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Abstract

Background Lignocellulose is the most abundant renewable bioresource on earth, and its biodegradation and utili-
zation would contribute to the sustainable development of the global environment. Ruminiclostridium papyrosolvens,
an anaerobic, mesophilic, and cellulolytic bacterium, produces an enzymatic complex known as the cellulosome. As
one of the most highly evolved species among Ruminiclostridium-type species, R. papyrosolvens is particularly relevant
for understanding how cellulolytic clostridia modulate their biomass degradation mechanisms in response to diverse
carbon sources.

Results Our study investigates the transcriptional responses of Ruminiclostridium papyrosolvens to different carbon
sources to understand its lignocellulose utilization. Using RNA-seq, we analyzed gene expression under glucose,
cellobiose, xylan, cellulose, and corn stover, identifying distinct metabolic preferences and regulatory responses. We
found significant gene expression changes under corn stover compared to other carbon sources, with enrichment

in ABC transporters and cell growth pathways. CAZyme gene expression was regulated by TCSs, affecting sugar trans-
porter systems. Metabolic profiling showed R. papyrosolvens produced more complex metabolites during corn stover
fermentation, revealing its adaptability to various carbon sources and implications for metabolic engineering.

Conclusion This study not only uncovers the intricate response mechanisms of R. papyrosolvens to lignocellulose
and its hydrolysates, but it also outlines the strategy for using R. papyrosolvens as a cellulolytic chassis in genetic
engineering.

Keywords Transcriptome, Metabolome, CAZymes, ABC transporters, Two-component systems, Ruminiclostridium
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Background

Lignocellulose is the most abundant biomass in the earth,
capable of being converted by a wide range of microor-
ganisms. Specifically, anaerobic and cellulolytic clostridia
represent a major paradigm for efficient biological degra-
dation of cellulosic biomass [1-6]. Many of these anaer-
obes produce an elaborate supramolecular enzymatic
complex, termed the cellulosome [7, 8], where primarily
catalytic components, such as glycoside hydrolases [9],
carbohydrate esterases [10], and polysaccharide lyases
[11, 12], are integrated onto a non-catalytic scaffoldin.
The cellulosome affords enhanced synergistic activ-
ity among the resident enzymes to efficiently hydrolyze
recalcitrant crystalline lignocellulosic substrates. Thus, it
is crucial to understand how cellulolytic clostridium spe-
cies regulate their biomass degradation mechanisms in
response to different carbon sources for developing natu-
ral or engineered cellulases and their host cells for effi-
cient production of cellulose-based biofuels.

Ruminiclostridium papyrosolvens is a mesophilic, low-
GC, Gram-positive, spore-forming, and cellulosome-
producing anaerobe bacteria that can be grown on a
variety of carbohydrates [3]. This bacterium stands out as
one of the most highly evolved species within the Rumin-
iclostridium genus. In our previous study, we sequenced
and completed the genome of R. papyrosolvens DSM2782
to understand the mechanism of lignocellulose degrada-
tion [5]. Its genome also harbors two large cellulosomal
clusters: cip-cel operon [13, 14] encoding cellulases and
xyl-doc gene cluster encoding hemicellulases. The xyl-doc
gene cluster is controlled by its upstream two-component
system (TCS) XydS/R [15, 16]. Secretomes showed R.
papyrosolvens secrets different sets of enzymes to break-
down different types of complex biomass [3]. In addi-
tion, we have successfully developed the mature genetic
manipulation system for R. papyrosolvens, including
electrotransformation [15] and ClosTron methods [17,
18]. These studies have laid a solid foundation for fur-
ther exploration of R. papyrosolvens in degradation of
lignocellulose.

In this study, to understand the mechanisms of biomass
degradation and metabolism of R. papyrosolvens, we first
compared the transcriptomic profiles of R. papyrosol-
vens grown on various carbon sources. Subsequently, we
performed the cluster analysis for expression patterns of
CAZymes including cellulosomal subunits and identified
the ABC transporters responsible for the uptake of vari-
ous sugars. Following this, we confirmed the regulatory
role of two-component systems (TCSs) in the expres-
sion of both CAZymes and ABC transporters. Finally,
we compared the metabolomes between cellobiose and
corn stover. This study provides valuable insights into
the transcriptome and metabolome information of R.
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papyrosolvens, which would be useful for exploring its
application in biodegradation and utilization of lignocel-
lulose resources.

Materials and methods

Bacterial strain growth

R. papyrosolvens was anaerobically cultured at 35 °C
in 100 mL flasks with 50 mL working volume of GS-2
medium supplemented with 3.0 g/L of glucose, cellobiose,
xylan, cellulose, and corn stover. Cell growth on glucose,
cellobiose, and xylan was monitored by optical density of
the culture at 600 nm (OD600), while that on cellulose
and corn stover was measured based on increase of cel-
lular proteins in the culture using the bicinchoninic acid
assay [19]. All cultivations were performed in triplicate.

Total RNA extraction

The total RNA was extracted from R. papyrosolvens sam-
ples cultured under different carbon sources and har-
vested at the mid-exponential-phase using Total RNA
Extraction Reagent (Yeasen, Shanghai) and EZ-10 Total
RNA Mini-Prep Kit (Sangon, Shanghai). Then the total
RNA samples were quantified using a NanoDrop 2000
spectrophotometer (Thermo, USA).

Transcriptomic analysis

To study the gene expression of R. papyrosolvens in dif-
ferent carbon sources, the total RNA was extracted from
glucose, cellobiose, xylan, cellulose, and corn stover cul-
tures. Three parallel experiments were set in each group.
RNA of the samples was sequenced using an Illumina
NovaSeq 6000 platform (2 X 150 bp paired ends). The raw
reads were filtered with fastp (v0.23.4) [20] to remove
the low-quality reads and adapter sequences. Bowtie2
(v2.5.1) [21] was used to remove the rRNA sequences.
Next, the generated clean reads were mapped to the
genome of R. papyrosolvens using Hisat2 (v2.2.1) [22].
The number of reads mapped to each gene was counted
using featureCounts (v2.0.6) [23]. We used the FPKM
values for normalization to make the expression levels
of different genes and samples comparable, FPKM values
were used to assess the levels of gene expression in differ-
ent carbon sources.

Differential gene expression and principal component
analysis

The transcriptome samples were further analyzed
for differential expression, enrichment, and cluster-
ing. The samples were clustered based on gene expres-
sion data by performing principle component analysis
(PCA). The expression levels of genes were calculated
using FPKM values. Differential expression analysis was
performed using DESeq2 package [24]. Differentially
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expressed genes (DEGs) were identified with a threshold
of the padj<0.05 and |log2FC| >1. Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis of
DEGs was performed with a threshold of p <0.05.

Construction of the R. papyrosolvens mutants

Plasmids for targeted disruption were constructed based
on ClosTron [17, 18]. Targeting sites for disruption and
the intron retargeting primers were designed with the
online tool based on Perutka algorithm (http://clostron.
com/). Gene SOEing method was performed to achieve
the 353 bp targeting regions using pSY6-Pxyl as template.
Reconstruction plasmid was constructed by inserting the
corresponding targeted regions into Xhol and BsrGI sites
of pSY6-Pxyl, and targeted gene disruption in R. papy-
rosolvens. Electroporation was performed based on the
previously described method [18]. Transformants carry-
ing target plasmids were selected on GS-2 liquid medium
supplemented with erythromycin. The mutants targeted
for gene destruction were isolated on GS-2 solid medium
supplemented with erythromycin. Because ClosTron
would result in gene disruption by inserting an about
900-bp intron into the targeting site, the mutants were
verified and distinguished from the wild-type by PCR
using corresponding primer sets upstream and down-
stream targeting sites. Then the mutants were inoculated
and cultivated in medium without erythromycin pressure
to loss of the plasmid. All manipulations were performed
under anaerobic conditions.

Quantitative reverse transcription-PCR (qRT-PCR)
experiment

We measured the transcript level of target genes via qRT-
PCR. RNA was reverse transcribed using the SPARK-
script II One Step RT-PCR Kit (SparkJade, China), and
the amplification was performed with 2XSYBR Green
qPCR Mix (SparkJade, China) using the CFX96 real-
time PCR detection systems (Bio-Rad, USA). 16s rRNA
were used as house-keeping genes for validation of tar-
get genes in R. papyrosolvens. Three biological and three
technical replicates were performed for each sample.
Gene expression levels were estimated using the 274Ct
method [25].

Extraction of metabolites of R. papyrosolvens

To extract the metabolites produced by R. papyrosolvens
in cellobiose and corn stover, the bacteria pellets (1x 10)
were mixed with 1000 pL of the culture solution (meth
anol:acetonitrile:water =2:2:1; v/v) that contains deuter-
ated internal standards. The mixed solution was homog-
enized by grinding at 35 Hz for 4 min and ultrasonicated
in ice water for 5 min. Subsequently, the samples were
sonicated for 10 min in 4 ‘C water bath, and incubated
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for 1 h at—40 °C to precipitate proteins. Finally, the sam-
ples were centrifuged at 12000 rpm for 15 min at 4 C.
The supernatant was transferred to a fresh glass vial for
analysis.

Analysis of non-target metabolomes in R. papyrosolvens
Metabolite profiling was performed using Orbitrap
Exploris 120 mass spectrometer (Thermo Fisher Scien-
tific, USA). For polar metabolites, a ACQUITY UPLC
BEH Amide column (Waters, USA) was used for Van-
quish high-performance liquid chromatography (Thermo
Fisher Scientific, USA) separation. The mobile phase
comprised elution A (25 mmol/L ammonium acetate
and 25 mmol/L ammonium hydroxide in water) and elu-
tion B (acetonitrile). The auto-sampler temperature was
4 °C, and the injection volume was 2 pL. For non-polar
metabolites, a Kinetex C18 column (Phenomenex, USA)
was used for Vanquish high-performance liquid chroma-
tography (Thermo Fisher Scientific, USA) separation. The
mobile phase comprised elution A (0.01% acetic acid in
water) and elution B (2-propanol:acetonitrile=1:1; v/v).
The auto-sampler temperature was 4 ‘C, and the injection
volume was 2 pL.

The raw data were converted to mzXML format using
ProteoWizard (v3.0.21229), and processed by R package
XCMS (v4.1.12) to generate a data matrix consisting of
retention time (RT), mass-to-charge ratio (m/z) value,
and peak abundance [26]. The metabolites were identi-
fied through the R package MetDNA2 and annotated
with the BiotreeDB (Biotree Biotech. Co., Ltd., China)
[27]. The similarity cutoff was set at 0.7. The measure-
ments were not counted when the detected peaks were
less than half of the QC samples or the standard devia-
tion was greater than 30%. In addition, metabolites with
a VIP value greater than 1 and a P value less than 0.05
were identified as differential metabolites. Volcano plot
was used to graphically represent the differences of
metabolite expression. Pathway enrichment analysis was
analyzed based on the KEGG database, with pathways
having a P value of 0.05 or lower being considered statis-
tically significant.

Results

Global analysis of transcriptional responses of R.
papyrosolvens to different carbon source

To identify the components of the lignocelluloses uti-
lization in R. papyrosolvens, we characterized the tran-
scriptional profiles of R. papyrosolvens under a variety
of carbon sources using RNA-seq [28]. The carbohy-
drate substrates tested included cellulose and its deriva-
tives cellobiose and glucose, xylan as a representative of
hemicellulose, and corn stover (a natural plant-derived
lignocellulose) (Fig. 1A). In total, we sequenced 15 RNA
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Fig. 1 Growth and gene expression of R. papyrosolvens under various carbon sources. A Growth curves of R. papyrosolvens cultured on 3 g/L
glucose, cellobiose, xylan, cellulose, and corn stover. Error bars indicate the standard deviation of the three replicates. B Principal component
analysis of transcriptomic samples. The color of the scatter plots represents the grouping of samples. C Venn diagram of the distribution

of the encoding genes expressed as mean FPKM (calculated on 3 biological replicates) values among glucose, cellobiose, xylan, cellulose,

and corn stover. D Functional annotation of total genes annotated in the genome (Total) and common genes expressed under five carbon
sources (Common). Number of the genes in each COG term are shown in columns (D, cell cycle control, cell division, chromosome partitioning; J,

translation, ribosomal structure and biogenesis; N, cell motility; O, posttranslational modification, protein turnover, chaperones; A, RNA processing
and modification; B, chromatin structure and dynamics; C, energy production and conversion; E, amino acid transport and metabolism; F, nucleotide
transport and metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism; |, lipid transport and metabolism;
K, transcription; L, replication, recombination and repair; M, cell wall/membrane/envelope biogenesis; P, inorganic ion transport and metabolism; Q,
secondary metabolites biosynthesis, transport and catabolism; S, function unknown; T, signal transduction mechanisms; U, intracellular trafficking,

secretion, and vesicular transport; V, defense mechanisms; Z, cytoskeleton). Genes identified were enriched in D, J, N, and O of COG categories

(*P<0.01, hypergeometric test)

libraries of five carbon sources in three biological repli-
cates, yielding a range of 28.3-40.0 million paired-end
reads. 27.5-39.7 million of the reads passed the qual-
ity control, 0.14—6.65% of the clean reads were aligned
to the rRNA sequences. Specifically, 25.9-36.7 million
paired-end reads were successfully aligned to the refer-
ence genome, with mapping rates that ranged between
93.94 and 97.88%. Among these, 2.2-11.7 million of the
clean reads were assigned to the non-coding sequences,
while 14.9-33.1 million of the clean reads were assigned
to the coding sequences (CDS) (Table S1). We calculated
the fragments per kilobase of exon model per million

mapped (FPKM) values for each sample to investigate
the gene expression differences among different carbon
sources in R. papyrosolvens (Table S2). Principal compo-
nent analysis (PCA) revealed that samples from different
carbon sources formed distinct groups, clearly separat-
ing except for corn stover and cellulose. The expression
profiles of R. papyrosolvens grown on cellulose and corn
stover exhibited strong correlation, as did those grown
on cellobiose and xylan. In contrast, the expression
profiles on glucose displayed a notably distant cluster-
ing (Fig. 1B). This pattern is reflective of the availability
of carbon sources: cellulose and corn stover are more
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challenging to metabolize, whereas cellobiose and xylan
are more readily utilized. Interestingly, glucose, despite
being a preferred carbon source for many microorgan-
isms, appears to be less favored for cellulolytic clostridia,
indicating a unique metabolic preference or regulatory
response in R. papyrosolvens.

Furthermore, we compared the number of highly
expressed genes, defined as those with FPKM values
greater than 60 [29], among five data sets for differ-
ent carbon sources using a Venn diagram [30]. First, the
number of highly expressed genes was as follows: 1,842 in
glucose, 1,925 in cellobiose, 1,917 in xylan, 1,928 in cellu-
lose, and 2,052 in corn stover. Notably, 1,351 genes were
found to be shared among all carbon sources (Fig. 1C).
This finding suggests that R. papyrosolvens exhibits the
most extensive gene transcription under corn stover,
likely reflecting its capacity to degrade the complex sub-
strate. Moreover, we further analyzed the distribution
of COG (Cluster of Orthologous Group) [31] functional
category and numbers of these common highly expressed
genes under the five carbon sources. A broad spectrum
of COGs was found, with these genes being enriched
in COG categories such as D (cell cycle control, cell
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division, chromosome partitioning), N (cell motility), J
(translation, ribosomal structure and biogenesis), and O
(posttranslational modification, protein turnover, chaper-
ones) (Fig. 1D).

Transcription differences in R. papyrosolvens grown

on cellulose and corn stover compared to cellobiose

Corn stover, cellulose, and cellobiose were considered as
complex, difficult, and easy carbon sources for R. papy-
rosolvens, respectively, that is reflected in the distinct
clustering patterns observed in PCA. Thus, differential
expression analysis was first performed between cellu-
lose and cellobiose. The differentially expressed genes
(DEGs) were identified at the threshold of padj<0.05 and
|log,FC| >1. The analysis revealed 1,065 upregulated and
756 downregulated genes under cellulose compared to
cellobiose (Fig. 2A).

To understand the functional implications of these
DEGs, a pathway enrichment analysis was performed
using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database [32] with the clusterProfiler package
[24]. The upregulated genes in cellulose versus cellobiose
were found to be significantly enriched in several KEGG
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Fig. 2 Difference of gene expression between cellobiose and cellulose or corn stover of R. papyrosolvens. A and C Volcano map of differentially

expressed genes (DEGS) in cellulose (A) and corn stover (C) compared to cellobiose. Red-colored dots indicate significant upregulation of genes
with adjusted padj <0.05 and log2FC> 1, and green-colored dots indicate significant downregulation of genes with padj<0.05 and log2FC<—1.
B and D KEGG pathway enrichment analysis of DEGs of cellulose (B) or corn stover (D) compared to cellobiose. The x-axis represents the number
of DEGs enriched in each pathway, and the y-axis indicates the pathway classification of KEGG
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pathways, including transporters, cell growth, starch and
sucrose metabolism, polyketide biosynthesis proteins,
and pentose phosphate pathway. Conversely, the down-
regulated genes were notably enriched in pathways asso-
ciated with ribosome, transfer RNA biogenesis, amino
acid related enzymes, aminoacyl-tRNA biosynthesis, oxi-
dative phosphorylation, and lysine biosynthesis (Fig. 2B).

On the other hand, when differential expression analy-
sis was performed comparing corn stover to cellobiose,
we identified 1,312 upregulated and 1,092 downregulated
genes (Fig. 2C). The upregulated genes in corn stover ver-
sus cellobiose comparison were found to be significantly
enriched in several KEGG pathways, including ABC
transporters, cell growth, starch and sucrose metabolism,
pentose phosphate pathway, polyketide biosynthesis pro-
teins, and sulfur metabolism. Conversely, the downregu-
lated genes were notably enriched in pathways associated
with ribosome, transfer RNA biogenesis, amino acid-
related enzymes, porphyrin metabolism, aminoacy-tRNA
biosynthesis, the biosynthesis of phenylalanine, tyrosine
and tryptophan, and arginine biosynthesis (Fig. 2D). This
observation is consistent with the inherent complexity
of carbon sources. When R. papyrosolvens was grown
on the complex substrate of corn stover, it necessitates
the expression of a broader array of enzymes to degrade
the substrates effectively and a variety of transporters to
uptake produced sugars. In contrast, when R. papyrosol-
vens was cultivated on the preferred cellobiose, it exhibits
rapid growth and a robust metabolism, particularly in the
biosynthesis of protein and amino acid.

Expression pattern of CAZymes in R. papyrosolvens
Carbohydrate-active enzymes (CAZymes) play a crucial
role in breakdown of extracellular carbohydrate sources
by cleaving, building, and rearranging oligo- and polysac-
charides. They are categorized into various classes within
the CAZyme database (http://www.cazy.org/) [33]. To
investigate the links between CAZymes and substrates,
a total of 191 putative CAZyme genes were identified in
R. papyrosolvens using the carbohydrate-active enzyme
annotation (dbCAN3) database, which contains the
HMM profiles for each CAZy category. These CAZymes
include 1 auxiliary activity (AA), 56 carbohydrate-bind-
ing modules (CBMs), 23 carbohydrate esterases (CEs),
111 glycoside hydrolases (GHs), 70 glycosyltransferases
(GTs), and 3 polysaccharide lyases (PLs). In addition, 73
putative cellulosomal subunits contain cohesin subunits
(3) and dockerin subunits (70) (Table S3).

To elucidate the influence of diverse carbon sources on
the induction of CAZymes, we performed a co-expres-
sion analysis of CAZyme genes involved in lignocellulose
degradation, including those from GH, CE, PL fami-
lies, as well as cellulosomal subunits, among different
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substrates. Based on their substrate-dependent transcrip-
tion patterns, the 131 CAZyme genes were clustered into
seven different groups (Fig. 3A). Group I: This group
comprises 21 genes that exhibit higher expression levels
under glucose, cellobiose, and xylan, including non-cel-
lulosomal GH43, GH94, and other families. Specifically,
members of the GH94 family, involved in intracellular
phosphorolytic cleavage of cellodextrin and cellobiose,
were highly expressed on cellobiose. Group II: Charac-
terized by ten genes, this group showed high expression
specifically in response to cellobiose and xylan. These
genes encode non-cellulosomal enzymes from GH42,
GH39, CE20, and CE4 families. Group III: This group is
primarily composed of cellulosomal components from
GH43, 10, 9, 27, and PL11 families, including hemicellu-
lases encoded by the xyl-doc gene cluster. They are dis-
tinguished by higher expression level under corn stover
than other carbon sources. These enzymes are crucial
for the degradation of hemicelluloses. Group IV: This
group includes 18 genes that predominantly show higher
expression levels under corn stover. These genes encode
non-cellulosomal GH51, CE1, and other families. The
higher expression under corn stover suggests a significant
role in the degradation of this complex substrate. Group
V: This group is primarily composed of non-cellulosomal
components that exhibit high expression under cellulose
and corn stover. The genes belong to GH94, CE4, and
other families involved in the degradation of cellulose
and hemicelluloses. Group VI: This group is primarily
composed of cellulosomal components from GHS5, 9, 48,
74, and other families, including cellulases encoded by
the cip-cel gene operon, highlighting the specificity of cel-
lulosomal enzymes in the breakdown of cellulose. Group
VII: This group includes 13 genes that show high expres-
sion specifically in response to xylan. The genes encode
CAZymes from GH10, 11, 43 and other GH and CE fami-
lies, indicating a specialized role in the degradation of
xylan (Fig. 3A). In addition, we observed that genes from
GH43 family are induced by variety of different carbon
sources. This may indicate a greater emphasis on broad-
ranging lignocellulose hydrolysis. CAZymes from fami-
lies GH5 [34] and GH9 [35], known as cellulases, were
highly expressed under cellulose. In contrast, CAZymes
from family GH10 [36], recognized as xylanases, showed
high expression under xylan and corn stover. The results
of gene expression patterns in R. papyrosolvens under
different carbon sources revealed a substrate-dependent
regulation of catalytic components. This insight is cru-
cial for understanding the metabolic strategies employed
by this bacterium in response to different carbohydrate
resources.

In our analysis of the cellulosomal subunits encoded by
the cip-cel and xyl-doc clusters among different carbon
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Fig. 3 Expression profile of CAZymes in R. papyrosolvens genes in response to five carbon sources. A Heatmap of CAZyme gene expression. The
expression values of the duplicate sample for five carbon sources (glucose (Glu), cellobiose (Ceb), xylan (Xyn), cellulose (Cel), corn stover (CS))
were used to plot the heatmap by hierarchical cluster analysis. The color scale indicates the relative expression levels, with red representing high
expression and green indicating low expression. The structural [cellulosomal component (CC) and non-cellulosomal enzyme (NC)] and functional
[glycoside hydrolase (GH), carbohydrate esterase (CE), polysaccharide lyase (PL)] characteristics of CAZymes were distinguished by different color
blocks. B and C The expression comparison of the cip-cel (B) and xyl-doc (C) cellulosomal gene clusters under various carbon sources. The values
shown are the means of three replicates, and the error bars indicate standard deviations from the mean values

sources, we observed similar patterns of gene expression.
The transcriptomic data revealed that both the cip-cel
and xyl-doc gene clusters were significantly upregulated
in response to cellulose and corn stover. Notably, the cip-
cel operon exhibited higher expression under cellulose
than corn stover. Conversely, the xyl-doc clusters showed
higher expression under corn stover than cellulose. In
addition, we found that the expression of upstream genes
within these clusters was much higher than that of down-
stream genes (Fig. 3B, C). For example, within the cip-cel
operon, the expression levels of the first six genes were
higher than those of the last six. Specifically, the first two
genes (P0092_RS10440, which encodes the scaffoldin
ScaA, and P0092_RS10445, encoding an exoglucanase
of GH48) showed a marked increase in expression com-
pared to the others (Fig. 3B). The genes in the xyl-doc
cluster seemed to exhibit a gradual decrease in transcrip-
tion levels in the direction of transcription (Fig. 3C). In

total, the high expression of both the cip-cel and xyl-doc
gene clusters under cellulose and corn stover suggests
that they play a crucial role in the degradation of ligno-
cellulosic biomass.

ABC transporters and CAZymes are regulated

by two-component systems

In addition to utilizing CAZymes for the degrada-
tion of lignocelluloses, bacteria must also deploy sugar
transporters to import sugars into cells. Unlike many
solventogenic clostridia that transport sugars with
numerous phosphotransferase systems (PTS) [5, 37,
38], R. papyrosolvens instead adapts to sugars by modu-
lating the expression of different types of ATP-binding
cassette (ABC) transporters [5]. The genome analysis of
R. papyrosolvens, as annotated by KEGG, has revealed
a total of 18 gene clusters encoding sugar ABC trans-
porter systems, including 4 Aldouronate, 4 Raffinose/
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Stachyose/Melibiose, 1 Galactofuranose, 1 Arabinoo-
ligosaccharide, 2 myo-Inositol, 1 cellobiose, 1 Multi-
ple sugar, 1 Oligogalacturonide, 1 Fucose, 1 Ribose/
Autoinducer2/D-Xylose, and 1 sn-Glycerol 3-phos-
phate. Significantly, 14 of these ABC transporter gene
clusters are found to be adjacent to two-component
systems (TCSs) and/or CAZymes (Fig. 4A). This genetic
arrangement suggests a sophisticated regulatory mech-
anism that allows R. papyrosolvens to efficiently adapt
to and utilize a diverse range of sugar substrates.
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Transcriptomic analysis has revealed that genes
encoding ABC transporters are significantly upregu-
lated in corn stover (Fig. 2D). Consequently, a clustering
analysis was conducted on all ABC transporters of sug-
ars under various carbon sources. The results showed
that various sugar ABC transporter systems responded
with increased expression levels to different substrates.
For example, the gene clusters P0092_RS13490-13500,
P0092_RS14120-14130, and PO0092_RS15905-15915
were notably upregulated in the presence of mono- and
disaccharides, such as glucose and cellobiose. When
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Fig. 4 Regulation of ABC transporters and CAZymes by TCSs in R. papyrosolvens. A Genetic organization of loci encoding ABC transporters involved
in sugar import. Genes encoding ABC transporters are flanked by genes encoding TCSs, and/or CAZymes in 13 loci. Closed triangles indicate

the mutated HK genes, while open triangles indicate genes that were analyzed by gPCR. B Heatmap of sugar transport-related ABC transport
systems. C gRT-PCR analysis of relative expression of SBPs and CAZymes in the wild-type and HK mutants. The 16s rRNA gene was used as control.

Error bars indicate the standard deviation of triplicate experiments
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R. papyrosolvens is grown on polysaccharides, a differ-
ent set of transporters is activated. Notably, gene clus-
ters P0092_RS00760-00770, P0092_RS01090-01100,
P0092_RS05105-05120, and P0092_RS16800-16810 are
particularly highly expressed in xylan. For cellulose,
the clusters P0092_RS06155-06165, P0092_RS14120-
14130, and P0092 RS04470-04480 showed increased
expression. In the context of corn stover utilization,
a range of transporters are highly expressed, includ-
ing P0092_RS00725-00735, P0092_RS03190-03205,
P0092_RS04470-04480, P0092_RS05260-05270, PO092_
RS06400-06410, P0092_RS11350-11360, and P0092_
RS14615-14620 (Fig. 4B). These findings underscored
the substrate-specific regulation of sugar transporter
systems in R. papyrosolvens, highlighting its adaptabil-
ity to diverse carbon sources.

To further confirm the role of TCSs in regulation
of ABC transporters and CAZymes [39-41], we engi-
neered disruptions to six genes encoding histidine
kinases of TCSs using the ClosTron system (Fig. 4A
and S1). Subsequently, we examined the transcriptional
level of genes encoding substrate-binding proteins
(SBPs) of ABC transporters and CAZymes that are
proximal to the mutated TCSs. The results showed that
the disruption of the histidine kinase genes would lead
to a suppression of transcription in their neighboring
ABC transporters and CAZymes. Intriguingly, the gene
cluster P0092_RS00715-00780 contains a single histi-
dine kinase gene (P0092_RS00750), which is flanked by
two response regulator genes and two ABC transporter
genes. Upon disruption of P0092_RS00750, transcrip-
tion of the proximal SBPs and CAZymes was repressed,
indicating that the histidine kinase encoded by P0092_
RS00750 sent sugar signals to two response regulators,
thereby regulated the transcription of two ABC trans-
porters (Fig. 4C).

On the other hand, some gene clusters encoding ABC
transporters that are not in close proximity to TCS still
exhibit regulated transcription under different car-
bon sources. For example, the gene cluster of P0092_
RS15915-15900, which encodes an ABC transporter and
lacks adjacent TCS, displayed high transcription under
glucose and cellulose. This pattern is consistent with the
expression profile of the gene cluster P0092_RS13500-
13490 that is adjacent to a TCS (Fig. 4B). Remarkably, the
disruption of the histidine kinase gene (P0092_RS13480)
resulted in the suppression of expression for both the
P0092_RS15915-15900 and P0092_RS13500-13490 ABC
transporters, suggesting that these two ABC transporters
were under the control of the same TCS (Fig. 4C). Thus,
the findings underscore the pivotal role of a single TCS
in regulating transcription of multiple ABC transporters,
either in close proximity or at a distance.
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Central carbon metabolism in R. papyrosolvens

A variety of lignocellulose-derived sugars are selec-
tively transported into R. papyrosolvens cells through
their specific ABC transporters. Subsequently, hexoses
are converted to fructose-6-phosphate and enter the
glycolytic pathway. For example, glucose, mannose,
galactose, and cellobiose can directly enter the glyco-
lytic pathway with their respective enzymes. Pentoses
such as arabinose and xylose use an isomerase pathway
to enter the non-oxidative pentose phosphate pathway
(PPP) to form glyceraldehyde 3-phosphate and fructose
6-phosphate, which later enter into the Embden—Mey-
erhof-Parnas (EMP) pathway (Fig. 5A).

Furthermore, the transcript level of the genes encod-
ing metabolic pathway of hexoses was compared among
five carbon sources. Firstly, extracellular cellobiose
and cellodextrins are imported into cells by employ-
ing cellobiose ABC transport system (P0092_RS14120,
P0092_RS14125, P0092_RS14130). These substrates are
then further metabolized to generate glucose and glu-
cose-1-phosphate by cellobiose/cellodextrin phosphor-
ylase, which was highly expressed on cellobiose and
cellulose. In addition, cellobiose is also taken into cells
through PTS system (P0092_RS18685, P0092_RS18690,
P0092_RS18695) and is converted into cellobiose-
6-phosphate. The compound is subsequently cleaved
into glucose and glucose-6-phosphate by 6-phos-
phate-glucosidase (P0092_RS18670), which was highly
expressed on glucose and cellulose. And then glucose
and glucose-1-phosphate are transformed into glucose-
6-phosphate by glucokinase (P0092_RS10265, P0092_
RS18395) and phosphoglucomutase (P0092_RS06665),
respectively. Notably, P0092_RS10265, which encodes
glucokinase, was found to be highly expressed on cel-
lobiose, whereas its isoenzyme P0092_RS18395 was
predominantly expressed on corn stover, indicating
distinct functional roles. Secondly, galactose is phos-
phorylated to galactose-1-phosphate by galactoki-
nase (P0092_RS06435), and is further converted into
glucose-1-phosphate by galactose-1-phosphate uri-
dylyltransferases (P0092_RS03730, P0092_RS06430).
P0092_RS03730 showed high expression on cellulose
and corn stover, while P0092 _RS06430 was highly
expressed on glucose, cellobiose, and xylan. Lastly,
mannose is phosphorylated to mannose-6-phosphate
by hexokinase (P0092_RS20815) and is subsequently
isomerized to fructose-6-phosphate by mannose-
6-phosphate isomerase (P0092_RS16565) (Fig. 5B).
These results underscore the complexity and adapt-
ability of the hexose metabolic pathways in response to
different carbon sources, highlighting the potential for
metabolic engineering to enhance the efficiency of hex-
ose utilization in industrial applications.
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Fig. 5 Differential expression of genes involved in utilization of various sugars derived from lignocelluloses in R. papyrosolvens. A Schematic
representation of the pathways for utilization of different carbon sources. (B and C) Heatmaps of gene expression patterns associated with hexose

(B) and pentose (C) utilization among five different carbon sources

Moreover, the pentoses such as xylose and arabinose
derived from hemicellulose are efficiently metabolized by
R. papyrosolvens via the non-oxidative branch of the pen-
tose phosphate pathway. Specifically, xylose is converted
into xylulose by xylose isomerase (P0092_RS21685), and
is subsequently phosphorylated to xylulose-5-phosphate
by xylulokinases (P0092_RS03310, P0092_RS08370, and
P0092_RS21695). Both types of these enzymes exhib-
ited high levels of expression on xylan and corn stover.
Similarly, arabinose is isomerized to L-ribulose by ara-
binose isomerase (P0092_RS11715) and then phos-
phorylated to L-ribulose-phosphate by ribulokinases
(P0O092_RS06360 and P0092_RS17435), with both types

of enzymes showing heightened activity on corn stover.
L-Ribulose-phosphate is further transformed into xylu-
lose-5-phosphate by ribulose-5-phosphate-4-epimerase,
an enzyme that is notably expressed on xylan. Xylu-
lose-5-phosphate ultimately enters the Embden—Mey-
erhof-Parnas (EMP) pathway, in which transketolases
(P0O092_RS11705, PO092_RS11710, P0092_RS15955, and
P0092_RS15960) and transaldolase (P0092_RS15935)
were highly expressed on cellulose and corn stover
(Fig. 5C). This metabolic pathway highlights the versatil-
ity and efficiency of R. papyrosolvens in converting hemi-
celluloses-derived pentoses into intermediates of central
metabolism.
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Comparative metabolic profiling of R. papyrosolvens
To further understand the mechanisms of lignocellu-
lose degradation by R. papyrosolvens, we determined the
metabolic profiling of R. papyrosolvens grown on corn
stover compared with cellobiose using non-target metab-
olomic methods [42]. The metabolites with significant
differences were identified in corn stover and cellobiose
(Table S4). The results of KEGG pathway enrichment
showed that the metabolites were mainly enriched in
metabolic pathway, nucleotide metabolism, ABC trans-
porters, phosphotransferase system (PTS), alanine,
aspartate and glutamate metabolism, purine metabolism,
vitamin B6 metabolism, biosynthesis of cofactors and
C5-branched dibasic acid metabolism (Fig. 6A).
Furthermore, we compared the difference in metabo-
lite abundance between corn stover and cellobiose.
The significant differential metabolites were identified
with a VIP (variable importance in projection) value
greater than 1 and a P value less than 0.05. The findings
revealed a significant upregulation of 349 metabolites
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and a downregulation of 45 metabolites in corn stover
compared with cellobiose, suggesting that R. papyrosol-
vens produced more metabolites on corn stover (Fig. 6B).
Our data indicated that during the fermentation process,
R. papyrosolvens produced more metabolic intermedi-
ates of glycolytic pathways such as fructose 1-phosphate,
fructose 6-phosphate, glucose 6-phosphate, mannose
6-phosphate, mannose 1-phosphate, lactate, and pyru-
vate, when utilizing cellobiose compared to corn stover
(Fig. 6C). This suggests that R. papyrosolvens is capable of
releasing more energy and thus grows more rapidly when
metabolizing cellobiose. Conversely, R. papyrosolvens
was observed to produce a greater amount of metabolic
intermediates from EMP pathway, such as erythrose
4-phosphate, along with various secondary metabolites
like vanillic acid, ferulate, arabitol, xylitol, and glyceric
acid, during the fermentation of the corn stover than cel-
lobiose (Fig. 6D). This underscores the differential meta-
bolic strategies employed by R. papyrosolvens in response
to distinct carbon sources.
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Fig. 6 Comparison of metabolite profile of R. papyrosolvens between corn stover and cellobiose. A KEGG pathway enrichment analysis of all
metabolites identified in both corn stover and cellobiose. B Volcano plots showing differentially expressed metabolites in corn stover compared
to cellobiose. Red-colored dots indicate significant upregulation of metabolites, and green-colored dots indicate significant downregulation

of metabolites. C and D The box plots showing the compounds that were highly abundant in cellobiose (C) and corn stover (D)
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Discussion

The type species of Ruminiclostridium, such as Rumini-
clostridium cellulolyticum, Ruminiclostridium josui, and
R. papyrosolvens [3, 4, 39], are renowned for their secre-
tion of a repertoire of carbohydrate-active enzymes,
including cellulases, hemicellulases such as xylanases,
pectinases, and chitinases. Notably, some of these
enzymes form cellulosomes for the efficient degradation
of lignocellulose biomass. R. papyrosolvens stands out as
one of the most highly evolved species within the Rumin-
iclostridium genus [15]; thus, it is worth to analyze its
mechanisms for the degradation of lignocellulose.

In our study, we focused on 131 CAZyme genes that
are specifically involved in the degradation of lignocel-
lulose, which includes 57 cellulosomal genes and 74 free
CAZyme genes. However, there were significant dif-
ferences in their expression patterns. The cellulosomal
genes predominantly exhibited high expression levels
in cellulose and corn stover, whereas the genes encod-
ing free CAZymes were found to be highly expressed in
carbon sources that are more easily utilized, such as cel-
lobiose and xylan. This pattern aligns with our previous
findings in R. cellulolyticum [39], suggesting that cellu-
losomes may play a more crucial role in the degradation
of lignocellulosic materials compared to free CAZymes.
On the other hand, the enzymes with distinct functions
were selectively induced to express in response to their
specific substrates. For example, members of the GH94
family involved in intracellular phosphorolytic cleav-
age of cellodextrin and cellobiose were upregulated on
cellobiose. Similarly, GH10 xylanases were found to be
upregulated when xylan was present. High levels of GH5
and GH9 glucanases were observed on cellulose bio-
mass. GH43 hemicellulases, which are responsible for
the hydrolysis of a variety of different hemicelluloses,
were highly expressed on corn stover. In addition, the
expression patterns observed for the cip-cel and xyl-doc
gene clusters in R. papyrosolvens are remarkably similar
to those in R. cellulolyticum. This suggests that the regu-
latory mechanisms found in R. cellulolyticum, including
carbon catabolite repression (CCR) [39], TCS [39, 43],
and selective RNA processing and stabilization (SRPS)
[44], are likely to function in R. papyrosolvens as well.

Anaerobic, mesophilic, and cellulolytic bacteria, such
as Ruminiclostridium termitidis, and R. cellulolyticum,
mainly employ ABC transporter systems to import sug-
ars derived from lignocelluloses [39, 45, 46]. The expres-
sion of these ABC transporters is typically controlled by
TCSs, which are encoded by genes located in proximity
to the transporter genes themselves (Fig. 4). Canonical
TCSs are composed of a histidine kinase (HKs) equipped
with an extracellular sensor domain and a response regu-
lator (RRs). However, three genomic loci of TCSs harbor

Page 12 of 14

an additional gene that encodes sugar-binding proteins
(SBPs). These SBPs serve as signal collectors, amplifying
the TCS’s response to extracellular sugars. As a result,
these augmented systems can be classified as three-
component systems, which provide an additional layer
of regulation and control over the bacterial sugar uptake
mechanisms. The three-component system is also found
in R. cellulolyticum and Clostridium beijerinckii [43, 47],
indicating that it may play a broad role in these bacte-
ria. Furthermore, our results revealed that TCSs not
only control the expression of ABC transporters located
adjacent to their genes but also exert control over ABC
transporters that are situated at a considerable genomic
distance. For example, the TCS encoded by P0092_
RS13475-13485 simultaneously control the expression of
the ABC transporters encoded by P0092_RS15915-15900
and P0092_RS13500-13490. It underscores the intricate
and far-reaching nature of TCS-mediated gene regula-
tion, which could have implications for understanding
how bacteria adapt to varying environmental conditions
and nutrient availability. It also highlights the potential
for TCSs to serve as master regulatory switches for the
expression of multiple transport systems, influencing the
bacteria’s metabolic flexibility and ecological fitness.
Bacteria, like R. papyrosolvens, exhibit adaptable meta-
bolic machineries that are able to handle fluctuating envi-
ronmental carbohydrate availability. The regulation of
these processes is complex and appears to be controlled
by a combination of CCR and operon-specific regula-
tors [39]. First, R. papyrosolvens, like other cellulolytic
clostridia such as R. cellulolyticum [48] and Clostridium
thermocellum [49], shows a preference for cellobiose
over glucose as a carbon source. Notably, R. papyrosol-
vens harbors an additional PTS for the transport of cel-
lobiose, complementing the ABC transporter system
that is a common ortholog among cellulolytic bacte-
ria [5]. This preference suggests that cellobiose may act
as a CCR trigger in these bacteria, contrasting with the
role of glucose in Escherichia coli and Bacillus subtilis.
Second, genes that encode metabolic pathways of hex-
oses and pentoses tend to cluster together, such as those
involved in the pentose phosphate pathways. Meanwhile,
a gene encoding a transcriptional regulator is typically
found upstream or downstream of these gene clusters.
These gene clusters were co-transcribed and exhibited
substrate specificity, suggesting that the regulator acts as
an operon-specific regulator to control the expression of
these gene clusters. Third, R. papyrosolvens, known for
their production of major metabolic pathway products of
Ruminiclostridium species such as acetic acid, formate,
ethanol, and lactic acid [6, 45, 50], also exhibits the abil-
ity to generate short-chain fatty acids like butyric acid
by the butyrate kinase (P0092_RS03275). Thus, it can be
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considered as a probiotic for animal intestines, akin to
Clostridium butyricum [51], due to its butyric acid pro-
duction, which promotes intestinal health. Furthermore,
R. papyrosolvens is capable of releasing valuable end-
products from corn stover, including xylitol, vanillic acid,
and ferulate [52-54]. This study has not only enhanced
our understanding of the physiology and metabolism of
R. papyrosolvens, but also laid a foundation for future
metabolic engineering research.

Conclusion

In conclusion, based on transcriptomic and metabo-
lomics techniques, the differential expression of genes
and metabolites in R. papyrosolvens under different sub-
strate conditions was comprehensively analyzed. The
important related functional genes of the lignocellulose
degradation process were also analyzed. The key genes
of R. papyrosolvens degrading lignocellulose model com-
pounds are CAZymes, ABC transporters, and two-com-
ponent systems. The pathways and metabolic profiling
of lignocellulose degradation by R. papyrosolvens were
determined. This study deepens our understanding of
the composition of the lignocellulose-degrading enzymes
and metabolic pathways, and laid the foundation for the
future development of strategies to systematically regu-
late the lignocellulose biodegradation.
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