in availability of readily-oxidized compounds (potential
LPMO reductants) in the liquid fraction of the pretreated
materials as a function of storage time. A positive (oxi-
dative) current of similar amplitude was observed before
storage, for applied potentials over ca.+100 mV vs. Ag/
AgCl in both SWS and SER slurries (Fig. 5). However,
after 14 days of storage, a decrease in oxidative current
was observed in both samples, which indicates a decrease
in the availability of molecules that can be oxidized by an
electrode as electron acceptor without the need for any
external catalyst to initiate the reaction. The 10% DM
SWS slurry was further investigated for a period up to
37 days, and a similar trend was observed (Additional
file 1: Figure S2).

Large differences in enzymatic conversion of the stored
SWS and SFR slurries

The effect of storage conditions on glucose yield after
saccharification of SWS and SFR slurries with Cellic®
CTec3 with and without catalase were performed as has
been described previously (Peciulyte et al. 2018).

a 40
1.0 SWS

0.8+

Current (mA)
o o O
N o @

[ — T T
-200 200 400 600
-0.2-
Potential (mV vs. Ag/AgCl)

b 1.0

0.84

SFR

Current (mA)
o o o
N2 @

|

ﬁ

200 400 600

-0.2-
Potential (mV vs. Ag/AgCl)

Fig. 5 Cyclic voltammograms obtained from SWS (a) and SFR (b)
slurries, showing the effect of storage after 0 (cyan) and 14 days
(magenta) under room temperature. Both slurries had 10% DM. CV
was conducted at room temperature and the pH was adjusted to 5.0
using KOH
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Fig. 6 Effects of different storage conditions on the saccharification
of SWS slurry. Slurries were incubated with Cellic® CTec3
(continuous lines and filled circles) and with Cellic® CTec3 and
catalase (dashed lines and open circles). Data are shown from two
duplicate experiments (experiment 1: magenta and experiment 2:
cyan). Storage conditions of the slurries before the saccharification
experiment: room temperature, exposed to air (a), under N, pressure
(b), washed with warm water prior to saccharification (c). Each data
point is the average of two replicates, and error bars show 1 SD.In a
error bars are shorter than the symbols; therefore, they are not visible

Progress curves for fractional cellulose conversion of
pretreated SWS slurry to glucose are shown in Fig. 6.
The saccharification progress curve for material stored
at 4 °C and under N, (magenta Fig. 6b) resembles the
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curve obtained in our previous study (Peciulyte et al.
2018). After 100 h of incubation, the fractional conver-
sion was 0.8 without catalase, and 0.9 with catalase. The
positive effect on glucose yield of catalase after only
24 h is also in agreement with our previous work, and it
is believed to be due to the lower rate of inactivation of
the enzyme cocktail. The pretreated SWS slurry stored
at room temperature under aerobic conditions is less
amenable to saccharification and the final fractional
conversion was below 0.6 (Fig. 6a). The progress curves
were almost identical with and without catalase, and in
two consecutive experiments, 41 days apart. The same
low level of conversion was also seen for the repeat
experiment using SWS slurry stored under N, (Fig. 6b).
The container was opened several times to withdraw
samples allowing O, to enter the sample, although the
containers were flushed with N, before closing, we
believe that this influenced the aging of the slurry and
that it explains the difference in result between the dif-
ferent experiments.

Taken together, these results suggest that SWS slurry
is oxidised during storage in the presence of air, result-
ing in higher recalcitrance. However, storage of the
material under nitrogen at 4 °C, or frozen in sealed vac-
uum bags (Scott et al. 2016) prevented oxidation.

To investigate the effect of soluble compounds in
SWS slurry, a portion of the material stored under N,
was thoroughly washed with warm water. The resulting
saccharification progress curves show a slow, but steady
conversion of the material during the 100 h of incuba-
tion (Fig. 6¢). The final level of fractional conversion
was approximately 0.5 both with and without catalase.

SER slurry was stored at ambient temperature in air,
or at 4 °C under N,. These samples were incubated
with Cellic® CTec3 as described for SWS slurry above.
After 24 h incubation, the fractional conversion for
SER slurry stored at room temperature in air was 0.3
(Fig. 7a) and for slurry stored cold under N, pressure
0.2 (Fig. 7b). Hardly any increase in glucose concentra-
tion was seen after 24 h. After the stored SER slurry had
been thoroughly washed with warm water to remove
all the soluble compounds, the shape of the progress
curves was the same as for the unwashed samples,
although the resulting degree of conversion was lower,
and did not reach 0.2.

The pH of SWS and SER slurries decreased during
enzymatic saccharification (Table 1). The addition of cat-
alase had a stabilizing effect on pH for both SWS and SFR
slurries, regardless of the previous storage conditions. In
fact, no base titrant was required to maintain the pH of
the SER slurry samples at pH 5 when catalase was added.
The decrease in pH was greater in samples that were
washed with warm water before saccharification, but
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Fig. 7 Effects of different storage conditions on the saccharification
of SFR slurry. Slurries were incubated with Cellic® CTec3 (continuous
lines and filled circles) or Cellic® CTec3 with the addition of catalase
(dashed lines and open circles). Storage conditions of slurries prior to
saccharification: room temperature in air (a), under N, pressure (b),
washed with warm water prior to saccharification (c). Each data point
is the average of two replicates, and error bars show 1 SD

required less titrant than the corresponding saccharifi-
cation without addition of catalase. This is probably due
to the much lower buffering capacity of the suspensions
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Table 1 Amount of titrant (1 M KOH) added to adjust
the pH to 5 in samples containing 10% DM saccharified
with Cellic® CTec3 with and without the addition
of catalase

Titrant addition Titrant addition
(mg) Cellic® CTec3 (mg) Cellic®
CTec3 + Catalase

Storage and handling

SWS
RT_Air 324450 236456
RT_Air_pH 5.5 260440 177+27
4°C_N, 386481 241424
Washed 1174+18 7442
SFR
RT_Air 3474115 0
4°C_N, 391473 0
Washed 124436 55+3

Values given are the average of four replicates + 1 SD

of washed pretreated material, regardless of the storage
conditions.

Discussion

In a recent study, we showed that oxidative abiotic reac-
tions take place in slurries of steam-pretreated wheat
straw during enzymatic saccharification (Peciulyte et al.
2018). O,-consuming reactions led to decarboxylation
of steam-pretreated wheat straw and thus acidification
of the slurry. This observation raised the question if such
reactions could lead to ageing of pretreated materials
during storage and handling.

In the present study, ageing of the SWS and SER slur-
ries during storage was documented by CV. Upon pH-
adjustment to 5.0, a clear oxidative (positive) current was
observed on the cyclic voltammograms, demonstrating
that the solid-state working electrode could act as an
oxidation agent on both materials. An oxidative current
was observed without the addition of external catalysts
to facilitate the electrochemical reaction, at electrode
potentials higher than 100-200 mV vs. Ag/AgCl. A clear
reduction in oxidative current was observed for samples
of SWS and SFR stored without any mixing, implying
that aging of the samples took place at relatively low DO.

Abiotic CO, production from organic matter is a non-
reversible reaction. The release of CO, will thus drive
the up-stream chemical reactions towards completion.
Furthermore, the chemical bonds that are susceptible to
decarboxylation under the mild conditions used in this
study are limited in number. This was demonstrated by
a 30% reduction in CO, produced in SWS slurries when
the pH had been pre-adjusted to 5.5, and then stored
at room temperature. It was also found that thorough
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washing of the pretreated slurries before incubation
almost completely eliminated the production of CO,.

A recent investigation of the rate of O, consumption
by particulate organic matter in previously anoxic peat
soil, (Walpen et al. 2018b) found that abiotic reactions
were the primary routes of O, consumption, rather than
microbial respiration. A role of iron and reactive O, spe-
cies in the production of CO, in active soil waters (Page
et al. 2013; Trusiak et al. 2018) and in humid tropical for-
est soils (Hall and Silver 2013) have also been shown. The
higher iron content in SFR slurries may be a contribut-
ing factor to the higher CO, production exhibited in SFR
slurries compared to SWS slurries. Furthermore, Walpen
et al. has recently reported that the pool of electron-
donating moieties in peat dissolved organic matter was
pH dependent (Walpen et al. 2018a), in agreement with
the pH-dependent oxidation of SWS and SER found in
the present study (Additional file 1: S2, S3).

Clear differences were seen in the saccharification pro-
gress curves for SWS and SER slurries. The storage condi-
tions and thereby the extent of oxidation of the pretreated
material also influenced the saccharification significantly.
Although the SWS used in this study was a new batch of
steam-pretreated material, the fractional conversion of
the material stored cold under N, was almost identical to
the previously published conversion data (Peciulyte et al.
2018). Saccharification of the warm-water-washed SW'S
was slow but steady, with no indication of enzyme inac-
tivation or effect of catalase. This is most likely an effect
of the removal of soluble LPMO reducing agents. The
absence of LPMO activity reduces the efficiency of the
hydrolases (Quinlan et al. 2011) and the reduced LPMO
activity is a consequence of gradual oxidation of soluble
reducing agents during storage as shown by CV.

Low fractional conversion by enzymatic saccharifica-
tion of SFR could have been anticipated due to the com-
bination of bark (Franko et al. 2015), extractives (Belt
et al. 2018) and the addition of the sulphuric acid catalyst
(Kellock et al. 2019), all of which may severely reduce the
cellulolytic efficiency. The almost complete cessation of
saccharification after 24 h (the first sampling point) for
all investigated storage conditions could be the result of
either complete enzyme inactivation, inhibition or rapid
depletion of accessible substrates.

In the comparable study addressing the effect of stor-
age of pretreated lignocellulose on saccharification effi-
ciency dilute-acid-pretreated corn stover was stored for
up to 91 days, and a higher enzymatic saccharification
yield was seen after a month of storage (Zhang et al.
2016). Both studies showed that storage resulted in large
changes in the hydrolysability after storage, albeit the
effects were different.
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Conclusions

Our results demonstrate that abiotic reactions occur in
pretreated lignocellulose streams during storage and that
the nature and extent of the reactions that take place,
depend on the storage conditions and the composition
of the lignocellulosic stream. This in turn significantly
reduces the efficiency of subsequent enzymatic sacchari-
fication of the material. Pretreated substrates for labora-
tory testing must, therefore, be stored in a manner that
minimizes abiotic oxidation to ensure that the properties
of the substrate resemble those in an industrial setting,
where pretreated lignocellulose is fed almost directly into
the saccharification vessel. The complex redox reactions
in these settings as well as in natural environments war-
rant further studies.
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