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Abstract: Lignin is the principal natural source of phenolics but its structural complexity and
variability make it difficult to valorize through chemical depolymerization approaches. White rots are
one of the rare groups of organisms that are able to degrade lignin in ecosystems. This biodegradation
starts through extracellular enzymes producing oxidizing agents to depolymerize lignin and continue
with the uptake of the generated oligomers by fungal cells for further degradation. Phanerochaete
chrysosporium is one of the most studied species for the elucidation of these biodegradation mechanisms.
Although the extracellular depolymerization step appears interesting for phenolics production
from lignin, the uptake and intracellular degradation of oligomers occurring in the course of the
depolymerization limits its potential. In this study, we aimed at inhibiting the phenolics uptake
mechanism through metabolic inhibitors to favor extracellular oligomers accumulation without
preventing the ligninases production that is necessary for extracellular depolymerization. The use
of sodium azide confirmed that an active transportation phenomenon is involved in the phenolics
uptake in P. chrysosporium. A protocol based on carbonyl cyanide m-chlorophenyl hydrazone enabled
reaching 85% inhibition for vanillin uptake. This protocol was shown not to inhibit, but on the
contrary, to stimulate the depolymerization of both dehydrogenation polymers (DHPs) and industrial
purified lignins.

Keywords: biomass valorization; carbonyl cyanide m-chlorophenyl hydrazine; lignin; monoaromatics;
monophenols; Phanerochaete chrysosporium

1. Introduction

The valorization of lignin is important for making second-generation biorefineries economically
viable [1]. Nonetheless, because of its high structural diversity, complexity, and stability, there is nearly
no economically viable way of valorizing lignin apart from using this polymer as a combustible to
generate heat and electricity [2]. Only 1% of the annually produced lignin is being valorized for its
application in the preparation of chemicals and, to a limited extent, for biomaterials [3].

Thus, creating high-value molecules from lignin appears to be a promising field of research.
In particular, phenolic monomers show miscellaneous applications in different fields: anti-oxidant [4],
anti-UV [5,6], or polymers [7]. However, today, they remain mostly derived from fossil resources.
Lignin is an interesting source of non-fossil-based aromatic building blocks for chemical syntheses
as it is the most abundant aromatic biopolymer. However, the major limitations of chemical lignin
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depolymerization are the costs and efficiencies, mainly because of the diversity of inter-unit linkages
between the residues of monolignols [8], the recondensation/repolymerization of generated radical
fragments, and the formation of more stable C—C bonds [9] leading often to more recalcitrant
species [10]. Furthermore, a soft and controlled process of depolymerization of lignin is required to
keep the aromatic structure intact. Diverse strategies have been developed for lignin depolymerization,
including thermochemical treatments, homogeneous and heterogeneous catalysis, and biological
depolymerization [3]. Among them, the latest strategy appears to be less energy-demanding as
atmospheric pressure and ambient temperature are adequate.

In particular, white-rot Basidiomycetes have been extensively explored and their mechanisms
of lignin depolymerization have been elucidated [11]. Ligninolytic fungi are described as being
able to depolymerize lignin through extracellular enzymes called ligninases, which encompass
laccases, versatile, lignin- and manganese-peroxidases, dye-decolorizing peroxidases, and unspecific
peroxygenases [12], as well as other oxidases/dehydrogenases enzymes, such as aryl alcohol oxidase
(AAO) and glyoxal oxidase, which produce hydrogen peroxide, and fungal aryl-alcohol dehydrogenases
(AAD) and quinone reductases (QR), which reduce lignin-derived compounds [13]. Monophenols
or phenolic oligomers are then taken up by cells for further intracellular biodegradation and used
as carbon and energy sources. This occurs through so-called funneling pathways, which lead the
different aromatic molecules to take part in a ring fission pathway and to central carbon metabolism,
often via acetyl-CoA [14]. The use of these biological activities to generate high-value biosourced
aromatic synthons could be of interest since fungal lignin depolymerization appears to be not limited
by repolymerization phenomena. Furthermore, this monomer production from lignin could be coupled
to the valorization of cellulose since biopulping is now regarded as a promising cost-effective and
environmentally friendly approach [15].

Among white-rot Basidiomycetes, Phanerochaete chrysosporium is considered as a model strain for
lignin degradation as it can produce a more complete ligninolytic enzyme complex than most other
strains [16]. Several catabolic pathways for the breakdown of lignin components have been described.
Many of these catabolic pathways lead to the production of vanillin, or its oxidation product vanillic
acid, and then, to protocatechuic acid and catechol. Nevertheless, protocatechuate and catechol, the
central intermediates of the numerous aromatic catabolic pathways, undergo ring cleavage and are
further converted via the 3-ketoadipate pathway to central carbon metabolism [17]. As the enzymes
involved in the cleavage of the aromatic ring (catechol-1,2-dioxygenase and 4-carboxymuconolactone
decarboxylase) are intracellular [18], a way to allow phenolic monomers recovery is to prevent the
cleavage of the aromatic ring by preventing the transportation of phenolic monomers through the
plasma membrane. The uptake of phenolic compounds by fungal cells is suspected to involve
active phenomena for both monoaromatic [19] and polyaromatic [20] compounds, but the mechanism
involved remains unclear.

In this study, we hypothesized that the monophenols uptake by the cells of P. chrysosporium after
lignin depolymerization by extracellular enzymes is due to an active transport phenomenon, which can
be inhibited to increase the rate of monophenols recovery without impairing the ligninases production.

2. Materials and Methods

2.1. Strains and Culture Conditions

The strain Phanerochaete chrysosporium BRFM 127 was subcultured every week on Petri dishes
containing potato dextrose agar (Condalab, Madrid, Spain) and incubated at 22 °C under a 12 h:12 h
photoperiod in such a way as to obtain sporulating cultures after two weeks. Mycelium used for
inhibition experiments was produced using MYPC liquid media (Malt extract—Condalab, Madrid,
Spain; Peptone from soy flour—Merck, Darmstadt, Germany; Yeast extract—VWR, Fontenay-sous-Bois,
France; Casamino acid—Becton Dickinson, Rungis, France) [19] supplemented with 1 g-L™! of agar
(Merck, Darmstadt, Germany) to prevent pellet formation by acting on the medium’s viscosity.
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These cultures were carried out in 250 mL Erlenmeyer flasks containing 50 mL of MYPC medium
inoculated at an initial concentration of 10* spores/mL and incubated for 3 days at 22 °C under a
12 h:12 h photoperiod and orbital shaking at 180 rpm. These spore-inoculated liquid cultures were
used to inoculate other MYPC liquid cultures using 5 mL to a total volume of 50 mL and incubated in
the same conditions and time in order to get homogeneous actively growing mycelia. The mycelium
was then harvested through filtration and homogenized by hashing with scalpels just before its use as
an inoculum for monophenols uptake or lignin degradation experiments.

2.2. Phenolics Uptake Inhibition Experiments

Vanillin, vanillic acid, sodium azide, and carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). These experiments were carried
out within a mineral medium at pH 7 (KCl 0.250 g-1.!, NaH,POy 6.464 g-L~!, Na,HPO4-2H,0O
10.408 g-L !, MgSO,.7H,0 0.244 g-L. -1, NO3NH, 1.000 g-L ™!, ZnSO,4.7H,0 1.000 mg-L~!, MnCl,.4H,0
0.100 mg-L~!, FeSO4.7H,0 1.000 mg-L~!, CuSO,.5H,0 0.500 mg-L~!, CaCl,.2H,0 0.100 mg-L~!,
MoOj3 0.200 mg-L~!) or pH 5.5 (KC1 0.250 g-L. !, NaH,PO, 1.544 g-L~!, Na,HPO,-2H,0 0.008 g- L7},
MgSO,4.7H,0 0.244 g 1.1, NO3NH, 1.000 g-L.~!, ZnSO,.7H,0 1.000 mg-L~!, MnCl,.4H,0 0.100 mg-L 71,
FeSO4.7H,0 1.000 mg-L~!, CuSO4.5H,0 0.500 mg-L~!, CaCl,.2H,0 0.100 mg-L~!, MoO3 0.200 mg-L.71).
When required, a carbon source composed of glucose was added as a mother solution after autoclavation
at a final concentration of 20 g-'L~!. Mineral salts and glucose were purchased from Thermo Fisher
Scientific (Illkirch-Graffenstaden, France).

CCCP is described as being insoluble in water and thus mycelia were first preincubated with this
inhibitor 16 h before the vanillin addition to allow for sufficient time for the inhibitor to reach and
act on its cell targets. In 50 mL Erlenmeyer flasks, 20.5 mg of CCCP was introduced in the form of a
stock solution in ethanol, and ethanol was evaporated under air flux at room temperature before the
addition of 10 mL of mineral medium and autoclavation. Sodium azide is water-soluble and was thus
directly added to the medium composition with a final concentration of 100 mM. The controls consisted
of the same setup without the inhibitor to establish the monophenols uptake by the fungus under
the considered experimental conditions and in non-inoculated media to determine the monophenols
abiotic losses. A total of 300 mg FW (Fresh Weight) of actively growing mycelium were inoculated
per culture and all conditions were cultured for 16 h before the addition of vanillin or vanillic acid
to a final concentration of 1.56 mM. Mycelia were incubated for 3 h with vanillin and the cultures
were stopped through filtration. Filtrates were harvested for non-incorporated vanillin quantification
and the biomasses were dried at 100 °C in an oven to be able to calculate the relative incorporated
monophenols quantities. All conditions were run in triplicates.

2.3. Phenolics HPLC Quantification

The quantification of non-incorporated vanillin or vanillic acid was carried out using a
UHPLC (Thermo Ultimate 3000) with a Syncronis aQ C18 column (Thermo Fisher Scientific,
likirch-Graffenstaden, France). A total of 20 pL of filtrates were injected, the flow rate was 0.5 mL-min~?,
the column temperature was 30 °C, and the mobile phase consisted of a gradient of acetonitrile in
distilled water with formic acid 1% (0% of acetonitrile for 10 min, 10% for 5 min, 15% for 30 min,
and 25% for 5 min). Monophenols were detected at 285 nm. Calibration curves were established with
the commercial molecules.

2.4. Dehydrogenase Polymers Syntheses

Coniferyl alcohol (also known as monolignol G) was synthesized, as previously described [21].
Citric acid monohydrate and sodium hydrogenophosphate heptahydrate were purchased from VWR
(Fontenay-sous-Bois, France). Laccase from Trametes versicolor was purchased from Sigma Aldrich
(Saint-Quentin-Fallavier, France). Acetonitrile, gel permeation chromatography (GPC)-grade THF,
and ethyl acetate were purchased from Fisher Scientific (Illkirch-Graffenstaden, France). A polystyrene
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standard kit was purchased from Agilent Technologies (Les Ulis, France). GPC was performed on an
Infinity 1260 system from Agilent Technologies (Les Ulis, France) equipped with a UV detector.

To obtain dehydrogenation polymers (DHPs) with 1 to 5 monomers, coniferyl alcohol (3.4 g,
18.9 mmol) was dissolved in acetonitrile (20 mL), then diluted with a citrate phosphate buffer with
pH 5.6 (190 mL) under vigorous stirring and heated at 45 °C. When this temperature was reached,
a solution of laccase from Trametes versicolor (37.8 U, 2 U/mmol) in a citrate phosphate buffer with
pH 5.6 (40 mL) was added at the reaction media through a syringe pump set at 10 mL/h. At the end of
the addition, the reaction media was stirred for 3 more hours (7 h total), then quenched with ethyl
acetate (70 mL). The layers were separated. The aqueous layer was extracted twice with ethyl acetate
(50 mL). The organic layers were combined, washed with brine (70 mL), dried over anhydrous MgSQOy,
filtered, and concentrated to afford 3.05 g of DHPs.

2.5. Dehydrogenation Polymers and Purified Lignins Depolymerization Experiments

Concerning the experiments with DHP, the mycelia preparation and preincubation with CCCP
were carried out in the same way as for the uptake inhibition experiments in a mineral medium with
pH 5.5 and a C/N ratio of 21.34. A total of 57.5 mg of DHP was introduced per culture under the
form of a mother solution in DMSO (25 g-L7!) after the 16 h of preincubation. Controls without the
inhibitor and abiotic controls were also produced. The cultures were incubated for 72 h at 22 °C under a
12 h:12 h photoperiod and orbital shaking at 180 rpm before the oligomers quantification. Extracellular
peroxidase activities were measured in the same conditions using the enzymatic assay, as previously
described [22].

Regarding the experiments with Kraft lignin and Organosolv lignin, no preincubation of the
mycelium with the inhibitor was carried out since lignin had to be depolymerized before the oligomers
uptake letting time to CCCP to act on fungal cells. Thus, 57.5 mg of the considered purified lignin
was directly added to the medium before autoclavation. Cultures were inoculated in the same way as
for the other experiments and incubated for 11 days under the same conditions before the oligomers
quantification. Controls without inhibitor and abiotic controls were also carried out. Kraft lignin
(CAS: 8068-05-1, Sigma-Aldrich, Saint-Quentin-Fallavier, France) was obtained according to the
conventional Kraft delignification that entails treatment of wood chips with a hot mixture of water,
sodium hydroxide (NaOH), and sodium sulfide (Na,S). Unfortunately, the supplier did not provide
any further information regarding the process nor the composition of the lignin. The molecular weight
of the neat lignin was found to be M, = 1.6 kDa with a polydispersity of 1.9. Organosolv lignin
(CAS: 8068-03-9, Chemical Point, Oberhaching, Germany) was obtained according to the conventional
Organosolv delignification that consists of contacting a lignocellulosic feedstock, such as chipped
wood, with an aqueous organic solvent (e.g., acetone, methanol, ethanol, butanol, ethylene glycol,
formic acid, acetic acid) at temperatures ranging from 140 to 220 °C. Unfortunately, the supplier did not
provide any further information regarding the process nor the composition of the lignin. The molecular
weight of the neat lignin was found to be M, = 1.7 kDa with a polydispersity of 2.1. The chemical
differences in lignin structures due to these two kinds of treatment were recently studied [23].

For all depolymerization experiments, cultures were stopped through filtration; then, the filtrates
and filters with biomasses were harvested, frozen at —80 °C, and lyophilized before further analyses.

2.6. High-Performance Sized Exclusion Chromatography (HPSEC) Analyses of Lignin Oligomers

A total of 3 mg/mL + 0.5 mg of sample was dissolved in GPC-grade THF. A total of 20 uL of the
sample was injected through a PLgel column of 5 um, 100 A (600 x 7.5 mm) (Agilent Technologies,
Les Ulis, France), at 40 °C with a flow rate of THF of 1 mL/min. UV chromatograms were recorded at
280 nm. A calibration curve was established using polystyrene standards.
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2.7. Data Processing

Results were expressed as mean value + standard deviation for three replicates. The statistical
analysis was performed using an unpaired Student’s t-test (at 99% confidence).

3. Results and Discussion

3.1. Characterization of Phenolics Cellular Uptake by Phanerochaete chrysosporium

Even though the extracellular [24] and intracellular [25] metabolic pathways involved in lignin
catabolism have been widely investigated, particularly in P. chrysosporium, the understanding of
the step of the fungal plasma membrane crossing is still poorly understood. This understanding is,
however, of major interest for monoaromatics bioproduction from lignin since only an active transport
phenomenon can be inhibited to improve the recovery rate.

The use of sodium azide, an inhibitor of ATP production, enabled a significant decrease in
the uptake of two lignin derivable monophenols by P. chrysosporium, i.e., vanillin and vanillic acid,
in comparison to the controls without the inhibitor (Figure 1A). This result is the first piece of evidence
for the involvement of an active transport phenomenon in the uptake of these monophenols by this
species. Furthermore, the uptake of these two phenolic compounds in the presence of glucose is
in accordance with the conclusions of Barnhart-Dailey et al. [26] regarding the non-specificity of
the transporters involved in the ligninolytic secondary metabolism system. Indeed, in this study,
the authors quantified comparable levels of incorporation for different model lignin degradation
products in cultures of P. chrysosporium with glucose or microcrystalline cellulose at the cellular level.
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Figure 1. Effects of sodium azide (A) and carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (B) on
the relative incorporated quantities of vanillin and vanillic acid by P. chrysosporium biomasses (letters
indicate groups with no significant statistical difference according to an unpaired Student t-test at a
99% confidence level).

In order to further investigate the nature of the monophenols uptake mechanism, the same type
of experiment was carried out with CCCP, which is a proton-gradient uncoupler [27]. The significant
decrease of both vanillin and vanillic acid uptakes by the cells of P. chrysosporium compared to the
corresponding controls (Figure 1B) indicated that the proton motive force (PMF) must have been
involved in the transport phenomenon in a direct or indirect way. Indeed, the PMF could be directly
involved in vanillin and vanillic acid uptake at the plasma membrane level through a secondary
active transport mechanism, as proposed by Shimizu et al. [19], who notably used CCCP on Fomitopsis
palustris protoplasts. However, the ATP used in primary active transports is interconnected with PMF
at several levels since PMF is used in mitochondria by ATP synthase for ATP synthesis and ATP is
also used by proton pumps in plasma membranes to generate PMF. The fact that the inhibition with
CCCP led to lower incorporated monophenols relative quantities than with sodium azide could be a
sign that the phenomenon disturbed by CCCP, i.e., PMF, was more directly involved in the uptake
than the ATP intracellular concentration targeted by NaN3. Thus, our results could be in accordance
with the involvement of secondary active transport. Shary et al. [28] analyzed the proteomics of
the microsomal fraction of P. chrysosporium under both ligninolytic (cellulose) and non-ligninolytic
(glucose) conditions and detected six putative transporters. Only one of them, the protein 137220,
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was produced in both conditions and was upregulated under ligninolytic cultures in accordance with
our observation of a phenolics uptake with glucose. This protein is assigned to the major facilitator
superfamily (MFS) and has homologies with a hexose transporter of Amanita muscaria and a glucose
sensor of Saccharomyces cerevisiae. Considering that the MFS superfamily corresponds to membrane
transport proteins using chemiosmotic gradients to energetically drive the transport of small solutes
through uniports or cotransports, and that this protein is homologous with membrane protein involved
in carbon sources detection and uptake, the protein 137220 could be a good candidate to explain the
monophenols uptake behavior that we observed.

3.2. Compatibility of Phenolics Uptake Inhibition and Ligninolytic Enzymes Production Conditions

The influences of the presence of glucose, the pH value, and the C/N ratio on the CCCP inhibitory
effect were investigated. Indeed, carbon limitation, acidic pH, and nitrogen starvation are described
as parameters that stimulate ligninases production [29]. As vanillin and vanillic acid appeared to
have similar behaviors regarding their uptake, we focused these experiments on vanillin (Figure 2).
By comparing the controls at pH 7 and C/N 21.34 with and without glucose, the preincubation of
the mycelium without glucose over 16 h before the vanillin addition appeared to have decreased the
vanillin uptake in a non-significant way. The relative incorporated vanillin quantity in the presence of
CCCP did not appear to be affected by the absence of glucose in the considered experimental setup.
The preincubation without glucose is susceptible to having significantly impaired intracellular ATP
pools, which is likely to have direct consequences on the primary transport phenomena. In contrast,
secondary active transports use gradients, which can persist for a limited time after ATP depletion.
The absence of a synergic effect between the absence of glucose and CCCP on vanillin uptake inhibition
rates (85% of inhibition with glucose and 75% without glucose) could thus be an argument in favor of
the involvement of a secondary transport phenomenon.
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Figure 2. Effects of the glucose starvation, the pH acidification, and the C/N ratio increase on the CCCP
inhibition of vanillin uptake by P. chrysosporium (letters indicate groups with no significant statistical
difference according to an unpaired Student t-test at a 99% confidence level).

The use of a more acidic medium in a pH range classically used for ligninases production [30]
triggered a significant vanillin uptake decrease when comparing the controls with glucose. This result
appears in contradiction with a symport mechanism for vanillin uptake with protons since the
extracellular protons concentration was higher in the pH 5.5 medium, which reinforces PMF and would
thus be expected to promote the vanillin uptake. However, the intracellular pH regulation may require
more energy and act on vanillin uptake through an indirect process. The incorporated vanillin relative
quantity with CCCP was not significantly affected by the decreased pH and appeared slightly higher
than in other conditions with CCCP at C/N 21.34. By comparing it with the corresponding control at
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pH 5.5, it is interesting to note that the inhibition rate was around 50%, whereas it was 85% at pH 7 in
the same glucose concentration and C/N ratio conditions. This change in the inhibition rate could be
explained by a higher difficulty for CCCP to disrupt the PMF promoted by the higher extracellular
proton concentration. This result would also be in agreement with the hypothesis of a secondary
transport mechanism. Nevertheless, it can be noticed that relative incorporated vanillin quantities
were relatively constant with CCCP between all the experiments and it could thus correspond to
minimal retention by mycelium, for instance, due to biosorption, which would disturb the comparisons
of differences with the controls. Thus, if this experimental approach enables clearly showing the
involvement of active transport in vanillin uptake by P. chrysosporium, it is not sufficient to be conclusive
regarding the precise mechanism. As the main objective of this study was to optimize the monophenols
harvesting after fungal depolymerization, the main information given by this experiment was that
an acidic pH that is suitable for ligninases production enables having incorporated vanillin relative
quantities with CCCP as low as with pH 7. Within the same objective, a nitrogen limitation that has
also been described as favoring ligninases production [31] was tested to see the consequences on the
CCCP inhibitory effect (Figure 2). Similar to the pH decrease, the C/N ratio increase appeared to impair
the vanillin uptake in the controls but had no significant effect on the vanillin incorporated quantities
with CCCP. The CCCP still triggered a statistically significant inhibition around 60% when compared
to the corresponding control at a C/N ratio of 213.4. Here again, the main objective was to decrease
the monophenols uptake, while the main information of this result is that the inhibition protocol was
compatible with a higher C/N ratio.

The main observations in relation to the aim of this study were that the uptake of lignin derivable
monophenols models relied on an active transport phenomenon, which could be inhibited and that the
CCCP was able to significantly decrease the monophenols uptake in an intact living mycelium. Indeed,
the previous study of Shimizu et al. [19] had more fundamental goals and used fungal protoplasts,
which are not compatible with our objective of the optimization of fungal lignin depolymerization.
Furthermore, the developed inhibition protocol was found to be compatible with culture conditions
that are more suited to ligninases production (acidic pH and higher C/N ratio) to evaluate its influence
on lignin depolymerization.

3.3. Effect of Phenolics Uptake Inhibition on DHP Depolymerization

The influence of the protocol of phenolics uptake inhibition on the lignin depolymerization activity
of the fungi was investigated on simplified models of lignin. This is an important aspect to study
before further development of the protocol of monomers production since the lignin depolymerization
by fungi occurs through extracellular enzymes, which could have their production or their excretion
disturbed by the use of a metabolic inhibitor.

A widespread model of lignin, known as DHPs, was synthesized and the impact of CCCP on
its depolymerization was evaluated (Figure 3). The degradation of DHPs was followed by HPSEC.
The mass distribution of DHPs in the controls was not modified in a significant way when the
depolymerization was conducted with P. chrysosporium alone. When CCCP was added to the cultures
with P. chrysosporium, the smallest oligomers were accumulated in a significant way compared to
both the controls and the fungus alone, thus confirming the inhibition of internalization mechanism.
Interestingly, the proportion of big oligomers significantly decreased compared to the controls and
the fungus alone. This means that the developed protocol of the phenolics uptake inhibition through
CCCP did not appear to impair the depolymerization capacities of the fungus but could even improve
it. A plausible hypothesis is that the lack of monomers uptake could upregulate the production of
extracellular ligninases in the cell to improve the lignin depolymerization efficiency and substrate
supply. Interestingly, the enzymatic activity assays showed an increase of extracellular peroxidase
activities when P. chrysosporium was incubated with CCCP and DHP in comparison with the culture of
the fungus with DHP and without CCCP (Supplementary Materials). Modification of the C/N ratio to
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213.4 triggered the same trends in a less significant way (Supplementary Materials) and was thus not
used in the experiments with purified lignins.
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Figure 3. Influence of CCCP on the ability of P. chrysosporium (P.c.) to depolymerize dehydrogenation
polymers (DHPs) at pH 5.5 and a C/N ratio of 21.34 (letters indicate groups with no significant statistical
difference according to an unpaired Student ¢-test at a 99% confidence level).

3.4. Applicability of the Developed Inhibition Method on Purified Lignins

P. chrysosporium was incubated with and without CCCP with two purified industrial lignins (Kraft
and Organosolv) for 11 days (Figure 4).
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Figure 4. Impact of P. chrysosporium (P.c.) with and without CCCP on the polymerization degree of
Kraft (A) and Organosolv (B) lignins after 11 days of incubation in a mineral medium at pH 5.5 and
a C/N ratio of 21.34 (asterisks indicate averages that were not statistically different according to an
unpaired Student t-test at a 99% confidence level for the same polymerization degree).

When incubations were conducted without CCCP, only small variations were observed compared
to the controls with a decrease of both low molecular weight oligomers (1-3 monomers) and
fractions 4-24/26. Thus, P. chrysosporium seemed to depolymerize fractions 4-24/26 and to metabolize
the available small oligomers as their production progresses, which maintained the concentration
of small oligomers at very low levels. CCCP favors the accumulation of monomers in a significant
way and, to a lesser extent, of dimers and trimers for both Organosolv and Kraft lignins, confirming
the efficiency of the developed protocol to inhibit oligomers uptake. In more detail, CCCP enabled
the accumulation of around 3 times more monomers from Kraft lignin than in both the controls
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and the tests with the fungus. In the case of Organosolv lignin, the monomers accumulation due to
CCCP reached 7 times the level of the controls and 10 times that of the tests with the fungus alone.
Concerning higher polymerization degrees, the presence of the inhibitor appears not to have disturbed
the depolymerization of fractions 4-26, but even stimulated it. This phenomenon could be explained
by an upregulation of the ligninases production due to the inhibition of the small oligomers uptake,
as was already hypothesized with DHP. The relative increase of the highest masses (fractions 27-30)
with the fungus was likely due to the repolymerization phenomena. The depolymerization of fractions
4-26 and the accumulation of monomers were slightly higher for Organosolv lignin than Kraft lignin.
The harsh treatment during the Kraft process is known to favor the formation of carbon—carbon
bonds within lignin, leading to a recalcitrant polymer [8]. On the other hand, Organosolv lignin
was reputed for the softness of the process, leading to the limited modification of natural lignin [32].
The acquisition of statistically significant results in such a short incubation time with both a purified
lignin described as being close to the original lignin structure and a lignin reputed as more recalcitrant
to the depolymerization is promising for the optimization of a depolymerization protocol for untreated
lignocellulose on larger scales.

4. Conclusions

The use of the metabolic inhibitors sodium azide and CCCP enabled the confirmation of the
involvement of an active transport mechanism in the lignin-derived monophenols uptake within
P. chrysosporium cells, which is likely to correspond to a secondary active transport. CCCP enabled not
only an efficient inhibition of oligomers uptake but also a stimulation of the depolymerization of DHP
and purified lignins, leading to the extracellular accumulation of valuable oligomers. Further studies
are required to validate the applicability of the technique to lignocellulosic biomasses at larger scales.

Supplementary Materials: The following are available online at http://www.mdpi.com/2309-608X/6/4/362/s1,
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DHP depolymerization with a C/N ratio of 213.4.

Author Contributions: M.L.-G. was involved in conceptualization, funding acquisition, investigation, supervision,
writing of the original draft, review and editing. A.F. (Amandine Flourat) was involved in data curation, formal
analysis, investigation, methodology, writing of the original draft, review and editing. H.S., EP. and H.G.
carried out experiments and helped for data analyses. FA. was involved in the article review and editing. A.F.
(Antoine Fayeulle) was involved in conceptualization, funding acquisition, investigation, methodology, project
administration, supervision, writing of the original draft, review and editing. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by SFR Condorcet, Grand Reims, Département de la Marne, and Grand Est.
Acknowledgments: The authors want to acknowledge Marion Ribault, Anastasiia Cherkasova, and Grégoire Burgg.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ma, R.; Guo, M.; Zhang, X. Selective Conversion of Biorefinery Lignin into Dicarboxylic Acids. ChemSusChem
2014, 7, 412-415. [CrossRef] [PubMed]

2. Glasser, W.G.; Northey, R.A.; Schultz, T.P. Lignin: Historical, Biological, and Materials Perspectives; American
Chemical Society: Washington, DC, USA, 1999. [CrossRef]

3. Mahmood, N.; Yuan, Z.; Schmidt, J.; Xu, C. Depolymerization of lignins and their applications for the
preparation of polyols and rigid polyurethane foams: A review. Renew. Sustain. Energy Rev. 2016, 60, 317-329.
[CrossRef]

4. Reano, A.F; Chérubin, J.; Peru, AM.M.; Wang, Q.; Clément, T.; Domenek, S.; Allais, F. Structure-Activity
Relationships and Structural Design Optimization of a Series of p-Hydroxycinnamic Acids-Based Bis-
and Trisphenols as Novel Sustainable Antiradical/Antioxidant Additives. ACS Sustain. Chem. Eng. 2015,
3, 3486-3496. [CrossRef]

5. Baker, L.A;; Staniforth, M.; Flourat, A.L.; Allais, F,; Stavros, V.G. Gas-Solution Phase Transient Absorption
Study of the Plant Sunscreen Derivative Methyl Sinapate. ChemPhotoChem 2018, 2, 743-748. [CrossRef]


http://www.mdpi.com/2309-608X/6/4/362/s1
http://dx.doi.org/10.1002/cssc.201300964
http://www.ncbi.nlm.nih.gov/pubmed/24464928
http://dx.doi.org/10.1021/bk-2000-0742.fw001
http://dx.doi.org/10.1016/j.rser.2016.01.037
http://dx.doi.org/10.1021/acssuschemeng.5b01281
http://dx.doi.org/10.1002/cptc.201800060

J. Fungi 2020, 6, 362 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Mention, M.M.; Flourat, A.L.; Peyrot, C.; Allais, F. Biomimetic regioselective and high-yielding Cu(i)-catalyzed
dimerization of sinapate esters in green solvent Cyrene™: Towards sustainable antioxidant and anti-UV
ingredients. Green Chem. 2020, 22, 2077-2085. [CrossRef]

Pion, F; Reano, A.F,; Oulame, M.Z.; Barbara, I.; Flourat, A.L.; Ducrot, P.-H.; Allais, F. Chemo-enzymatic
synthesis, derivatizations, and polymerizations of renewable phenolic monomers derived from ferulic acid and
biobased polyols: An access to sustainable copolyesters, poly(ester-urethane)s, and poly(ester-alkenamer)s.
In Green Polymer Chemistry: Biobased Materials and Biocatalysis; American Chemical Society: Washington, DC,
USA, 2015; Volume 1192, pp. 41-68. [CrossRef]

Guadix-Montero, S.; Sankar, M. Review on Catalytic Cleavage of C—C Inter-unit Linkages in Lignin Model
Compounds: Towards Lignin Depolymerisation. Top. Catal. 2018, 61, 183-198. [CrossRef]

Upton, B.M.; Kasko, A.M. Strategies for the Conversion of Lignin to High-Value Polymeric Materials: Review
and Perspective. Chem. Rev. 2016, 116, 2275-2306. [CrossRef]

Ragauskas, A.].; Beckham, G.T.; Biddy, M.].; Chandra, R.; Chen, E; Davis, M.F.; Davison, B.H.; Dixon, R.A;
Gilna, P; Keller, M.; et al. Lignin Valorization: Improving Lignin Processing in the Biorefinery. Science 2014,
344, 3441246843. [CrossRef]

Bugg, T.D.H.; Ahmad, M.; Hardiman, E.M.; Rahmanpour, R. Pathways for degradation of lignin in bacteria
and fungi. Nat. Prod. Rep. 2011, 28, 1883-1896. [CrossRef]

Martinez, A.T.; Ruiz-Duenas, EJ.; Camarero, S.; Serrano, A.; Linde, D.; Lund, H.; Vind, J.; Tovborg, M.;
Herold-Majumdar, O.M.; Hofrichter, M.; et al. Oxidoreductases on their way to industrial biotransformations.
Biotechnol. Adv. 2017, 35, 815-831. [CrossRef]

Martinez, A.T; Speranza, M.; Ruiz-Duefias, EJ.; Ferreira, P; Camarero, S.; Guillén, F; Martinez, M.J.;
Gutiérrez Sudrez, A.; del Rio Andrade, J.C. Biodegradation of lignocellulosics: Microbial, chemical, and enzymatic
aspects of the fungal attack of lignin. Int. Microbiol. 2005, 8, 195-204. [PubMed]

Brink, D.P; Ravi, K,; Lidén, G.; Gorwa-Grauslund, M.FE. Mapping the diversity of microbial lignin catabolism:
Experiences from the eLignin database. Appl. Microbiol. Biotechnol. 2019, 103, 3979-4002. [CrossRef]
[PubMed]

Kumar, A.; Gautam, A.; Dutt, D. Bio-pulping: An energy saving and environment-friendly approach.
Phys. Sci. Rev. 2020, 5, 20190043. [CrossRef]

Singh, D.; Chen, S. The white-rot fungus Phanerochaete chrysosporium: Conditions for the production of
lignin-degrading enzymes. Appl. Microbiol. Biotechnol. 2008, 81, 399-417. [CrossRef]

Linger, J.G.; Vardon, D.R.; Guarnieri, M.T.; Karp, E.M.; Hunsinger, G.B.; Franden, M.A.; Johnson, CW.;
Chupka, G.; Strathmann, T.J.; Pienkos, P.T.; et al. Lignin valorization through integrated biological funneling
and chemical catalysis. Proc. Natl. Acad. Sci. USA 2014, 111, 12013. [CrossRef]

Eriksson, K.E.L.; Blanchette, R.A.; Ander, P. Microbial and Enzymatic Degradation of Wood and Wood Components;
Springer: Berlin/Heidelberg, Germany, 2012. [CrossRef]

Shimizu, M.; Kobayashi, Y.; Tanaka, H.; Wariishi, H. Transportation mechanism for vanillin uptake through
fungal plasma membrane. Appl. Microbiol. Biotechnol. 2005, 68, 673-679. [CrossRef]

Fayeulle, A.; Veignie, E.; Slomianny, C.; Dewailly, E.; Munch, J.-C.; Rafin, C. Energy-dependent uptake of
benzo[a]pyrene and its cytoskeleton-dependent intracellular transport by the telluric fungus Fusarium solani.
Environ. Sci. Pollut. Res. 2014, 21, 3515-3523. [CrossRef]

Quideau, S.; Ralph, J. Facile large-scale synthesis of coniferyl, sinapyl, and p-coumaryl alcohol. J. Agric.
Food Chem. 1992, 40, 1108-1110. [CrossRef]

Zhou, S.; Raouche, S; Grisel, S.; Navarro, D.; Sigoillot, ].-C.; Herpoél-Gimbert, I. Solid-state fermentation in
multi-well plates to assess pretreatment efficiency of rot fungi on lignocellulose biomass. Microb. Biotechnol.
2015, 8, 940-949. [CrossRef]

Fodil Cherif, M.; Trache, D.; Brosse, N.; Benaliouche, F; Tarchoun, A.F. Comparison of the Physicochemical
Properties and Thermal Stability of Organosolv and Kraft Lignins from Hardwood and Softwood Biomass
for Their Potential Valorization. Waste Biomass Valorization 2020, 11, 6541-6553. [CrossRef]

Kersten, P.; Cullen, D. Extracellular oxidative systems of the lignin-degrading Basidiomycete Phanerochaete
chrysosporium. Fungal Genet. Biol. 2007, 44, 77-87. [CrossRef] [PubMed]

Nakamura, T.; Ichinose, H.; Wariishi, H. Flavin-containing monooxygenases from Phanerochaete chrysosporium
responsible for fungal metabolism of phenolic compounds. Biodegradation 2012, 23, 343-350. [CrossRef]
[PubMed]


http://dx.doi.org/10.1039/D0GC00122H
http://dx.doi.org/10.1021/bk-2015-1192.ch004
http://dx.doi.org/10.1007/s11244-018-0909-2
http://dx.doi.org/10.1021/acs.chemrev.5b00345
http://dx.doi.org/10.1126/science.1246843
http://dx.doi.org/10.1039/c1np00042j
http://dx.doi.org/10.1016/j.biotechadv.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16200498
http://dx.doi.org/10.1007/s00253-019-09692-4
http://www.ncbi.nlm.nih.gov/pubmed/30963208
http://dx.doi.org/10.1515/psr-2019-0043
http://dx.doi.org/10.1007/s00253-008-1706-9
http://dx.doi.org/10.1073/pnas.1410657111
http://dx.doi.org/10.1007/978-3-642-46687-8
http://dx.doi.org/10.1007/s00253-005-1933-2
http://dx.doi.org/10.1007/s11356-013-2324-3
http://dx.doi.org/10.1021/jf00019a003
http://dx.doi.org/10.1111/1751-7915.12307
http://dx.doi.org/10.1007/s12649-020-00955-0
http://dx.doi.org/10.1016/j.fgb.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16971147
http://dx.doi.org/10.1007/s10532-011-9521-x
http://www.ncbi.nlm.nih.gov/pubmed/22102096

J. Fungi 2020, 6, 362 11 of 11

26.

27.

28.

29.

30.

31.

32.

Barnhart-Dailey, M.C.; Ye, D.; Hayes, D.C.; Maes, D.; Simoes, C.T.; Appelhans, L.; Carroll-Portillo, A.;
Kent, M.S,; Timlin, J.A. Internalization and accumulation of model lignin breakdown products in bacteria
and fungi. Biotechnol. Biofuels 2019, 12, 175. [CrossRef] [PubMed]

Kane, M.S,; Paris, A.; Codron, P.; Cassereau, J.; Procaccio, V.; Lenaers, G.; Reynier, P.; Chevrollier, A. Current
mechanistic insights into the CCCP-induced cell survival response. Biochem. Pharmacol. 2018, 148, 100-110.
[CrossRef] [PubMed]

Shary, S.; Kapich, A.N.; Panisko, E.A.; Magnuson, J.K.; Cullen, D.; Hammel, K.E. Differential
expression in Phanerochaete chrysosporium of membrane-associated proteins relevant to lignin degradation.
Appl. Environ. Microbiol. 2008, 74, 7252-7257. [CrossRef]

Bonnarme, P; Perez, |.; Jeffries, T.W. Regulation of ligninase production in white-rot fungi. In Enzymes in
Biomass Conversion; American Chemical Society: Washington, DC, USA, 1991; Volume 460, pp. 200-206.
Tien, M.; Kirk, T.K. Lignin peroxidase of Phanerochaete chrysosporium. In Methods in Enzymology; Academic
Press: Cambridge, MA, USA, 1988; Volume 161, pp. 238-249. [CrossRef]

Huang, S.; Huang, D.; Wu, Q.; Hou, M.; Tang, X.; Zhou, J. Effect of environmental C/N ratio on activities of
lignin-degrading enzymes produced by Phanerochaete chrysosporium. Pedosphere 2020, 30, 285-292. [CrossRef]
Tribot, A.; Amer, G.; Abdou Alio, M.; de Baynast, H.; Delattre, C.; Pons, A.; Mathias, J.-D.; Callois, J.-M.;
Vial, C.; Michaud, P; et al. Wood-lignin: Supply, extraction processes and use as bio-based material.
Eur. Polym. J. 2019, 112, 228-240. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/s13068-019-1494-8
http://www.ncbi.nlm.nih.gov/pubmed/31303895
http://dx.doi.org/10.1016/j.bcp.2017.12.018
http://www.ncbi.nlm.nih.gov/pubmed/29277693
http://dx.doi.org/10.1128/AEM.01997-08
http://dx.doi.org/10.1016/0076-6879(88)61025-1
http://dx.doi.org/10.1016/S1002-0160(17)60391-6
http://dx.doi.org/10.1016/j.eurpolymj.2019.01.007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Strains and Culture Conditions 
	Phenolics Uptake Inhibition Experiments 
	Phenolics HPLC Quantification 
	Dehydrogenase Polymers Syntheses 
	Dehydrogenation Polymers and Purified Lignins Depolymerization Experiments 
	High-Performance Sized Exclusion Chromatography (HPSEC) Analyses of Lignin Oligomers 
	Data Processing 

	Results and Discussion 
	Characterization of Phenolics Cellular Uptake by Phanerochaete chrysosporium 
	Compatibility of Phenolics Uptake Inhibition and Ligninolytic Enzymes Production Conditions 
	Effect of Phenolics Uptake Inhibition on DHP Depolymerization 
	Applicability of the Developed Inhibition Method on Purified Lignins 

	Conclusions 
	References

