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Abstract 
Herbivorax saccincola A7 is an anaerobic alkali-thermophilic lignocellulolytic bacterium that possesses a cellulosome and 
high xylan degradation ability. To understand the expression profile of extracellular enzymes by carbon sources, quantitative 
real-time PCR was performed on all cellulosomal and non-cellulosomal enzyme genes of H. saccincola A7 using cellulose and 
xylan as carbon sources. The results confirmed that the scaffolding proteins of H. saccincola A7 were expressed. In general, 
the cellulosomal genes belonging to the glycoside hydrolase families 9, 10, 11, and 48 were repressed when xylan was the sole 
carbon source, but these genes were significantly induced in the presence of cellulose. These results indicate that cellulose, not 
xylan, is a key inducer of cellulosomal genes in H. saccincola A7. The RsgI-like proteins, which regulate a carbohydrate-sensing 
mechanism in Clostridium thermocellum, were also found to be encoded in the H. saccincola A7 genome. To confirm the regu-
lation by RsgI-like proteins, the relative expression of σI1–σI4 factors was analyzed on both carbon sources. The expression 
of alternative σI1 and σI2 factors was enhanced by the presence of cellulose. By contrast, the expression of σI3 and σI4 factors 
was activated by both cellulose and xylan. Taken together, the results reveal that the cellulosomal and non-cellulosomal genes 
of H. saccincola A7 are regulated through a carbohydrate-sensing mechanism involving anti-σ regulator RsgI-like proteins.

Key points
• qRT-PCR performed on cellulosomal and non-cellulosomal genes of H. saccincola A7
• Cellulose is a key inducer of the cellulosome of H. saccincola A7
• H. saccincola A7 possesses a similar system of anti-σ regulator RsgI-like proteins

Keywords  Herbivorax saccincola · Acetivibrio saccincola · Cellulosome · Non-cellulosome · Carbohydrate-sensing 
mechanism · Lignocellulose

Introduction

Lignocellulosic biomasses such as rice straw, corn stover, 
and empty fruit bunches are some of the most abundant 
renewable polysaccharide resources that have great potential 
for biofuel and biochemical conversion. The polysaccharides 
within lignocellulosic biomass mainly comprise cellulose 
and hemicellulose (Sun and Cheng 2002).

The cellulosome, a multienzyme complex produced by 
anaerobic cellulolytic bacteria such as Clostridium spp. 
(including C. thermocellum, C. cellulolyticum, and C. cel-
lulovorans), is efficient at degrading plant biomass (Bayer 
et  al. 2004; Lynd et  al. 2002). The cellulosome of C. 

thermocellum is well characterized and consists of a large 
(197 kDa), non-catalytic, multimodular scaffolding protein 
CipA, which includes nine cohesins, four hydrophilic mod-
ules, a family 3 carbohydrate-binding module (CBM3), and 
more than 40 cellulosomal enzymes (Bayer et al. 2004). The 
catalytic units of the cellulosomal enzyme are non-cova-
lently attached to CipA via high-affinity type I interactions 
between the dockerin domains of the catalytic units and the 
cohesins on CipA. Biological saccharification and consoli-
dated bioprocessing using C. thermocellum with the cellulo-
some system has been shown to be cost-effective and useful 
for lignocellulosic biomass degradation (Bayer et al. 2004; 
Demain et al. 2005; Lynd et al. 2002).

Regulation studies in C. thermocellum (Dror et al. 2003; 
Raman et al. 2011; Riederer et al. 2011; Stevenson and 
Weimer 2005) demonstrated that the expression level and Extended author information available on the last page of the article
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the composition of the cellulosomal proteins vary with the 
availability of the carbon source (cellobiose and cellulose) 
and the presence of extracellular plant cell wall-derived pol-
ysaccharides. C. thermocellum encodes and regulates many 
hemicellulase genes; however, it cannot utilize the end-prod-
ucts such as pentose, because it lacks the essential genes 
for the pentose catabolism pathway (Demain et al. 2005; 
Lynd et al. 2002). Recently, Kahel-Raifer et al. and Nataf 
et al. (Kahel-Raifer et al. 2010; Nataf et al. 2010) identified 
a novel carbohydrate regulatory system in C. thermocellum 
that allows this organism to sense and react to the presence 
of high molecular weight polysaccharides in the extracellular 
environment without importing their low molecular weight 
degradation products. The majority of cellulosomal genes 
of C. thermocellum are regulated by a carbohydrate sen-
sory system (Nataf et al. 2010). In this system, the different 
components of the lignocellulosic biomass would be extra-
cellularly detected by RsgI-borne binding elements such as 
cellulose binding modules (CBMs) and glycoside hydrolases 
(GHs), and appropriate signals are intracellularly transmit-
ted (Kahel-Raifer et al. 2010; Nataf et al. 2010). Thus, it 
would be useful to study the comprehensive regulation of 
cellulosomal or non-cellulosomal enzyme expression in 
hemicellulose-assimilating cellulolytic thermophilic bacteria 
other than C. thermocellum, such as Herbivorax saccincola 
(Acetivibrio saccincola), to understand their lignocellulosic 
biomass degradation mechanisms.

H. saccincola A7, an anaerobic alkali-thermophilic 
bacterium, was newly identified from bovine manure com-
post (Aikawa et al. 2018). H. saccincola A7 can utilize a 
wide range of carbon sources, including cellulose, xylan, 
and natural plant biomass (Aikawa et al. 2020). The high-
quality draft genome sequence revealed that this organism 
produces a cellulosome-like multienzyme complex, contain-
ing many enzymatic subunits (Aikawa et al. 2020). However, 
the mechanism by which H. saccincola A7 flexibly responds 
to different polysaccharides, other than cellulose, and regu-
lates the expression of biomass degradation-related genes 
is unclear.

In this study, a quantitative real-time PCR (qRT-PCR) 
technique was carried out to demonstrate the expression pro-
files of the genes encoding cellulosomal scaffold protein and 
GHs on cellulose, xylan, or both cellulose and xylan. Cellu-
lose, as an extracellular polysaccharide, is the main inducer 
for cellulosomal and non-cellulosomal enzyme subunits of 
H. saccincola A7. We also confirmed the presence of an 
external carbohydrate-sensing system in H. saccincola A7, 
similar to that found in C. thermocellum. These results pro-
vide valuable insight into the biomass degradation mecha-
nism of H. saccincola A7, a hemicellulose-assimilating 
bacterium with a different sugar metabolism from that of 
C. thermocellum.

Materials and methods

Substrates and carbon source preparation

Carboxymethyl cellulose (CMC, low viscosity) and micro-
crystalline cellulose powder (Sigmacell Type 20) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Oat-spelt 
xylan was purchased from Tokyo Chemical Industry Co., 
Ltd. (TCI, Tokyo, Japan). Cellobiose was purchased from 
FUJIFILM Wako Pure Chemicals. Phosphoric acid swollen 
cellulose (PASC) was prepared from Sigmacell Type 20, as 
previously described by Walseth (1952).

Microorganisms and culture media

H. saccincola A7 was isolated from the cellulose-degrading 
bacterial community inhabiting bovine manure compost on 
Ishigaki Island, Japan (Aikawa et al. 2018). Clostridium 
thermocellum ATCC 27405T was obtained from the Ameri-
can Type Culture Collection (ATCC) (Nhim et al. 2022). 
Basal medium (BM) was prepared with the following com-
position per liter: 2.9 g K2HPO4, 1.5 g KH2PO4, 2.1 g urea, 
6 g yeast extract, 0.01 g CaCl2·2H2O, 2.5 g Na2CO3, 0.5 g 
L-cysteine-HCl, 0.5 mg resazurin, and 200 µL mineral solu-
tion (25.0 g/L MgCl2·6H2O, 0.312 g/L FeSO4·7H2O, and 
37.5 g/L CaCl2·2H2O) and was distributed into Hungate 
tubes (Bellco Glass, Inc., Vineland, NJ, USA) and/or serum 
bottles. BM containing each carbon source was degassed by 
heating in boiling water, followed by bubbling with high-
purity N2 (BMN), and high-purity CO2 (BM7CO) to cre-
ate anaerobic conditions (Nhim et al. 2022), before being 
autoclaved.

Enzyme production and enzyme activities

H. saccincola A7 and C. thermocellum ATCC 27405T were 
cultured in BMN or BM7CO medium supplemented with 
a 1% carbon source for 4 days, respectively. The culture 
supernatant was collected by centrifugation and affinity 
was concentrated by mixing the culture supernatant with 
1% PASC in 0.15 M sodium chloride and stirring gently at 
4 °C overnight. Washing and elution steps were performed 
using centrifugation at 10,019 × g and 4 °C for 10 min. The 
PASC-binding proteins were washed twice with cooled 
phosphate-buffered saline (pH 7.0) and then eluted with 
0.25% sucrose. The total volume of eluent was concentrated 
using 5000 MWCO PES-ultrafiltration Vivaspin columns 
(Sartorius, Göttingen, Germany). Desalting was performed 
using Econo-Pac® 10 DG columns (Bio-Rad Laboratories, 
Hercules, CA, USA). Protein concentration was meas-
ured by the BCA method (Wiechelman et al. 1988) using 
bovine serum albumin as a standard. Enzyme activities were 
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determined using 100 µg of the PASC-binding protein mixed 
with the substrate in 0.1 M sodium phosphate buffer, pH 7.0, 
and incubated at 60 °C for 10 min. One percent (w/v) PASC 
and oat-spelt xylan were used as substrates for PASCase 
and xylanase activities, respectively. The release of reduc-
ing sugars was determined by the Somogyi–Nelson method 
(Nelson 1944) using xylose or glucose as the standard. One 
unit (U) of enzyme activity was defined as the amount of 
enzyme required to release 1 µmol of reducing sugar per 
minute under the assay conditions.

Growth quantitation

The growth quantitation method used was adapted from the 
method described by Tang et al. (2015). This method is unaf-
fected by the mixing of insoluble substrates such as cellu-
lose and xylan, and it provides a sensitive and reproducible 
measure of the growth of cultured bacteria. H. saccincola 

A7 was cultured in the BMN medium in which a cellobi-
ose, cellulose, xylan, and cellulose-xylan (1:1) mixture at a 
concentration of 1% (w/v) was used as the carbon source. A 
5-mL aliquot was sampled at 6, 12, 24, 48, 72, and 96 h, and 
then cells were harvested by centrifugation at 10,000 rpm 
and stored at – 20 °C for subsequent DNA extraction. The 
protein content in the culture supernatant was determined as 
described above. DNAs were isolated using the phenol–chlo-
roform extraction method and the purity and concentration 
were verified using a NanoDrop spectrophotometer (ND-
ONE-W, Thermo Fisher Scientific, Waltham, MA, USA). To 
generate a standard curve of the 16S rRNA gene, PCR was 
performed to amplify the 16S rRNA domain of H. saccin-
cola A7 using the primers listed in Supplementary Table S1. 
The PCR product (103 bp) was used to calculate the copy 
number of the 16S rRNA gene using the equation indicated 
below and was then subjected to tenfold serial dilution from 
102 to 108 copies.

Copy number per �L=
[DNA concentration (ng∕�L) × 10−9 (g∕ng)] × [6.02 × 1023 (mol−1)]

[gene size (bp) × 660 (Dalton∕bp)]

Total RNA extraction and cDNA synthesis

Bacterial cultures with cellobiose, cellulose, xylan, or the 
cellulose and xylan mixture as a carbon source were har-
vested at mid-log phase, treated with RNA Protect Bacteria 
reagent (Qiagen, Hilden, Germany) immediately according 
to the manufacturer’s instructions, and stored at − 80 °C 
until extraction. Total RNA was extracted using the RNe-
asy mini kit (Qiagen), including on-column DNase treat-
ment. The quality of RNA was verified from the A260/280 
(1.9 to 2.1) readings using a NanoDrop spectrophotometer. 
The cDNA was synthesized from 40 ng of RNA using 
the QuantiTect Reverse Transcription Kit (Qiagen). The 
cDNA was diluted 10 times and stored at − 20 °C prior 
to use.

Primer design

Primers used in this study were designed using the Primer-
BLAST primer design tools on the National Center for 
Biotechnology Information (NCBI) website (https://​www.​
ncbi.​nlm.​nih.​gov/​tools/​primer-​blast/). The primers were 
synthesized by Hokkaido System Science Co., Ltd. (Hok-
kaido, Japan). The synthetic primers were diluted in steri-
lized MilliQ water to the appropriate concentration before 
use. The primer sequences are listed in Table S1.

Analysis of qRT‑PCR and candidate gene expression

The qRT-PCR reaction, in a total volume of 10 µL, was 
performed using the CFX96 Touch Real-Time PCR Detec-
tion System and SsoAdvanced™ Universal SYBR® Green 
Supermix (Bio-Rad Laboratories) with the following 
conditions: denaturation at 95 °C for 30 s, followed by 
40 cycles of denaturation at 95 °C for 5 s and annealing 
at 58 °C for 10 s. A final extension step was conducted at 
72 °C for 5 min. To generate the standard curve, the cycle 
threshold (Ct) of each standard sample was plotted against 
the log of the copy number of the 16S rRNA gene. The 
growth curve for each sample was generated using qRT-
PCR and the conditions stated above. The cycle threshold 
(Ct) of each growth curve sample was then compared with 
a standard curve. Growth curves were plotted between the 
copy number of the 16S rRNA gene and the cultivation 
time. The relative quantification of each transcript was 
calculated by the equation (Schmittgen and Livak 2008) 
indicated below using the tpi gene as an internal calibra-
tor gene.

Expression level	� = ̠ ΔCt 
Comparative expression	� = 2˗[ΔCt of cellulose, xylan, or cellulose and 

xylan ˗ ΔCt of cellobiose] 
When ΔCt	� = [Ct of target gene ˗ Ct of tpi 

gene]

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Determination of stable calibrator genes

The stability of the 10 candidate calibrator genes, namely 
16S rRNA, adk (adenylate kinase), gluD (glutamate dehydro-
genase), gukL (guanylate kinase), gyrA (gyrase subunit A), 
recA (recombinase A), rho (transcription termination factor), 
rpoA (DNA-directed RNA polymerase subunit), rpsJ (30S 
ribosomal protein S10), and tpi (triosephosphate isomerase), 
were analyzed using RefFinder (https://​www.​heart​cure.​com.​
au/​reffi​nder/, February 16, 2021) (Xie et al. 2023), geNorm 
(Vandesompele et al. 2002), NormFinder (Andersen et al. 
2004), BestKeeper (Pechtl et al. 2018) and the comparative 
Δ˗Ct method (Silver et al. 2006), to recommend a compre-
hensive ranking of all calibrator genes. In quadruplicate, 
cDNA from the mid-log phase of growth in cellobiose, cel-
lulose powder, xylan, and the cellulose-xylan mixture was 
subjected to qRT-PCR for each candidate calibrator gene. 
The Ct data were subjected to analysis on RefFinder soft-
ware and geomean ranking values were estimated along with 
the four different statistical algorithms including geNorm, 
NormFinder, and BestKeeper, and the comparative Δ˗Ct 
method. The geNorm can express the stability of the calibra-
tor genes by the M-value, i.e., the smaller the M-value, the 
more stable the calibrator gene (Vandesompele et al. 2002). 
NormFinder can express the stability of the calibrator genes 
by means of the stability value. The smaller the stability 
value, the more stable the calibrator gene (Andersen et al. 
2004). BestKeeper can express the stability of the calibra-
tor genes by the standard deviation, coefficient of variation 
(CV), and geomean (Pfaffl et al. 2004). When the standard 
deviation is less than 1, the gene can be used as an internal 
calibrator gene (Pfaffl et al. 2004). The most and least stable 
calibrator genes in the different carbon sources were vali-
dated by evaluating the expression of the scaffolding gene 

(accession number: PQQ66558.1) (scaff) in H. saccincola 
A7. The relative expression of the target genes was calcu-
lated using the 2−ΔΔCt method. Cellobiose is set as a base 
carbon source for comparison with other carbon sources. 
Four biological replicates were used in this analysis.

Repositories

Japan Collection of Microorganisms (JCM): Herbivorax sac-
cincola A7 (JCM 31827)

Deutsche Sammlung von Mikroorganismen und Zellkul-
turen (DSM): Herbivorax saccincola A7 (DSM 104321)

The National Center for Biotechnology Information 
(NCBI) accession number for the draft genome sequence of 
Herbivorax saccincola A7 is PRJNA384108.

Gene Expression Omnibus (GEO) accession number for 
the raw and normalized qRT-PCR data is GSE165680.

Results

Xylanolytic and cellulolytic enzyme activities of H. 
saccincola A7 in response to carbon sources

H. saccincola can utilize pentose-based polysaccharides 
such as xylan for cell growth. To evaluate whether the 
extracellular GHs of H. saccincola A7 are influenced by 
the use of cellulose and xylan as carbon sources, the activi-
ties of cellulase and xylanase were measured using PASC-
binding proteins prepared from media containing different 
proportions of cellulose and xylan. The PASCase activity of 
C. thermocellum was found to be slightly increased in the 
presence of xylan, but decreased rapidly when the percent-
age of xylan was more than 50% (Fig. 1a). By contrast, the 
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Fig. 1   The effects on cellulase and xylanase activities produced by 
C. thermocellum and H. saccincola A7 in mixed carbon source cul-
tures with varying cellulose to xylan ratios. The specific activity of 
PASCase (cellulase) (a) and xylanase (b) was measured using PASC-

binding protein prepared from C. thermocellum and H. saccincola A7 
grown in medium supplemented with different ratios of cellulose and 
xylan. The x-axis shows the concentration of xylan as a percentage of 
the 1% carbon source
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PASCase activity of H. saccincola A7 was not significantly 
affected by increasing the xylan content (Fig. 1a). The PAS-
Case and xylanase activities of C. thermocellum decreased 
with increasing xylan concentration (Fig. 1a, b). This may 
be due to poor growth resulting from low xylan assimilation. 
The xylanase activity of H. saccincola A7 was increased 
along with the xylan concentration in the medium (Fig. 1b), 
whereas the PASCase activity was unaffected by increasing 
xylan concentration (Fig. 1a), suggesting the existence of 
a specific expression mechanism that maintains PASCase 
activity regardless of cellulose presence. Xylanase activity 
was enhanced with increasing xylan concentration, sug-
gesting that C. thermocellum may have a regulatory xylan-
induced expression system (Fig. 1b) and that the response 
in the presence of extracellular polysaccharides differs from 
that of C. thermocellum.

Determination of sampling points and correction 
genes of H. saccincola A7 for qRT‑PCR assays

Gene expression is dependent on the bacterial cell growth 
phase (Rydzak et al. 2012). To verify the growth character-
istics of H. saccincola A7, a standard curve was plotted from 
three replicate reactions based on serial dilutions of the 16S 
rRNA gene (Bartoš et al. 2024). The results showed that the 
linear range of the amplified 16S rRNA-based qPCR assay 
for H. saccincola A7 was 105 to 108 copies (Supplementary 
Figure S1). When distinct carbon sources, such as cellulose 
and xylan are utilized, the adjustment of the sampling point 
for the growth phase of H. saccincola A7 on each carbon 
source is important. The growth curve of H. saccincola A7 
with cellobiose, cellulose, xylan, and a cellulose-xylan mix-
ture as the carbon source was plotted based on the copy 
number of the 16S rRNA gene for each culture (Fig. 2). H. 
saccincola A7 grew fastest on cellobiose compared with the 
other carbon sources, but the cell density did not increase 

(Fig. 2). When cellulose and the cellulose-xylan mixtures 
were used as carbon sources, the cell density of H. saccin-
cola A7 was increased compared to the other carbon sources. 
In addition, the cellulose-xylan mixture as a carbon source 
showed the fastest growth rate with a slight lag phase up to 
about 12 h (Fig. 2). By contrast, the growth rate and density 
of H. saccincola A7 were slower when xylan was used as the 
carbon source. Based on these growth curves and cell densi-
ties, we next examined gene expression by sampling cells at 
mid-log phase, i.e., after 12 h for cellobiose, 24 h for cellu-
lose, 48 h for xylan, and 18 h for the cellulose-xylan mixture.

Stability analysis of the candidate calibrator genes 
in H. saccincola A7

A candidate calibrator gene is usually defined by the sta-
bility of its expression, i.e., a low coefficient of variation 
(CV) and a maximum fold change, which is the ratio of the 
maximum and minimum values observed within the data 
set less than two, and a mean value less than the maximum 
value minus two standard deviations (De Jonge et al. 2007). 
Ten candidate calibrator genes were validated, namely 16S 
rRNA, adk, gluD, gukL, gyrA, recA, rho, rpoA, rpsJ, and tpi. 
The RNA expression levels of the 10 candidate calibrator 
genes were measured in quadruplicate under the four differ-
ent carbon sources at the mid-log growth phase described 
above. The Ct values of the 10 candidate calibrator genes 
from the qRT-PCR were evaluated using RefFinder soft-
ware to recommend a comprehensive ranking of all cali-
brator genes. Table 1 shows the results obtained with the 
geNorm and NormFinder algorithms, with tpi being the 
most suitable candidate calibrator gene. 16S rRNA was the 
top-ranked using BestKeeper, whereas the adk gene ranked 
highest using the comparative Δ˗Ct method. Based on the 
comprehensive rankings of the RefFinder software, the 
best candidate calibrator gene was tpi in H. saccincola A7. 
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To validate the calibrator genes selected by the four sta-
tistical algorithms, the most stable and unstable calibrator 
genes were used to confirm the relative expression levels of 
scaff, a scaffold protein known to be more upregulated in 
the presence of cellulose than cellobiose. The upregulated 
expression of the scaffold proteins was only detected when 
the most stable calibrator genes, tpi and adk, were used for 
normalization (Fig. 3). Downregulation was detected for the 
least stable calibrator genes, 16S rRNA and recA. Of tpi and 
adk, the most stable calibrator genes, we selected tpi as the 
calibrator gene for qRT-PCR in H. saccincola A7.

Expression analysis of the scaffolding proteins, 
and the cellulosomal and non‑cellulosomal‑related 
genes, in H. saccincola A7 by carbon source

It has been revealed by genome sequence analysis that H. 
saccincola A7 has cellulosomal and non-cellulosomal sys-
tems, similar to C. thermocellum. To understand whether 
cellulose and hemicellulose-degrading enzymes are influ-
enced by extracellular carbon sources, we analyzed the 
expression levels of all cellulosomal-related genes and 
all non-cellulosomal GH genes in H. saccincola A7 by 
qRT-PCR following culturing with cellobiose, cellu-
lose, xylan, or a mixture of cellulose and xylan as carbon 
sources. The cellulosomal scaffold proteins of H. saccin-
cola A7 are known to comprise six scaffold proteins and 
one scaffold-like GH (Fig. 4). The expression levels of 
each gene were compared with the expression level of the 
tpi gene as a calibrator gene and are presented as a heat-
map (Fig. 5). Comparison of the expression levels of these 
scaffolding protein genes on each carbon source revealed 
that the major scaffolding protein (PQQ66558.1) and the 
anchor proteins (PQQ66559.1 and WP_105367906.1) are 
highly expressed on all carbon sources (cellobiose, cellu-
lose, xylan, and a mixture of cellulose and xylan) (Fig. 5). 
Although expression of the anchoring proteins (PQQ66559.1 
and WP_105367906.1) was slightly higher when cellulose, 
xylan, and a mixture of cellulose and xylan were used as 
the carbon source, the expression of other integrated pro-
teins (PQQ67419.1 and PQQ67420.1), anchoring proteins 
(PQQ67184.1 and PQQ68014.1), and the scaffolding-like 
GH protein (PQQ66177.1) was poor on all carbon sources 
(Fig. 5). These results indicate that the cellulosome system 
of H. saccincola A7 is mainly composed of the major scaf-
fold protein (PQQ66558.1) and the two anchor proteins 
(PQQ66559.1 and WP_105367906.1).

The expression pattern of GH family genes encoding cel-
lulosomal and non-cellulosomal proteins was also compared 
on different carbon sources (Fig. 5). The expression of 42 
out of 52 GH genes was found to be affected by the type of 
carbon source in H. saccincola A7. Among the cellulosomal 
and non-cellulosomal GH proteins, GH5_4 (PQQ66693.1: Ta
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GH5-DocI), GH10_3 (PQQ67442.1: CBM4-GH10-DocI), 
GH30 (PQQ67632.1: DocI-GH30), GH11_5 (PQQ66320.1: 
GH11-CBM6-DocI-AcXEs), GH11_7 (PQQ66270.1: 
GH11-CBM6-DocI-XynB), GH10/11 (PQQ65739.1: GH11-
CBM6-DocI-GH10), GH10_1 (PQQ66321.1: 4CBM4s-
GH10-CBM9-3SLHs), GH94_2 (PQQ67605.1: GH94-
GH36), GH11_2 (PQQ67643.1: GH11-2CBM6s-CBM2), 
and GH11_6 (PQQ66159.1: GH11), were expressed on 
all carbon sources, indicating that they are permanently 
expressed GHs in H. saccincola A7. By contrast, three 

cellulosomal genes GH9_5 (PQQ67287.1: GH9-CBM3-
DocI), GH5_2 (PQQ67260.1: GH5-DocI), and GH10_4 
(PQQ66064.1: DocI-CBM6-GH10), and two non-cellulo-
somal genes GH43_3 (PQQ66698.1: GH43) and GH94_3 
(PQQ66110.1: GH94-GH36) were highly expressed only in 
the presence of cellulose as the carbon source, and two non-
cellulosomal genes GH9_4 (AUG58665.1; GH9-2CBM3s) 
and GH67 (PQQ66521.1; GH67) were only induced by 
xylan. These results suggest that most of the GH genes 
encode cellulosomal and non-cellulosomal enzymes of H. 

Fig. 3   Validation of H. sac-
cincola A7 calibration genes. 
The relative expression level 
of the scaffolding gene (scaff) 
of H. saccincola A7 grown in 
different carbon sources using 
different calibration genes (the 
most and least stable genes). 
Samples were taken from the 
mid-log phase of growth in 
cellobiose (CB), cellulose (CL), 
xylan (XL), and a cellulose-
xylan mixture (CX)

-8

-6

-4

-2

0

2

4

6

tpi adk 16S rRNA recA

CB CL XL CX

eneg gnidloffacs fo noisserpxe evitaleR
(s

ca
ff)

Scaffolding-
like GH protein
PQQ66177.1

S-
la
ye
r

Anchoring 
protein

Scaffold protein 
PQQ66558.1

CBM3
WP_105367906.1

CBM3

PQQ67419.1

Integrated 
protein

Cohesin II (CohII) Dockerin II (DocII)

Cohesin I (CohI) Dockerin I (DocI)

Glycoside hydrolase (GH)

CBM
17/28

CBM
17/28

PQQ67420.1

PQQ66559.1

PQQ67184.1
PQQ68014.1

Surface layer homology domain (SLH)

CBM Cellulose binding module (CBM)

Fig. 4   Schematic diagram of the primary and secondary scaffolding proteins of H. saccincola A7
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saccincola A7, whose gene expression is predominantly 
regulated by cellulose, and in some cases xylan. Interest-
ingly, the coexistence of cellulose and xylan resulted in the 
expression of several genes, such as GH9_13 (PQQ66854.1: 
GH9-CBM3-DocI), GH9_14 (PQQ66855.1: GH9-2CBM3s-
DocI), GH43_5 (PQQ68305.1: GH43-DocI), and GH11_9 
(AUG57751.1: GH11-CBM6-GH11-CBM6-DocI), although 
no expression was observed when cellulose or xylan was 
the sole carbon sources. H. saccincola A7 may have a two-
component sensor-like entity that senses the coexistence of 
cellulose and hemicellulose, as a possible explanation for 
these expression patterns. Based on the expression pattern 

of each gene by carbon source, H. saccincola A7 may have 
a sensor protein that senses external carbon sources, similar 
to the extracellular carbohydrate-sensing mechanism iden-
tified in C. thermocellum, which also functions to regulate 
gene expression.

Prediction of the carbohydrate‑sensing mechanism 
in H. saccincola A7

Recently, it has been demonstrated that the activation of 
genes encoding polysaccharide-degrading enzymes is regu-
lated by a broad carbohydrate-sensing mechanism. Based 

Cellulosomal scaffolding proteins

Cellulosomal enzymes

Non-cellulosomal enzymes

Fig. 5   Heatmap of transcriptional profiling of cellulosomal and non-
cellulosomal enzymes in H. saccincola A7. H. saccincola A7 was 
grown to mid-log phase on cellobiose (CB), cellulose (CL), xylan 
(XL), and a cellulose and xylan mixture (CX). Target gene expression 
was normalized to the expression of the triosephosphate isomerase 

(tpi) gene for each carbon source under the same conditions. Values 
reported are the mean of at least three independent qRT-PCR experi-
ments from quadruplicate cultures and are presented according to the 
gradient color bar
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on the expression analysis of cellulosomal and non-cellu-
losomal genes using cellulose and xylan as carbon sources, 
a similar carbohydrate-sensing mechanism likely exists in 
H. saccincola A7, especially when cellulose is the carbon 
source. To confirm the presence of RsgI-like anti-σ fac-
tors, we analyzed the H. saccincola A7 complete genome 
sequence, revealing the presence of 10 RsgI-like anti-σ 
factors in the genome (Fig. 6a). Among the 10 rsgI-like 
genes, rsgI1 to rsgI5 appeared to form a bicistronic operon 
downstream of the gene coding for σI-like factor (SigI), and 
RsgI-6 was found to contain a putative SigI domain in its 
N-terminal region (Fig. 6b). In addition, the genes rsgI7, 
rsgI8, rsgI9, and rsgI10 are located in the genome and are 
sigma factor-independent (Fig. 6a, b). The domain structures 
of these RsgI-like proteins have revealed that the C-termi-
nal region is extracellular and possesses polysaccharide 
binding and GH enzyme-like domain structures (Fig. 6b). 
The CBM family 3 module (CBM3) was observed in the 
C-terminal region of RsgI1 and RsgI2. RsgI3 contained two 
pectin-binding domains classified in the PA14 superfamily. 
In addition, RsgI4 contained an α-L-arabinofuranosidase B 

(AbfB) catalytic domain. No other RsgI-like proteins were 
recognized to contain characteristic C-terminal functional 
domains. To understand whether the RsgI-like protein and 
its complementary sigI function as extracellular carbohy-
drate sensors, the expression levels of four σ-factor genes 
(sigI1, sigI2, sigI3, and sigI4) in H. saccincola A7 were 
compared by qRT-PCR on cellobiose, cellulose, xylan, and 
a cellulose-xylan mixture as the carbon source (Fig. 7). The 
expression of sigI1 and sigI2 in H. saccincola A7 was upreg-
ulated 2–3 times in the presence of cellulose compared with 
xylan (Fig. 7). The presence of CBM3 at the C-terminus of 
anti-σI factors (RsgI1 and RsgI2) downstream of sigI1 and 
sigI2 suggests that it may serve as a cellulose-specific sens-
ing domain (Fig. 6). The three σI factors, sigI1, sigI2, and 
sigI3, were further upregulated in the presence of both cel-
lulose and xylan (Fig. 7). Among the anti-σI factors, RsgI3, 
is located downstream of sigI3 and contains a tandem pro-
tective antigen 14 (PA14) motif that binds pectin or xylan 
(Grinberg et al. 2019; Izquierdo et al. 2012; Kahel-Raifer 
et al. 2010) (Fig. 6), and was upregulated in the presence of 
xylan only. It was also interesting to observe that although 
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Fig. 6   Schematic diagram of the putative σI and anti-σI regulatory 
factors of H. saccincola A7. a White arrows indicate sigI genes and 
gray arrows indicate rsgI-like genes. The rsgI1–rsgI5 genes form 
bicistronic operons downstream of sigI, the rsgI-6 gene contains the 
putative sigI domain at the N-terminal region, and the rsgI7–rsgI10 
genes are monocistronic without an upstream sigI gene. b Schematic 
representation of the domain organization of the H. saccincola A7 

RsgI-like proteins. Linkers are shown as lines. Each protein contains 
an RsgI-like domain (dark gray) with/without various additional 
domains as follows: CBM3, carbohydrate-binding module family 3; 
PA14, pectin-binding domain; AbfB, alpha-L-arabinofuranosidase B 
catalytic module; UNK1-6, domains of unknown function. The length 
of the proteins (number of amino acids) is indicated by the ruler at 
the top
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sigI4 expression levels were low on cellulose or xylan alone, 
sigI4 was upregulated sixfold in the presence of both cel-
lulose and xylan compared with cellulose or xylan alone. 
The C-terminal side of RsgI4, which is downstream of sigI4, 
contains an alpha-L-arabinofuranosidase B (AbfB) catalytic 
domain. The expression of two σI factors, sigI1 and sigI2, 
may be mainly upregulated in the presence of cellulose and 
may control the expression of many cellulosomal and non-
cellulosomal enzyme subunits.

By contrast, sigI3 and sigI4 were upregulated in the pres-
ence of not only cellulose but also xylan. In particular, sigI4 
is uniquely upregulated in the presence of both cellulose 
and xylan, suggesting that several cellulosomal subunits 
such as GH9_13, GH9_14, GH43_5, and GH11_9, that are 
only expressed in the presence of a mixture of cellulose and 
xylan, may be regulated by sigI4.

Discussion

The newly classified H. saccincola, similar to C. ther-
mocellum, possesses a cellulosome enzyme complex and 
can degrade xylan as well as cellulose (Aikawa et al. 2018; 
Koeck et al. 2016). According to proteome (Raman et al. 
2011; Stevenson and Weimer 2005; Yoav et al. 2017) and 
transcriptome (Stevenson and Weimer 2005; Wei et al. 2014) 
analyzes of C. thermocellum, changes in carbon source 
alter the composition of cellulase and hemicellulase. That 
is, carbon sources are known to affect cellulosome activity 
by modulating the cellulosomal enzyme population and its 
structural composition; the cellulosomal enzymes of meso-
philic hemicellulolytic Clostridium cellulovorans (Doi and 
Kosugi 2004) appear to be more affected by the type of car-
bon source than the non-cellulosomal enzymes (Han et al. 
2004; Matsui et al. 2013). However, while C. thermocellum 
cannot grow on xylan as a sole carbon source, H. saccin-
cola can grow on xylan alone (Aikawa et al. 2020; Koeck 

et al. 2016). When H. saccincola A7 was grown in media 
with different concentration ratios of cellulose and xylan as 
carbon sources, cellulase activity was constant and did not 
change significantly, while xylanase activity increased with 
increasing xylan concentration. These results show that in 
H. saccincola A7, the presence of at least xylan enhances 
xylanase activity but has no effect on cellulase activity.

A comprehensive expression analysis of cellulosomal and 
non-cellulosomal protein-related genes in H. saccincola A7 
using qRT-PCR showed that cellulose induced the expres-
sion of many carbohydrate-degrading genes compared with 
xylan as the sole carbon source. In lignocellulose, cellu-
lose is surrounded by hemicellulose, including xylan and 
lignin, forming a complex, solid structure. In the lignocel-
lulosic conversion process, the hemicellulose and lignin 
components are usually removed in the pretreatment step 
(Bhattacharya et al. 2015; Gírio et al. 2010). The efficient 
removal of hemicellulose and lignin is believed to reduce 
the complexity of the cellulose structure, increase cellulose 
degradation efficiency, and accelerate the biomass conver-
sion process. In H. saccincola A7, it appeared that several 
xylanases were induced by the presence of xylan; however, 
expression analysis clearly indicated that cellulose was an 
important substrate to enhance the expression of celluloso-
mal and non-cellulosomal enzymes. Therefore, pretreatment 
techniques that involve exposure to cellulose to increase the 
expression of carbohydrate-hydrolyzing enzymes, includ-
ing cellulosomal scaffolding proteins, are important for the 
efficient degradation of lignocellulose by H. saccincola A7.

Recently, it has been demonstrated that the activation of 
genes encoding polysaccharide-degrading enzymes is regu-
lated by a broad carbohydrate-sensing mechanism. Kahel-
Raifer et al. (Kahel-Raifer et al. 2010) identified a group 
of six putative operons in C. thermocellum that encode 
alternative σ factors and their cognate membrane-asso-
ciated anti-σ factors that play a role in cellulosome gene 
regulation. These operons encode a multimodular protein 

Fig. 7   Relative expression of 
σ-factors of H. saccincola A7 
grown with cellobiose, cel-
lulose, or a mixture of cellulose 
and xylan as carbon sources. 
Samples were taken from the 
mid-log phase of growth. Nor-
malization was performed using 
the tpi gene
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containing a strongly predicted transmembrane helix, and 
these transmembrane proteins are homologous to the N-ter-
minal segment of the Bacillus subtilis anti-σ factor RsgI, 
which was found to transmit extracellular polysaccharide-
sensing signals into cells for regulation of the cellulosome 
system, a polysaccharide-degrading multienzyme complex. 
In addition, Chen et al. recently found that this anti-σ factor 
RsgI involves an autoproteolytic process in its signaling 
(Chen et al. 2023). The mechanism revealed that a short 
peptide together with the transmembrane helix of RsgI, 
activates the downstream RIP protease RseP, which finally 
releases bound SigI. This transmembrane signaling process 
involving autoproteolysis is well-recognized in eukaryotes. 
However, it has rarely been reported in bacteria, with the 
exception of C. thermocellum. Here, we showed that a simi-
lar transmembrane signal transduction process is present in 
H. saccincola A7. The structures of the RsgI-like proteins 
involved in this signaling are similar between H. saccincola 
and C. thermocellum, as is the possession of the extracel-
lular polysaccharide recognition and binding domains of 
CBM3 and PA14. Conversely, RsgI4 in H. saccincola A7 
has a unique RsgI-like structure. There is an AbfB domain 
which hydrolyzes 1,5-alpha, 1,3-alpha, and 1,2-alpha 
linkages in both oligosaccharides and polysaccharides 
containing terminal non-reducing L-arabinofuranoses in 
side chains, on the C-terminal side, and high expression 
of SigI4 was specifically observed under growth condi-
tions in which the carbon source comprised a mixture of 
cellulose and xylan. It is likely that SigI4-RsgI4 is specifi-
cally upregulated under more native lignocellulose-based 
culture conditions, such as those containing cellulose and 
xylan, such as GH9_13, GH9_14, and GH43_5 that are 
not expressed in cellulose or xylan, but only when cellu-
lose and xylan are mixed, suggesting that sigI4 affects their 
expression regulation and may also have potential strate-
gies for lignocellulosic biomass degradation.

In this study, we show for the first time that an alter-
native σ-factor, previously reported in detail only in C. 
thermocellum, plays an important role as a regulatory 
mechanism for similar lignocellulose degradation in H. 
saccincola A7, which is specific for hemicellulose degra-
dation. Additional study of these regulatory mechanisms 
is needed to help design and build robust and environ-
mentally friendly cellular systems for the conversion of 
lignocellulose into useful products.
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