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xylanilyticus enable growth on lignin-rich substrates and the release of 
phenolic molecules 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• T. xylanilyticus grows on lignin-rich 
substrates as kraft lignin and steam 
exploded wheat straw. 

• Oxidoreductases and hemicellulases are 
expressed differently depending on the 
substrate. 

• Oxidoreductases are likely involved in 
detoxification process in cultures with 
lignins. 

• Despite few lignin structural modifica
tions phenolic compounds are released 
in the culture media.  
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A B S T R A C T   

Major challenge in biorefineries is the use of all lignocellulosic components, particularly lignins. In this study, 
Thermobacillus xylanilyliticus grew on kraft lignin, steam-exploded and native wheat straws produced different 
sets of phenoloxidases and xylanases, according to the substrate. After growth, limited lignin structural modi
fications, mainly accompanied by a decrease in phenolic acids was observed by Nuclear Magnetic Resonance 
spectroscopy. The depletion of p-coumaric acid, vanillin and p-hydroxybenzaldehyde combined to vanillin 
production in the culture media indicated that the bacterium can transform some phenolic compounds. Prote
omic approaches allowed the identification of 29 to 33 different hemicellulases according to the substrates. 
Twenty oxidoreductases were differentially expressed between kraft lignin and steam-exploded wheat straw. 
These oxidoreductases may be involved in lignin and aromatic compound utilization and detoxification. This 
study highlights the potential value of Thermobacillus xylanilyticus and its enzymes in the simultaneous valori
zation of hemicellulose and phenolic compounds from lignocelluloses.  
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1. Introduction 

Lignocelluloses are renewable resources issued from agriculture, 
forest and their related industries. They can be converted into energy, 
molecules and materials, by various technologies, contributing therefore 
to the mobilization and cycling of renewable carbon in non-food ap
plications. They are constituted by a complex arrangement of cellulose, 
hemicellulose and lignins. Lignocelluloses structure depend on their 
origin and on the various technological transformations they have un
dergone. Cellulose and hemicellulose, are used to produce energy, bio
fuels and high-value-added molecules (Nargotra et al., 2023). Lignin is 
the first source of renewable aromatic compounds on earth, with great 
potential for fine chemical, bio-oils and resins (Sethupathy et al., 2022). 
It is a complex aromatic and phenolic structure with high heterogeneity, 
from molecular to polymeric scale. It is partly responsible for the 
recalcitrance to conversion of lignin-rich substrates by limiting access of 
reactants to polysaccharides, and by hindering enzyme activities 
through hydrophobic interactions for instance (McCann and Carpita, 
2015). However, to design a sustainable environmental and economical 
biorefinery for lignocelluloses, the valorization of all the components of 
lignin-rich substrates are requested. A major unsolved and actual chal
lenge is the rational removal of lignin and its conversion into valuable 
components. Currently, at the industrial level, there is no economically 
viable recovery route for aromatic molecules derived from lignin despite 
promising demonstrations (Moretti et al., 2021). Lignins remain un
derused and are mainly burned to provide heat and energy. Among 
several options, the biological conversion of lignin, due to its specificity 
and low environmental impact, is suggested as an ideal approach for 
enhancing lignin conversion, complementing the panel of physico- 
chemical degradation. These later usually requires harsh conditions 
high energy input, and generating uncontrolled sets of unwanted by 
products. Many studies have been focused on the ability of fungi and 
their enzymes to use and convert lignin or derived aromatic compounds 
into valuable products. Fungal lignin transformations occur through a 
set of extracellular lignin-modifying enzymes (laccases and peroxidases) 
and lignin auxiliary enzymes (da Silva Vilar et al., 2022). Although less 
documented in the 1980–2010 period, bacteria are also known to use 
and mineralize lignins and lignin derivatives through a set of metabolic 
pathways including numerous oxidoreductases (Bugg et al., 2020). 
Bacteria belonging to the Betaproteobacteria (Sphingomonas, Sphin
gobium, Pseudomonas, etc.) and Actinobacteria (Rhodococcus, Strepto
myces, etc.) phyla are known to be the major lignin-derived aromatic 
degraders. Alternatively, they are able to use lignin as carbon source and 
to produce high-value-added products, by natural routes or after strain 
improvement by metabolic engineering (Bugg et al., 2020). Under
standing the behaviour of microorganisms in the presence of lignin-rich 
substrates with different compositions will improve biorefinery of 
lignocellulosic biomasses, including the lignin fractions. Furthermore, 
the knowledge-based approach will also facilitate the discovery of effi
cient biocatalysts in lignin utilisation. Among candidates for biotech
nological lignocellulose biorefinery, Thermobacillus xylanilyticus (TX) is a 
thermophilic bacterium that produces hemicellulolytic enzymes, 
including endoxylanases, arabinofuranosidases and feruloyl esterases. 
TX modulates its hemicellulases production according to the composi
tion of the lignocelluloses used as a carbon source (Rakotoarivonina 
et al., 2014). Recently, the genome of this bacterium was sequenced; 
many hemicellulases have been identified, and oxidoreductases encod
ing genes have been annotated. Some of these genes encode peroxidases, 
laccases, putative H2O2-producing enzymes and putative enzymes 
involved in the intracellular metabolism of aromatic compounds 
(Rakotoarivonina et al., 2022). These enzymes are known for their 
involvement in lignin and lignin derivatives utilization or conversion in 
many ligninolytic bacteria (Bugg et al., 2020). Thus, the genomic data of 
TX suggest possible links between the degradation of hemicelluloses and 
the use of lignin and related components. TX can be considered as an 
interesting biological tool for studying these interactions within 

bacteria; it subsequently opens the way toward the simultaneous valo
rization of both substrates. The present study aimed to understand the 
functioning of TX in the presence of representative lignin-rich sub
strates: native wheat straw (WS); biorefinery residues resulting from 
pre-treatments (steam exploded wheat straw (SEWS)) and industrial 
technical kraft lignin (KL). The issue is to delineate the relation between 
TX growths on the complex substrates and their modification, the 
enzymatic activities productions and the expression of its genomic po
tential by multiple complementary approaches. Bacterial growth was 
followed, and phenoloxidase and xylanase activities productions were 
monitored. Proteomic approach was used to identify key proteins that 
are activated by the bacterium on the different substrates. Finally, 
changes in the phenolic compound composition in the culture media and 
the structure of the lignin-rich substrates were studied after bacterial 
growth to highlight and qualify the extent of modification of lignins and 
lignocellulose components. 

2. Materials and methods 

2.1. Bacterial strain, growth, and culture conditions 

T. xylanilyticus strain was obtained from the Collection Nationale de 
Cultures de Microorganismes (France) under the number CNCM I-1017. 
The bacterium was cultivated on basal media supplemented with 10 % 
CO2. WS (ARD, Pomacle, France), SEWS (IFPEN, Solaize, France) and KL 
(Sigma Aldrich, France) were used as carbone source alone at 5 g/L, or 
used supplemented with 2.5 g/L of beechwood xylan (Roth, Germany). 
The culture conditions and preparations were described by (Rakotoar
ivonina et al., 2014). All cultures were performed in triplicate. 

2.2. Kinetic growth, protein preparation and activities 

Growth was followed during 30 h by measuring every 5 h the optical 
density at 600 nm (OD 600 nm) of culture diluted or not. Maximal growth 
rate (µmax) was determined during exponential growth. The supernatant 
(extracellular proteins EC) were recovered after centrifuging the cul
tures for 10 min at 5500 rpm without residual particles. The cell pellet 
was suspended in 1 mL of 25 mM Tris-HCl buffer at pH 7 and were 
broken mechanically using a FastPrep-24TM 5G (MP Biomedicals, 
France) homogenizer. The lysates were centrifuged at 8000 rpm for 5 
min; the supernatant corresponded to the IC proteins. A protein assay 
was performed with Bradford reagent (Sigma Aldrich, France) according 
to the manufacturer’s recommendations. Xylanase activities were 
determined by measuring the reducing sugars released from xylan by 
spectrophotometry and using 0.5 % w/v beechwood xylan solubilized in 
25 mM Tris-HCl buffer at pH 7 and 100 µl of IC or EC proteins as pre
viously described (Rakotoarivonina et al., 2014). Phenoloxidase (POX) 
activity was measured using pyrogallol at 50 ◦C for 5 min. The activities 
were determined by spectrophotometric quantification of purpurogallin 
derived from pyrogallol oxidation. The assay mixture contained 25 mM 
Tris-HCl buffer at pH 7, 8 mM pyrogallol, 1 mM EDTA, 0.5 mM H2O2 
final concentration and 100 µl of EC or IC samples. POX activities were 
calculated by using the molar extinction coefficient of the purpurogallin 
at 420 nm of 2.21 mM− 1 cm− 1. The activities are expressed as IU per mg 
of EC or IC proteins. One IU xylanase or POX activity corresponded to 1 
µmol of xylose or purpurogallin respectively liberated per min. 

Culture media containing the same carbon sources but without 
bacterial inoculation incubated and sampled regularly were used as 
blanks for the different analyses. 

2.3. Identification of key enzymes by proteomics 

For proteomics, 50 mL of each TX culture was grown in triplicate. 
After 25 h of growth on the different substrates, the IC and EC proteins 
were recovered as described above, except the IC proteins were 10-fold 
concentrated. Proteins (10 µg) were separated by SDS–PAGE (sodium 
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dodecyl sulphate–polyacrylamide gel electrophoresis) and stained using 
colloidal Coomassie blue, before proteomic analyses, performed at the 
Metabolomic and Proteomic Exploration Facility (INRAE, Saint-Genès 
Champanelle, France). After trypsin hydrolysis, the peptides were ana
lysed via nano-LC–MS/MS using an Ultimate 3000 system coupled to an 
LTQ Orbitrap Velos mass spectrometer (Thermo ScientificTM) with a 
nanoelectrospray ionization source and protocols usually used on the 
platform. 

For protein identification, an MS/MS ion search was performed with 
Mascot v2.5 (http://www.matrixscience.com) against the local T. 
xylanilyticus database (3956 sequences, version fasta file). Protein was 
validated when at least two peptides originating from one protein 
showed statistically significant identity above Mascot scores > 16 with a 
false discovery rate of 3 % (significance threshold p < 0.05). Protein 
identification was performed using Proteome Discoverer 1.4 software 
(ThermoElectron). This analysis provided protein abundance informa
tion as described previously (Ishihama et al., 2005). 

Label-free protein quantification analysis, which quantifies the level 
of expression of different proteomes studied, was performed with Pro
genesis QI (Nonlinear Dynamics, Waters, USA), with a control condition 
(xylan). The profile data of the MS scans and MS/MS scans provided 
positional information (m/z and retention time) and peptide abundance. 
All unique validated peptides of an identified protein were included, and 
the total cumulative abundance was calculated by summing the abun
dances of all peptides allocated to the respective protein. 

2.4. Genome annotations for functional assignation 

To identify proteins involved in various pathways, the 3956 protein 
sequences from the genome of TX annotated previously (Rakotoar
ivonina et al., 2022); draft genome available at https://www.ebi.ac. 
uk/ena/browser/home; study accession number PRJEB43105; were 
compared to pathways references in Kyoto encyclopedia of genes and 
genomes (KEGG database) using KAAS server (KEGG automatic anno
tation server) at http://www.genome.jp/kegg/kaas/. KEGG orthology 
(KO), EC numbers of enzymes and proteins involved in different path
ways were obtained. Protein sequence analyses (with oxidoreductases of 
interest) were performed by Blast using facilities at https://papers.ge 
nomics.lbl.gov, to find the best hits with characterized proteins. 
Sequence similarity searches with non-redundant database with Uniport 
database were performed with the facilities at https//https://www. 
uniprot.org/blast. 

2.5. Chemical composition of the lignin-rich substrates 

Chemical analyses of the lignin-rich substrates were performed in 
triplicate on dry samples. Sugar analysis was carried out by high- 
performance anion-exchange chromatography (HPAEC) after acid hy
drolysis of the substrates (Auxenfans et al., 2017). The lignin content 
was determined at 280 nm after solubilization of the samples with acetyl 
bromide in acidic medium (Iiyama K, 1988). The lignin content was 
calculated using the extinction coefficient of grass lignin (20 l g− 1 cm− 1). 
Ester-bound, and ether-bound phenolic acids were released by alkaline 
hydrolyses (2 M NaOH at 35 ◦C and 4 M NaOH at 170 ◦C) as described by 
Auxenfans et al. (2017). The recovered alkaline filtrate was acidified to 
pH 1 with 6 M HCl, mixed with 3,4,5-trimethoxy-trans-cinnamic acid as 
an internal standard and extracted three times with 25 mL of diethyl 
ether. Phenolic acids were quantified at 302 nm and 280 nm by high- 
performance liquid chromatography (HPLC) as described by Aux
enfans et al. (2017) on a Spherisorb S5-0DS2, RP18, 4.6 × 250 mm 
column equipped with a photodiode array detector (Waters, USA). The 
ether-bound phenolic acid content was determined by evaluating the 
difference between the total and esterified phenolic acid contents. 

2.6. Analysis of the phenolic compounds in the culture media 

The content of phenolic compounds in the controls and inoculated 
culture media was determined by HPLC after 25 h incubation as 
described above (Section 2.4), except that phenolic compounds were 
directly extracted with diethyl ether from 5 mL of culture media after 
acidification to pH 1 with 6 M HCl. 

2.7. Spectroscopic and nuclear magnetic resonance analyses of lignin-rich 
residues 

WS and SEWS recovered after 25 h incubation with or without 
bacteria were washed three times with distilled water and dried at 45 ◦C 
for 24 h before being stored at 4 ◦C until use. For KL, 5 mL of culture 
media supernatant free of bacteria, or controls KL media were frozen at 
− 20 ◦C and freeze-dried. Transmission FTIR spectra were obtained for 2 
mg of residue mixed with KBr (120 mg) using a Nicolet 6700 (Thermo 
Fisher Scientist, USA). Spectra were obtained from 16 scans performed 
between 400 and 4000 cm− 1 with a spectral resolution of 4 cm− 1. All 
infrared spectra in the 2000–800 cm− 1 region were baseline corrected 
and normalized by fixing the area under the spectrum using Unscram
bler® X (Camo Analytics) software. 

Before liquid phase 2D HSQC NMR characterization, samples were 
ultra-milled and 100 mg were acetylated in a mixture of DMSO/N- 
methylimidazole and then in acetic acid (Mansfield et al., 2012). Acet
ylated samples were washed then dried prior to solubilization in 
deuterated chloroform for NMR analysis in a 5 mm NMR tube. Spectra 
acquisition was performed by a 600 MHz Bruker Biospin Avance III 
spectrometer (Bruker, Germany) using a 5 mm TCI cryoprobe and 
equipped with TopSpin 3.1 software as described previously (Auxenfans 
et al., 2017). The 2D profiles were calibrated on CDCl3: 1H: 7.26 ppm; 
13C: 77.2 ppm. Peaks were assigned according to literature data 
(Mansfield et al., 2012). Spectra were normalized to the amount of unit 
G on carbon 2. 

2.8. Statistical analysis 

One-way analysis of variance was performed to compare growth 
rate, enzymatic activities, and phenolic compounds from the triplicate 
cultivations according to growth conditions or culture durations using 
SigmaPlot® software (version 12.0, Systat, USA). The Holm–Sidak 
method was used to perform pairwise multiple comparisons, with a p 
value < 0.05 indicating a significant difference. Statistical analysis of the 
proteomic data was performed using the “between subject design”, and 
comparisons were made using one-way analysis of variance (ANOVA) 
for the different conditions with Progenesis QI software (Non linear 
Dynamics, Waters, USA). The expression of a protein was considered to 
be significantly different if the q value was < 0.05 (p < 0.05 adjusted 
with a false discovery rate (FDR) < 0.05). 

3. Results and discussion 

3.1. Substrate composition 

Chemical analyses indicated that WS, SEWS, and KL have different 
polysaccharide and lignin contents (Table 1). The sugar composition of 
WS (58 % DM), which consists mainly of glucose (34 % DM), xylose (21 
% DM) and arabinose (3 % DM), corresponds to that of typical grass cell 
walls (Scheller and Ulvskov, 2010). After steam explosion, the SEWS 
polysaccharides (54 % DM) were mostly composed of glucose, and the 
low content of xylose agrees with the removal of hemicelluloses from 
lignocellulosic biomasses via steam explosion (Auxenfans et al., 2017). 
KL was almost entirely composed of lignin (85 % DM), with trace 
amount of sugars, whereas SEWS and WS had lower lignin contents (30 
and 24 % DM, respectively). WS and SEWS contained both esterified and 
etherified phenolic acids (p-coumaric acid, ferulic acid and β-O-4 
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diferulic acid). These acids are covalently bound to hemicelluloses and 
lignin in grass cell walls (Ralph, 2010). Such interpolymer interactions 
can play a negative role in the accessibility of lignocellulosic cell walls to 
microorganisms and enzymes (McCann and Carpita, 2015). Overall, the 
chemical data confirmed that the selected lignin-rich substrates have 
contrasting lignin and sugars content and compositions. Thus, the 
availability of sugars may be different depending on their distribution 
and possible interactions within the biomass matrix (McCann and Car
pita, 2015). It is then hypothesized that the various lignin-rich sub
strates, will heterogeneously impact the physiology of TX through its 
ability to use them as carbon sources. 

3.2. Bacterial growth and enzymatic activities 

3.2.1. Cultivation of Thermobacillus xylanilyticus on lignin-rich substrates 
TX was able to grow in the presence of all different lignin-rich sub

strates alone (KL, SEWS and WS) (Fig. 1A–C continuous line). Growth 
occurred after lag phases of 15 h on KL and 5 h on SEWS and WS. The 
growth of TX on the SEWS was significantly lower (p < 0.001) than that 
on the WS and KL cultures (µmax of only 0.2 ± 0.0 h− 1 vs. 0.5 ± 0.1 h− 1 

and 0.6 ± 0.1 h− 1 for WS and KL, respectively). The bacteria maintained 
this low growth rate throughout the cultivation period. This study 
showed, for the first time, that TX can grow on KL alone and on a highly 
modified wheat straw (SEWS), indicating its ability to use some or all of 
their constitutive molecules as a carbon source. During growth on lignin- 
rich substrates as the sole carbon source, TX produced POX activities 
intracellularly and extracellularly (POX IC and POX EC) and xylanase 
whose levels varied according to the substrate (Fig. 1D–F). To the best of 
our knowledge, phenoloxidase activities were measured for the first 
time, in this hemicellulolytic bacterium. 

In cultures with KL (Fig. 1D), POX IC activity was measured only 
during the growth phase, at a maximal level of 5 IU/mg, at which point 
the activity decreased significantly (p < 0.001) until the end of culti
vation. The production of only POX IC suggested that TX could utilize 
some phenolic molecules potentially present in KL medium. Kraft lignin 
is polydisperse at the molecular weight level. Thus, the low-mass aro
matic compounds can be internalized and stimulate the production of 
intracellular enzymes to allow their metabolization (Abdelaziz and 
Hulteberg, 2017). The decrease in the POX IC over time may be 
explained by the use of these molecules. The absence of EC activity 
suggested that, at this stage, the growth was decoupled from possible 
extracellular lignin degradation by the bacterium. No xylanase activity 
was detected, which is not surprising as KL contains very little sugar, and 
xylanase production is often induced by the presence of xylan or 
hemicellulose. Considering the absence of TX growth on basal media 
alone (see See Supplementary Material), the low growth of TX on KL 
media and the production of POX IC, one can hypothesize that TX can 

use the phenolic monomers present in the media and even some com
ponents of KL itself. Numerous studies have shown the ability of various 
bacteria to use KL and mono - or oligo-mers phenolic molecules derived 
from lignins as carbon sources (Kumar et al., 2018; Taylor et al., 2012). 
Recently, thermophilic Geobacilli were isolated from the environment by 
using purified lignin as the sole carbon source (Mesle et al., 2022). 
Noteworthy, the growth of TX on KL was similar to or higher than the 
growth of some ligninolytic bacteria, such as Rhodococcus jostii RHA and 
Bacillus ligniniphilus L1 on KL. (Sainsbury et al., 2013; Zhu et al., 2017). 

Several studies have also reported the efficient growth of microor
ganisms on various steam-exploded lignocellulosic biomasses as sole 
carbon sources, but this growth is frequently observed in cocultures or 
consortia (Shi et al., 2019; Zhang et al., 2023). Here, TX alone was able 
to grow in the presence of SEWS but exhibited low and regular growth 
(Fig. 1B). This low growth may be explained by the structural changes in 
lignocellulosic substrates after steam explosion, which limit access to 
carbohydrate polymers (Ballesteros et al., 2006), and can induce the 
formation of bacterial growth inhibitors (Klinke et al., 2004). Likewise, 
despite the presence of sugars in SEWS, no xylanase activity was 
detected, suggesting that SEWS xylan is not available to support the 
observed low bacterial growth. On the SEWS, dynamic production of 
POX (EC and IC) activity was detected just after the lag phase of growth 
(10 h) (Fig. 1E). The maximum POX EC activity was obtained at the 
beginning of the exponential growth phase (8 IU/mg protein) and then 
decreased significantly (p < 0.001) over time. POX IC activity increased 
until it reached its maximum level (~3 IU.mg− 1) at the end of cultiva
tion. Even if the use of certain soluble sugars in the medium cannot be 
excluded, the complexity of SEWS and the presence of lignin could 
induce the observed production of EC POX activities, followed by the 
activation of IC activities. These activities are necessary for the bacteria 
to either detoxify the medium or to attempt to use the lignin and to 
support the low growth and survival of the bacterium on SEWS. 
Generally, the conversion of lignin requires the production of EC oxi
doreductases (peroxidases and laccases), after which IC oxidoreductases 
metabolize aromatic compounds via different intracellular pathways (da 
Silva Vilar et al., 2022, Bugg et al., 2020). 

On WS (Fig. 1F), in accordance with previous studies on this bacte
rium (Rakotoarivonina et al., 2014), xylanase activity (80 ± 18 IU/mg 
at the end of the culture) was the main enzymatic activity produced. 
Along with xylanase activity, POX activities were concomitantly detec
ted intracellularly and extracellularly. POX EC levels significantly (p <
0.001) decreased, whereas POX IC levels remained stable at approxi
mately 4 UI.mg− 1 during the culture. As reported for various ligninolytic 
and/or lignocellulolytic microorganisms, the production of hemi
cellulases and some ligninolytic enzymes is stimulated in the presence of 
lignocellulosic biomasses and lignin-rich substrates (Aston et al., 2016; 
Mardetko et al., 2021; Zhu et al., 2017). 

3.2.2. Cultivation of Thermobacillus xylanilyticus on xylan-supplemented 
lignin-rich substrates 

To highlight the interaction between bacterial use of hemicellulose 
and of lignin-rich substrate and to improve TX growths, xylan was added 
to the culture media. The presence of xylan increased TX growth under 
all the conditions (KL, SEWS and WS). The maximal OD600nm values 
increased 3- and 4-fold for all substrates (Fig. 1A–C dotted lines) and 
enhanced the growth rate (20 % significant increase for WS and SEWS (p 
value < 0,001) and 9 % for KL). Accordingly, xylanase activities were 
detected regardless of the substrate (Fig. 1G–I). Overall, the highest 
xylanase activities were measured during the stationary phase. Xylan or 
small oligosaccharide substrates are known to stimulate the production 
of xylanases by lignocellulolytic microorganisms, which can then 
quickly degrade xylan, as previously shown for TX cultures with wheat 
bran, wheat straw or xylooligosaccharides (Rakotoarivonina et al., 
2014). Generally, as bacterial lignin degradation is rather slow, growth 
on this substrate often requires an additional accessible carbon source 
(DeAngelis et al., 2013; Glaser and Venus, 2017; Ravi et al., 2019). In the 

Table 1 
Chemical composition of the lignin-rich substrates.   

WS SEWS KL 

Glucose 34.2 ± 0.5 48.0 ± 0.5 0.1 ± 0.0 
Xylose 20.6 ± 0.2 5.8 ± 0.0 0.3 ± 0.0 
Arabinose 2.9 ± 0.1 0.4 ± 0.0 0.2 ± 0.0 
Lignin 23.7 ± 2.0 30.3 ± 0.9 85.3 ± 1.0 
p-coumaric acid    
Ester 3261.6 ± 13.5 2878.3 ± 74.5 / 
Ether 2508.0 ± 104.6 2964.8 ± 169.5 / 
Ferulic acid    
Ester 1843.5 ± 36.0 1300.2 ± 91.5 / 
Ether 3397.1 ± 32.2 1559.5 ± 27.6 / 
Di-ferulic acid (β-O-4)    
Ester / / / 
Ether 281.0 ± 17.1 287.7 ± 12.9 / 

Glucose, xylose, arabinose and lignin (as % w/w dry matter); p-coumaric, ferulic 
and di-ferulic acids (as µg g− 1 dry matter). 
/= Undetected. 
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lignin rich substrates supplemented with xylan cultures, lag phases 
remained present in contrast to cultures with xylan alone (see See 
Supplementary Material). Lag phases allow microbial adaptation to the 
surrounding environment by detoxification or by the production of en
zymes necessary for the use of complex substrates as observed in various 
ligninolytic bacteria grown on aromatic compounds (Aston et al., 2016; 
Glaser and Venus, 2017). The addition of xylan greatly improved TX 
growth in KL and SEWS cultures. The lag phase duration was shortened 
in KL cultures. The strong growth on lignin-rich substrates in the pres
ence of additional xylan and the absence of a lag phase in xylan culture 
showed the negative impact of lignin on TX growth. 

The dynamics of POX activity remained predominantly intracellular 
in the presence of xylan-supplemented KL, but the production level was 
approximately 2 times higher than that in the presence of KL alone at the 
beginning of growth (p < 0.001) (Fig. 1G). Then, POX IC levels 
decreased drastically over time. POX EC activities were also detected but 

at very low levels during cultivation (Fig. 1G). One can hypothesize that 
POX EC are not needed as xylan is present. POX IC enable direct bac
terial use of phenolic compounds from KL at the onset of growth and 
may also detoxify the media. When phenolic molecules are used, POX IC 
is no longer necessary. This can explain the shorter lag phase and better 
growth observed on the KL-supplemented media. On xylan- 
supplemented SEWS, the dynamic production of POX EC or IC was 
similar to that observed in the presence of SEWS alone (Fig. 1E–H). The 
levels of POX EC did not significantly change after supplementation, 
whereas POX IC activities increased after 25 h (p < 0.05). Concomitant 
with the presence of POX IC and EC, xylanase activities were detected in 
the culture medium in contrast to those in the culture on SEWS alone. 
Abundant assimilable xylan can help the bacterium use the SEWS 
complex substrate by producing phenoloxidase. However, as TX growth 
on SEWS was low, one cannot exclude the possibility that inhibitory 
molecules in SEWS stimulate the production of POX IC to quickly 

Fig. 1. Growth and phenoloxidase and xylanase activities detected in intracellular (IC) or extracellular (EC) cell compartments in cultures on lignin-rich substrates 
supplemented or not with xylan as a carbon source. Growth on kraft lignin (KL), steam exploded wheat straw (SEWS), and wheat straw (WS) (A-B-C) without 
(continuous lines) and with added xylan (dotted lines). Enzymatic activities on KL, SEWS and WS alone (D-E-F) and with added xylan (G-H-I). The values are the 
means ± standard deviations of triplicate cultures. 
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detoxify the medium and allow bacterial growth on the available xylan. 
In xylan supplemented WS cultures, POX activities were reduced 

significantly (p < 0.001) and xylanase activity increased during culti
vation. The abundance of xylan in the media, fully available for growth 
limits the production of unnecessary enzymes such as POX. 

3.3. Proteomic approach 

3.3.1. General features of the Thermobacillus xylanilyticus proteomes on 
xylan-supplemented lignin-rich substrates 

Approximately 10 % of the 3956 proteins identified were encoded in 
the TX genome (between 375 and 400 different proteins according to the 
substrate). IC proteins represented 83–87 % of the total detected pro
teins. Between 48 and 69 proteins were identified as secreted proteins in 
the EC compartment (presence of a signal peptide). A total of 258 (EC) 
and 22 (IC) proteins were common to all substrates (including xylan). 
The IC samples displayed 20, 30, 19 and 13 unique proteins in cultures 
with xylan, WS, SEWS and KL, respectively, whereas 20, 11, 5 and 19 
unique proteins were identified in the EC compartment (data not 
shown). 

The functions of the identified proteins and their abundances are 
shown in Fig. 2. Most IC proteins are involved in different metabolic 
pathways, such as sugar metabolism and utilization, amino acid or 
protein synthesis and ribosomal proteins, and transport proteins 
(Fig. 2A). Oxidoreductases were the most abundant proteins and rep
resented between 32 and 36 % of the expressed proteins (between 76 
and 82 different oxidoreductases). In the EC compartments, proteins 
with unknown function, transport proteins and hemicellulases were the 
most abundant. Oxidoreductases represented 5–13 % of all secreted EC 
proteins depending on the substrate (Fig. 2B). 

3.3.2. Hemicellulase expression on xylan-supplemented lignin-rich 
substrates 

Hemicellulases (only 3 % of the IC proteins) were represented by 30 
different proteins (Fig. 2A). These enzymes are mainly exo- and 
debranching enzymes constituted by 7 arabinosidases/xylosidases 
(several GH43/GH51, including TX-Abf51/AbfD3, one GH120 and one 
GH 127); 1 alpha glucuronidase, GH67; 4 carbohydrate esterases; and 
1galactosidase. Three IC xylanases (1 GH8 reducing end exo xylanase 
and 2 GH10 Txyl_16830 and Tx-xyn10, already characterized as 

Txyl_16210) were also identified. These IC xylanases and the unique 
glucuronidase GH67 did not significantly differ in expression between 
any of the substrates, including xylan. Eleven IC hemicellulases 
expressed on the four substrates were differentially expressed (q value <
0.05) (See Supplementary Material). In the EC compartment, 16 
different hemicellulases were identified and represented between 15 
and 21 % of all secreted ECs depending on the substrate (Fig. 2B). Eight 
of these hemicellulases had a signal peptide. Five xylanases (2 GH11 
endoxylanases, encoded by the Txyl_04370 and Txyl_04380 genes; 
Txyl_00055 a multimodular and membrane endoxylanase GH10 and 2 
endoxylo-glucanases from the GH9 and GH16 families) represented 
between 45 and 51 % of all EC hemicellulases depending on the sub
strates. Among the 8 EC proteins, 6 were differentially expressed under 
the 4 conditions (q value < 0.05). In the presence of hemicellulose 
(xylan or complex hemicellulose within lignin-rich substrates), TX pro
duced mainly exoenzymes (debranching and accessory hemicellulases) 
intracellularly and endoenzymes (xylanases) extracellularly, as previ
ously shown (Rakotoarivonina et al., 2014). Moreover, TX produces a 
core set of hemicellulases (xylanases, glucuronidases, and xylosidases/ 
arabinosidases) regardless of the substrate, as similarly reported for 
other hemicellulolytic bacteria that are able to use aldouronate/meth
ylglucuronoxylan (Chow et al., 2022; De Maayer et al., 2014). 

To understand the impact of lignin components on hemicellulase 
production, the expression levels of hemicellulases on lignin-rich sub
strates were compared with those on xylan alone (See Supplementary 
Material). The highest expression of endoenzymes (xylanases and 
xyloglucanases) was obtained on WS (with overexpression varying up to 
~ 8-fold compared to that of xylan). Both GH11 xylanases (Txyl_04370 
and Txyl_04380) were similarly overexpressed. Several esterases were 
specifically overexpressed (Txyl_00800, an acetyl-xylan esterase CE7; 
Txyl_15880, a carboxyl esterase CE10; and Txyl_09630, the feruloyl 
esterase CE1). The feruloyl esterase Txyl_09630 was ~ 27-fold and ~ 9- 
fold higher in the EC and IC, respectively. Feruloyl esterases may cut 
ester bonds between phenolic acids and the arabinose side of xylan in 
WS and cross-links with lignin, improving lignocellulosic biomass 
degradation and the liberation of phenolic compounds (Rakotoarivonina 
et al., 2014). The esterases in combination with xylanases (highly 
overexpressed) made the hemicelluloses within the WS more accessible 
and allowed their use and better bacterial growth. In this configuration, 
the presence of lignin in WS did not impact the behaviour of TX. 

Fig. 2. Functions of the different proteins identified in the intracellular (A) and extracellular (B) proteomes of TX cultivated on xylan (X) and on wheat straw (WS), 
steam exploded wheat straw (SEWS), and kraft lignin (KL). Protein abundance is given in %, and n represents the number of proteins. 
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On KL, the main result observed was the low expression of EC 
xylanases produced despite the addition of xylan. Similarly, the 
expression of the main xylanases GH11 encoded by Txyl_04370 and 
Txyl_04380 decreased ~ 4-fold and 1.5-fold, respectively, compared to 
that under xylan conditions. Even though no xylanase activity was 
detected in the TX culture with KL alone, the xylanase detected in the KL 
xylan supplemented cultures was stimulated by the addition of xylan. 
The low production observed may be due either to the inhibitory effect 
of the lignin itself or even to a possible physical interaction of xylan with 
lignin, preventing its optimal use by bacteria. IC debranching hemi
cellulases (arabinofuranosidases/xylosidases, galactosidases, etc.) dis
played the highest expression on KL with expression levels between 1.5- 
and 6-fold higher depending on the enzyme and compared to xylan 
conditions.) Moreover, the unique glucuronoyl esterase (Txyl_12610) 
exhibited overexpression that was ~ 3-fold higher in KL cultures 
compared to that in xylan cultures. Like feruloyl esterases, these en
zymes are known to cut ester bonds, between glucuronic acid with ar
omatic rings and linking hemicellulose with lignin. Expression of these 
proteins facilitates the dissociation of the complex polymer network 
within lignocellulosic biomasses (Larsbrink and Lo Leggio, 2023; 
Sainsbury et al., 2013). 

For SEWS, the same hemicellulases were expressed with lower levels 
than in WS cultures but higher than in KL cultures (See Supplementary 
Material). Additionally, for this substrate, the unique glucuronoyl 
esterase was also produced by TX at the same levels as for KL cultures. 
Despite the addition of xylan and the higher amount of xylanase 
(compared to KL, for example), the growth of the bacterium remained 
low. This difference is probably due to the intrinsic complex structure of 
the SEWS or the presence of inhibitors, which negatively impact its use, 
as mentioned above. 

Hemicellulases expression and coordination by TX depend on the 
substrates and the presence of lignins within them. The observed specific 
expression of esterases according to the lignin-rich substrates (KL, SEWS 
and WS) suggested a tight link between these kinds of hemicellulases 
and synergy or antagonisms between phenolic compounds, lignins, 
hemicelluloses and their simultaneous or sequential utilization by the 
bacterium. 

3.3.3. Oxidoreductase expression in xylan supplemented lignin-rich 
substrates 

Proteomic analyses allowed to screen oxidoreductases expressed 
specifically on the lignin rich substrates. Seventy-four oxidoreductases 
(61 and 13 IC and EC, respectively) were identified in the different 
proteomes of TX under the four conditions. Twenty of them (18 IC and 2 
EC proteins) were differentially expressed with q values < 0.05 (See 
Supplementary Material). Most of the oxidoreductases had their highest 
expression levels in KL, SEWS and WS cultures compared with xylan 
cultures. The overexpression of oxidoreductases has already been re
ported in recent proteomic studies of ligninolytic bacteria 
(B. ligniniphilus L1, Pandoraea sp. ISTKB or Enterobacter lignolyticus SCF1) 
cultivated on lignins (DeAngelis et al., 2013; Kumar et al., 2018; Zhu 
et al., 2017). 

In WS, the expression of oxidoreductase was very low compared to 
that in KL and SEWS, suggesting that the bacteria do not need to produce 
these categories of enzymes on this substrate. This finding is in accor
dance with the low POX activities measured in the media. 

The most highly expressed oxidoreductases in the IC compartment 
on KL were Txyl_05820 (Enoyl-[acyl-carrier-protein] reductase 
[NADH]) and Txyl_17475 (encoding the unique catalase/peroxidase 
present in the genome). These enzymes are implicated in cellular 
detoxification. Enoyl-[acyl-carrier-protein] reductases [NADH] can 
degrade phenol groups, while aldo/keto reductases and 3-oxoacyl-[acyl- 
carrier-protein] reductases can remove carbonyl compounds or furfurals 
(Huang et al., 2016). In some ligninolytic bacteria grown on KL, 
peroxidase activities are attributed to the catalase/peroxidase enzymes 
identified in their genomes and overexpressed (DeAngelis et al., 2013; 

Falade et al., 2019). Thus, part of the IC POX activity produced by TX 
may be attributed to its various expressed peroxidases and reductases. 
These observations are in accordance with the predominance of POX IC 
activity quantified in the presence of KL. 

Similarly, in the EC compartment, the overexpression of 8 oxidore
ductases was 2- and 4-fold higher on KL compared with that with xylan. 
These oxidoreductases included peroxidases (Txyl_09340 and 
Txyl_11820), ferredoxin (Txyl_11890), superoxide dismutase 
(Txyl_05700) and one aryl alcohol dehydrogenase (Txyl_03290) also 
found intracellularly and known for their antioxidant actions which can 
protect cells from hydrogen peroxide and reactive oxygen species (ROS) 
accumulation (Kumar et al., 2018; Zhu et al., 2017). 

The presence of lignin itself (KL), modified lignin in SEWS or some 
low-molecular-weight lignin derivatives had an impact on the bacterial 
utilization of xylan or hemicellulose within lignin-rich substrates 
(growth). Oxidoreductases implicated in stress response, detoxifications 
were mainly overexpressed in the TX proteomes of KL and SEWS cells 
intracellularly. One can conclude that the expression of oxidoreductases 
(mainly IC) associated with high POX activity on these substrates 
allowed TX to overcome this negative impact by detoxifying the culture 
medium and remove possible inhibitory molecules from lignins. 

3.4. Aromatic compounds utilization and oxidoreductases in 
Thermobacillus xylanilyticus genome 

Around 190 oxidoreductases were identified in the genome of TX 
(Rakotoarivonina et al., 2022). These genes were annotated as oxidases 
(cytochrome C oxidases, copper amine oxidases, DPH-dependent 
quinone oxidoreductase), dehydrogenases/reductases. Five peroxi
dases and only 2 laccase like / multicopper oxidases which presented 
homology to characterized laccases from fungi were identified (See 
Supplementary Materials). No lignin peroxidase (EC 1.11.1.14) was 
identified within the TX enzyme set. These enzymes are part of lignin- 
modifying enzymes found in many ligninolytic microorganisms (fungi 
and bacteria), and their presence can be a marker of ligninolytic activity. 
Dioxygenases / catechol dioxygenases (14) and monooxygenases (10) 
were also present in the TX genomes. Only few of them presented ho
mology to proteins involved in the intracellular metabolism of aromatic 
compounds (phenylacetic acid degradation, benzene degradation, and 
intracellular funneling of aromatics) (See Supplementary Materials). 
Indeed, no complete pathways concerning the catabolisms of aromatic 
compound, as in ligninolytic bacteria, were found after analysis. Only 
eight enzymes (including 2 oxidoreductases TXYL_10380 and 
TXYL_12405) belonged to benzoate degradation pathways (See Sup
plementary Materials). This is very low compared to the potential of 
ligninolytic bacteria (Kumar et al., 2018). Moreover, these enzymes 
(dioxygenases, laccase like) are not expressed or overexpressed on lignin 
rich substrates. One can conclude that they could be used occasionally 
by bacteria to metabolize certain phenolic molecules. This is not sur
prising as the main characteristic of TX is the use of hemicelluloses and 
lignin or lignin-derived molecules utilizations seem to be a secondary 
activity for its adaptation to the environment. This can explain the 
presence and expression of several detoxification enzymes identified by 
proteomics. 

3.5. Characterization of phenolic components in culture media after 
bacterial growth on xylan-supplemented lignin-rich substrates 

For both the controls and the culture media inoculated with TX, the 
phenolic molecules identified by HPLC at the end of incubation were 
mainly composed of C6-C3 (p-coumaric, ferulic and di-ferulic), C6-C1 (p- 
hydroxybenzoic, vanillic, syringic acids), phenolic acids, and C6-C1 al
dehydes (p-hydroxybenzaldehyde, vanillin, syringaldehyde) (Fig. 3). 
Vanillic acid was the main phenolic compound released in the KL control 
media. SEWS control media contained mainly p-coumaric acid and 
vanillin, whereas WS control media contained mainly p-coumaric, 

Q. Czerwiec et al.                                                                                                                                                                                                                               



Bioresource Technology 397 (2024) 130507

8

vanillic and ferulic acids. The occurrence of these compounds in control 
media may result from a modification of the substrates after autoclaving 
(Lankiewicz et al., 2023). They could impact directly the microbial 
behaviour, as these molecules are potential inhibitors of microbial 

growth (Klinke et al., 2004). They can also be used as carbon sources and 
may reflect the potential ability of bacteria to use lignin and metabolize 
its phenolic derivatives (Azubuike et al., 2022). After bacterial growth, 
the profiles (nature and content) of phenolic compounds varied 

Fig. 3. Contents of phenolic compounds in the culture media after 25 h of incubation in the presence of kraft lignin (A), steam exploded wheat straw (B) and wheat 
straw (C) without or with TX culture supplemented with xylan. p-coumaric acid (pCA); ferulic acid (FA); diferulic acid (Di-FA); p-hydroxybenzoic acid (pHA); vanillic 
acid (VA); syringic acid (SA); p-hydroxybenzaldehyde (pH); vanillin (V) and syringaldehyde (S). The values are the means ± standard deviations of triplicate assays. 
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according to the substrate (Fig. 3). In WS cultures, there was a large 
increase in the phenolic acid content (4, 1.3, 3 and 2 times, respectively 
for ferulic, p-coumaric, syringic and diferulic acid contents compared to 
those in the control; p value < 0.001). The proteomic approach showed 
the expression and overexpression of xylanases (e.g., GH11 Txyl_04370) 
and esterases (e.g., the feruloyl esterase CE1 Txyl_09630) by TX grown 
on WS in addition to the core hemicellulases expressed on all substrates. 
The increased expression of xylanases and esterases may have resulted 
in increased release of phenolic acids from WS by the enzymatic 
disruption of ester bonds with hemicelluloses as previously shown 
(Rakotoarivonina et al., 2014). 

In KL and SEWS media with TX, the vanillic acid content increased by 

3-fold (p < 0.001) and 1.5-fold (p < 0.01), respectively. This increase 
was accompanied by significant decreases in vanillin, p-hydrox
ybenzaldehyde and p-coumaric acid levels. Similarly, during 
B. ligniniphilus growth on KL, large amount of vanillic acid was quanti
fied whereas vanillin concentration in the culture medium decreases 
(Zhu et al., 2017). Most phenolic monomers or dimers (biphenyl, phe
nylcoumaran) are often converted into vanillic acid via various path
ways before they are transformed into protocatechuates by 
demethylation (Azubuike et al., 2022). Thus, vanillate decarboxylases 
are involved in the degradation of biphenyl compounds by decarbox
ylating 5-carboxyvanillate to vanillic acids after dimer cleavage (Masai 
et al., 2007). Vanillin is also an intermediary metabolite during the 

Fig. 4. 2D-NMR analysis of WS and SEWS after 25 h of incubation without (C) or with TX culture supplemented with xylan. A, aryl ether bonds (β-O-4); B, phenyl 
coumaran bonds (β-5); C, resinol bonds (β-β); G, guaiacyl units; S, syringyl units; FA, ferulic acid; pCA p-coumaric acid. 
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catabolism of phenolic compounds, and could later be transformed into 
vanillic acid by vanillate dehydrogenases (vdh) in numerous ligninolytic 
bacteria. Sainsbury et al. (2013) showed that deletion of the vdh gene in 
the actinobacteria R. jostii leads to vanillin and p-hydroxy-benzaldehyde 
accumulation. The authors also observed the absence of vanillin and p- 
hydroxybenzaldehyde in fermentation media supplemented with wild- 
type R. jostii, and they demonstrated that vanillin was derived from al
kali lignin isolated from wheat straw, probably after the hydrolysis of 
ferulate ester linkages by esterases. The presence of esterases and glu
curonoyl esterase (CE15) in the extracellular TX proteomes on KL and 
SEWS will help the bacterium deconstruct lignin carbohydrate complex 
(LCC) by cutting ester bonds (Larsbrink and Lo Leggio, 2023) and 
facilitate the action of oxidoreductases to oxidize lignin and release 
vanillic acid. On the KL and SEWS proteomes, no decarboxylases were 
expressed, but several IC dehydrogenases were overexpressed 
(Txyl_10010, Txyl_16370, Txyl_14210, Txyl_03796, and Txyl_05670) 
(See supplementary data). Thus, the depletion of vanillin and increase in 
vanillic acid in TX cultures could be due to the transformation of vanillin 
by these enzymes. However, the exact origin of vanillic acid and other 
phenolic compounds in TX cultures remains to be investigated. This 
could be either a consequence of direct degradation by the various ox
idoreductases identified on lignin or modified lignin-rich substrates or 
by the intracellular metabolism and conversion of phenolic monomers 
for detoxification. 

3.6. Characterization of lignin-rich residues after bacterial growth on 
xylan-supplemented lignin-rich substrates 

Fourier transform infrared (FTIR) analysis was performed to view 
changes in the chemical functions of the residues after 25 h of incubation 
without and with bacterial growth on xylan-supplemented substrates 
(See Supplementary Material). The WS and KL FTIR spectra showed a 
large decrease in band intensity between 900 and 1250 cm− 1, which 
corresponds to polysaccharides. These changes may be due to the 
depletion of hemicelluloses in WS and KL cultures. No significant dif
ference was observed in the spectra of the SEWS residues before and 
after growth, even in the polysaccharide spectral region. The xylan 
added was not used by TX probably due to its interaction with SEWS 
components, which physically limits its accessibility. This may explain 
the lower growth of TX on xylan-supplemented SEWS compared to that 
on WS and KL. The small decrease in the intensity of two bands assigned 
to lignin (1510 and 1400 cm− 1) and the lack of variation in the intensity 
of aromatic vibration bands of WS and SEWS (1595, 1510, 1460, 1400 
cm− 1) indicated a weak effect of the bacterium on lignin. It did not 
provide any precise indication of the extent of possible lignin structural 
changes. 

Therefore, liquid-phase 2D-NMR analysis was performed on WS and 
SEWS residues without and with bacterial growth in xylan- 
supplemented cultures (Fig. 4). It allows analysis of the lignin 
phenolic units, phenolic acids and main interunit linkages, including 
β-O-4 (A), β-5 (B) and β-β (C) linkages. The main interunit bonds 
observed are the β-O-4, with small proportions of β-5 and β-β linkages. 
The S/G ratios (0.6 and 0.7 for WS and SEWS, respectively) did not 
significantly differ after TX growth compared to those of the control, but 
the proportion of β-O-4 linkages slightly decreased. Thus, β-O-4 linkages 
represented 80 ± 7 and 70 ± 5 % of the G-units in the control WS and 
SEWS residues and 78 ± 8 and 63 ± 5 % with TX suggesting weak 
alteration of the lignin structure by the bacterium. Such slight lignin 
modifications are in accordance with the absence of ligninolytic lignin 
peroxidase and β etherases in the genome and the different proteomes of 
TX. Supporting the occurrence of degradation by TX, the content of 
phenolic acids decreased after bacterial growth. p-Coumaric acid rep
resented11 ± 1 and 7 ± 0 % of the G-units in the control WS and SEWS 
residues respectively, and 9 ± 1 and 7 ± 0 % after TX growth. Ferulic 
acid, identified by 2D NMR (FA carbon 2), was measured only in WS 
residues and decreased from 12 ± 1 of the G-units in the control to 8 ± 1 

% after TX growth. In a recent study, S/G ratios of lignin were modified 
after the growth of the anaerobic fungus Neocallimastix californiae on 
switchgrass, sorghum and poplar (Lankiewicz et al., 2023). The struc
tural lignin characteristics of WS were shown to be modified after 
digestion with bacterial consortia from gut termites (decrease in the S:G 
ratio, tricin, phenolic acid) (Dumond et al., 2021). The results obtained 
in this study agree with previous data showing only minor structural 
changes in lignin after the growth of the cellulolytic bacterium Clos
tridium thermocellum on poplar lignocelluloses (Akinosho et al., 2017). 
Taking these results into account, it is possible that i) POX activities, 
which are accessory activities produced by TX, are not enough efficient 
to depolymerize lignins within the lignin-rich substrates, ii) unlike fungi, 
which are known to degrade lignin well, extensive degradation by 
bacteria likely requires the combination of several microorganisms. 

4. Conclusions 

This study shows a first insight to the molecular functioning of 
T. xylanilyticus on technical lignins and biorefinery side-products. Sub
strates with different structures and compositions induced specific 
physiological response (growth, xylanase and phenoloxidase activities, 
proteomes). Weak lignin modifications, and significant phenolic pro
ductions were evidenced. The overexpressed oxidoreductases, are 
probably involved in detoxification of phenolic compounds and lignin 
modifications. For the first time a strict hemicellulolytic bacterium was 
shown to mobilize concomitantly hemicellulases and phenoloxidases to 
grow on lignin and lignin-rich substrates. The behavior plasticity of this 
thermophilic bacterium opens the way for the valorization of broad 
spectra lignocellulosic substrates. 
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