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Abstract 
Inducible expression systems are pivotal for governing gene expression in strain engineering and synthetic biotechnological 
applications. Therefore, a critical need persists for the development of versatile and efficient inducible expression mecha-
nisms. In this study, the xylose-responsive promoter xylA5p and its transcriptional regulator XylR were identified in Parageo-
bacillus thermoglucosidasius DSM 2542. By combining promoter xylA5p with its regulator XylR, fine-tuning the expression 
strength of XylR, and reducing the glucose catabolite repression on xylose uptake, we successfully devised a xylose-inducible 
and glucose-insensitive expression system, denoted as IExyl*. This system exhibited diverse promoter strengths upon induc-
tion with xylose at varying concentrations and remained unhindered in the presence of glucose. Moreover, we showed the 
applicability of IExyl* in P. thermoglucosidasius by redirecting metabolic flux towards riboflavin biosynthesis, culminating 
in a 2.8-fold increase in riboflavin production compared to that of the starting strain. This glucose-insensitive and xylose-
responsive expression system provides valuable tools for designing optimized biosynthetic pathways for high-value products 
and facilitates future synthetic biology investigations in Parageobacillus.

Key points 
• A xylose-inducible and glucose-insensitive expression system IExyl* was developed.
• IExyl* was applied to enhance the riboflavin production in P. thermoglucosidasius
• A tool for metabolic engineering and synthetic biology research in Parageobacillus strains.

Keywords  Inducible promoter · Xylose · Xylose transporter · Carbon catabolite repression · Parageobacillus 
thermoglucosidasius · Riboflavin

Introduction

Research in synthetic biology relies heavily on well-char-
acterized elements and tools for introducing new function-
alities into organisms (Canton et al. 2008). However, the 
availability and ease of use of these elements often constrain 
the selection of microbial chassis. As a result, significant 
research efforts have been dedicated to developing syn-
thetic biological elements tailored for diverse microorgan-
isms. While the majority of research has centered around 
model organisms such as Escherichia coli and Saccharo-
myces cerevisiae, recent initiatives have been extended to 
include non-model microorganisms, especially mesophiles 
like Pseudomonas spp., Synechococcus spp., Bacteroides 
thetaiotaomicron, Pichia pastoris, and Rhodosporidium 
toruloides (Guo and Shi 2023; Markley et al. 2015; Mimee 
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et al. 2015; Nikel et al. 2014; Schultz et al. 2019), as well 
as thermophiles, including strains from the Parageobacil-
lus genus (Cripps et al. 2009). These investigations seek to 
expand the landscape of synthetic biology by diversifying 
the array of organisms that can be engineered and manipu-
lated for various applications.

Parageobacillus spp. are facultatively anaerobic bacte-
rium classified among thermophiles. These microorgan-
isms exhibit robust growth across a wide temperature range, 
particularly thriving between 50 and 70 °C, with optimal 
growth observed at temperatures between 60 and 65 °C 
(Cripps et al. 2009; Liang et al. 2022a, b). Parageobacil-
lus thermoglucosidasius DSM 2542 (previously named as 
Geobacillus thermoglucosidasius DSM 2542) is a model 
strain of Parageobacillus genus, which can efficiently uti-
lize oligosaccharides, cellobiose, pentose and hexose sugars 
from various feedstocks including lignocellulosic biomass 
(Cripps et al. 2009; Liang et al. 2022a, b). Due to these 
distinctive traits of P. thermoglucosidasius, it is used as an 
appealing chassis for industrial biotechnology applications 
such as the bioproduction of ethanol, lactate, formate, suc-
cinate, and riboflavin (Cripps et al. 2009; Liang et al. 2022a, 
b; Lin et al. 2014; Wang et al. 2022a; Yang et al. 2021). 
Furthermore, the risk of contamination during large-scale 
cultivation is minimized in fermentation of thermophiles like 
P. thermoglucosidasius at higher temperatures, as common 
contaminants are mesophiles unable to thrive under these 
conditions. Additionally, high-temperature fermentations 
can reduce the need for additional cooling or heating steps 
in post-feedstock pretreatment or product recovery (Liang 
et al. 2022b; Taylor et al. 2009).

Despite numerous studies developing synthetic biology 
elements for P. thermoglucosidasius, such as origins of rep-
lication, selectable markers, promoter libraries, ribosome 
binding site libraries, fluorescent reporter proteins, plasmid 
vectors, genome editing tools, and riboswitch-mediated 
gene regulatory control tools, a notable gap remains in the 
availability of inducible promoters (Frenzel et al. 2018; Lau 
et al. 2021; Madika et al. 2022; Marcano-Velazquez et al. 
2019; Reeve et al. 2016). Inducible promoters are crucial 
for finely tuning the expression of target genes at specific 
times. Particularly, inducible promoters responsive to sugar 
inducers offer a cost-effective means of strictly regulating 
gene expression. These promoters have been extensively 
developed in various species, including xylose-regulation 
systems like xylp (in Bacillus subtilis, Clostridium perfrin-
gens, Brevibacillus choshinensis) and xylTp (in Lactococcus 
lactis) (Bhavsar et al. 2001; D'Urzo et al. 2013; Guzman 
et al. 1995; Nariya et al. 2011).

The well-established xylose isomerase pathway for xylose 
metabolism is conserved across a broad spectrum of bacte-
ria, including Parageobacillus spp. This pathway encom-
passes the uptake of xylose into cells, its isomerization to 

xylulose, and subsequent phosphorylation to form xylu-
lose-5-phosphate (Kim and Woo 2018; You et al. 2022). 
In Firmicutes, xylose uptake is facilitated by two types of 
transporters: an ATP-binding cassette (ABC) xylose trans-
porter encoded by xylFGH and a major facilitator super-
family (MFS) transporter encoded by xylT (Gu et al. 2010). 
The components of the xylose ABC transporter include 
xylF, xylG, and xylH, which encode the periplasmic xylose-
binding protein, ATPase, and permease, respectively (Gu 
et al. 2010). The conversion of xylose to xylulose and then to 
xylulose-5-phosphate is catalyzed by the enzymes D-xylose 
isomerase (XylA) and xylulose kinase (XylB), respectively. 
Notably, these two encoding genes, xylA and xylB, are organ-
ized into an operon (Gu et al. 2010). The transcription of 
genes involved in xylose transport and metabolism is typi-
cally under negative regulation by an ROK (Repressor, Open 
reading frame, Kinase) family regulator known as XylR, 
which binds to its operator sites in the promoter regions of 
these genes in the absence of xylose (Gu et al. 2010; Rodi-
onov et al. 2001; Scheler and Hillen 1994).

Promoters of these genes together with the regulator XylR 
were used in the construction of xylose-induced expres-
sion systems in various bacteria and fungi. For instance, 
Brevibacillus choshinensis harnessed the xylose-responsive 
promoter of the xylA gene to achieve robust intracellular 
expression of heterologous proteins (D'Urzo et al. 2013). 
In Paenibacillus polymyxa ATCC 842, a xylose-responsive 
operon was identified, demonstrating an impressive 186-
fold increase in the transcription of relative operon, and a 
more than four-fold enhancement in the relative fluorescence 
intensity of enhanced green fluorescent protein (eGFP) upon 
xylose induction (Wang et al. 2022b). In Streptomyces aver-
mitilis MA-4680, a system for protein expression triggered 
by xylose was devised, utilizing XylR and the promoter of 
xylA. This resulted in a notable 24-fold increase in chitobiase 
activity under xylose-induced conditions compared to non-
induced circumstances (Noguchi et al. 2018). To refine tran-
scriptional control in Saccharomyces cerevisiae, a hybrid 
strategy involving XylR from Caulobacter crescentus was 
deployed. This approach effectively inhibited the transcrip-
tion activities of synthetic promoters derived from the con-
stitutive promoter TEF from Ashbya gossypii. Notably, the 
resulting promoters exhibited repression when no xylose was 
added, and showcased up to a 25-fold induction with the 
addition of xylose (Hector and Mertens 2017).

In our previous study, we characterized a set of xylose-
inducible promoters in P. thermoglucosidasius DSM 2542, 
and used them for constructing strains capable of dynami-
cally controlling riboflavin production (Wang et al. 2022a). 
These promoters exhibited a wide range of strengths and 
demonstrated dose-dependent induction in response to 
xylose. While we initially proposed these promoters as prom-
ising starting points for the development of xylose-inducible 
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systems in P. thermoglucosidasius, it is worth noting that 
their inducible properties were significantly inhibited in the 
presence of glucose as a fermentation substrate, severely 
hampering their practical application (Wang et al. 2022a). 
Therefore, further enhancements are imperative to improve 
the performance of these xylose-inducible promoters, 
informed by a comprehensive understanding of xylose 
metabolism and its regulation in P. thermoglucosidasius.

In this study, we identified several genes involved in 
the xylose metabolism and regulation, including the ROK 
family regulator XylR (AOT13_16590) and a set of sugar 
ABC transporter (AOT13_11435, AOT13_11440, and 
AOT13_11445) in P. thermoglucosidasius DSM 2542. We 
introduced a highly adaptable xylose-inducible expression 
system, denoted as IExyl*, developed based on the xylA 
promoter and its associated regulator XylR. IExyl* exhib-
ited minimal leaky expression in the absence of xylose and 
demonstrated a broad spectrum of promoter strengths upon 
induction with xylose at varying concentrations in P. ther-
moglucosidasius. A significant feature of this system is its 
operational effectiveness even in the presence of glucose, 
achieved through successful mitigation of carbon catabolite 
repression (CCR) on xylose metabolism. Moreover, we lev-
eraged IExyl* to augment riboflavin production by optimiz-
ing the metabolic flux between cell growth and riboflavin 
biosynthesis in P. thermoglucosidasius. This xylose-induc-
ible and glucose-insensitive expression system provides 
important tools for the systematic design of optimized bio-
synthetic pathways for valuable products and streamlines 
synthetic biology studies in Parageobacillus.

Materials and methods

Strains, media, and growth conditions

The bacterial strains employed in this study are detailed in 
Table S1. E. coli strains were cultivated in lysogeny broth 
(LB) medium. For genetic manipulation and fermentation 
of P. thermoglucosidasius, USYE media were utilized fol-
lowing previously established protocols (Wang et al. 2022a). 
The USYE medium was amended with D-glucose and/or 
D-xylose at varying concentrations, as specified. The mutant 
strains of P. thermoglucosidasius were cultivated in 250 mL 
shake flasks. The seed culture contained 50 mL of USYE 
medium supplemented with 40 mM each (final concentra-
tions) of Bis-Tris, PIPES, and HEPES, adjusted to pH 7.0. 
Subsequently, 0.5 mL of the seed culture was inoculated 
into 50 mL of USYE medium (with glucose and/or xylose 
added as specified) and subjected to fermentation at 60 °C 
and 250 rpm under designated conditions, including the 
designated time, concentration of glucose and/or xylose. 
When required, antibiotics were added to the media at the 

following concentrations: 100 μg/mL of ampicillin for E. 
coli and 12.5 μg/mL kanamycin, 10 mg/L spectinomycin for 
P. thermoglucosidasius.

Construction of plasmids and engineered strains

All the engineered strains and plasmids used in this study 
are listed in Table S1 and S2 in detail, while the sequences 
of all primers and oligonucleotides are listed in Table S3. 
Genomic DNA of P. thermoglucosidasius DSM 2542 was 
extracted using the Ultraclean® Microbial DNA Isolation kit 
(Mo Bio Laboratories, Inc., Cambio Ltd., Cambridge, UK) 
following the manufacturer’s protocol. Plasmids extraction 
were performed using the NucleoSpin Plasmid EasyPure kit 
(Macherey-Nagel). PCR screening for correct transformants 
was performed using Taq 2× Master Mix (TsingKe, China).

To obtain the smallest fragment of the xylose-inducible 
promoter, a set of truncated promoters of xyl operon was 
PCR-amplified from the genomic DNA of P. thermoglu-
cosidasius DSM 2542 using primer pairs xylA500p-F/R, 
xylA400p-F/R, xylA300p-F/R, xylA200p-F/R, xylA100p-F/R, 
xylA1p-F/R, xylA2p-F/R, xylA3p-F/R, xylA4p-F/R, xylA5p-
F/R, and xylA6p-F/R. Subsequently, these fragments were 
assembled through Gibson assembly with the correspond-
ing plasmid backbone, which was PCR-amplified from 
pUCG18-sfgfp using primer pairs pUCG18-sfgfp-GJ-F/R. 
This procedure yielded 11 plasmids designated as pUCG18-
n-sfgfp (where n represents the name of the 11 promoters, as 
outlined in Table S2).

To evaluate the promoter strength of the xylose-inducible 
promoters and available strong constitutive promoters, pLdh 
was PCR-amplified from the genomic DNA of Geobacillus 
thermodenitrificans NG80-2 using primer pairs pUCG18-
pLdh-sfgfp-F/R. Additionally, pRplsWT was synthesized 
by TsingKe. The two fragments containing promoters pLdh 
and pRplsWT were assembled with the corresponding plas-
mid backbones, which were PCR-amplified from pUCG18-
sfgfp using primer pairs pUCG18-pLdh-sfgfp-GJ-F/R and 
pUCG18-pRp-sfgfp-GJ-F/R, respectively. This process 
resulted in the generation of plasmids pUCG18-pLdh-sfgfp 
and pUCG18-pRplsWT-sfgfp.

To assess the fluorescence intensities of the reporter 
genes sfgfp and mCherry at different temperatures, plasmid 
pUB31-pLdh-sfgfp was constructed by Gibson assembly of 
five fragments. These fragments included Ldh-up, ampli-
fied from the genomic DNA of P. thermoglucosidasius 
using primer pairs Ldh-up-F/R; pUB31-pLdh, amplified 
from the genomic DNA of G. thermodenitrificans NG80-2 
using primer pairs pUB31-pLdh-F/R; UB31-sfgfp, ampli-
fied from pUCG18-pLdh-sfgfp using primer pairs pUB31-
sfgfp-F/R; Ldh-down, amplified from the genomic DNA 
of P. thermoglucosidasius using primer pairs Ldh-down-
F/R; and pUB31-GJ, amplified from pUB31 using primer 
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pairs pUB31-GJ-F/R. Additionally, plasmid pUB31-pLdh-
mCherry was constructed by Gibson assembly of two frag-
ments: pUB31-mCherry, amplified from pUC19-mCherry 
using primer pairs pUB31-mCherry-F/R, and pUB31-
mCherry-GJ, amplified from pUB31 using primer pairs 
pUB31-mCherry-GJ-F/R.

To enhance the expression of the mCherry protein, 
various combinations of promoters and ribosome binding 
site (RBS) were characterized. P43-mCherry1, containing 
RBS1, was assembled using three fragments: RBS1 ampli-
fied from puBS4.4-p43 with primer pairs P43-mCherry1-
F/R, mCherry1 amplified from pUB31-pLdh-mCherry 
with primer pairs mCherry1-F/R, and pUCG18-mCherry1-
GJ amplified from pUCG18-mCherry with primer pairs 
pUCG18-mCherry1-GJ-F/R. These fragments were Gibson 
assembled to produce plasmid pUCG18-p43-mCherry-
RBS1. For fragments pLdh-mCherry1, pRplsWT-mCherry1, 
and xylRp-mCherry1, amplification was carried out from 
pUCG18-pLdh-sfgfp, pUCG18-pRplsWT-sfgfp, and the 
genomic DNA of P. thermoglucosidasius, respectively. The 
primer pairs used were pLdh-mCherry1-F/R, pRplsWT-
mCherry1-F/R, and xylRp-mCherry1-F/R, respectively. 
Additionally, psyn-mCherry1 was synthesized by TsingKe. 
These fragments were then Gibson assembled with pUCG18-
pL-mCh1-GJ, pUCG18-pR-mCh1-GJ, pUCG18-px-mCh1-
GJ, and pUCG18-ps-mCh1-GJ (amplified from pUCG18-
mCherry using primer pairs pUCG18-pL-mCh1-GJ-F/R, 
pUCG18-pR-mCh1-GJ-F/R, pUCG18-pX-mCh1-GJ-F/R, 
and pUCG18-pS-mCh1-GJ-F/R, respectively). This resulted 
in the plasmids pUCG18-pLdh-mCherry-RBS1, pUCG18-
pRplsWT-mCherry-RBS1, pUCG18-synp-mCherry-RBS1, 
and pUCG18-xylRp-mCherry-RBS1, respectively.

All assembly segments for plasmids pUCG18-n-
mCherry-RBS2, pUCG18-n-mCherry-RBS3, and pUCG18-
n-mCherry-RBS4 were amplified as described above, using 
their corresponding primers in Table S3, and employing 
pUCG18-p43-mCherry-RBS1, pUCG18-pLdh-mCherry-
RBS1, pUCG18-pRplsWT-mCherry-RBS1, pUCG18-
synp-mCherry-RBS1, and pUCG18-xylRp-mCherry-RBS1 
as templates, respectively.

To generate the xylR knockout strain DSM 2542 ∆xylR, 
plasmid pUB31-xylR-mCherry-sfgfp was constructed by 
assembling several segments, each amplified using the prim-
ers in Table S3. The templates for amplification included 
pUCG18-pLdh-sfgfp, pUCG18-pRplsWT-mCherry-
RBS4, and the genomic DNA of P. thermoglucosidasius, 
respectively.

To optimize the expression levels of xylR gene in P. ther-
moglucosidasius, plasmids pUCG18-p43-xylR-xylA5p-sfgfp, 
pUCG18-pLdh-xylR-xylA5p-sfgfp, pUCG18-pRplsWT-xylR-
xylA5p-sfgfp, and pUCG18-xylRp-xylR-xylA5p-sfgfp were 
constructed. These plasmids contained the xylR gene con-
trolled by different promoters and were assembled using the 

corresponding primer pairs in Table S3. The templates for 
amplification were pUCG18-p43-mCherry-RBS1, pUCG18-
pLdh-mCherry-RBS1, pUCG18-pRplsWT-mCherry-RBS1, 
pUCG18-xylRp-mCherry-RBS1, and pUCG18-xylA5p-sfgfp, 
respectively.

To assess the contr ibution of AOT13_11435 , 
AOT13_11440, and AOT13_11445 genes to the uptake of 
xylose, the knockout plasmid pUB31-transporter-mCherry-
sfgfp was constructed. This was achieved by assembly of 
the vector pUB31 backbone with three segments, including 
pLdh-sfgfp, amplified from pUCG18-pLdh-sfgfp, pRplsWT-
mCherry, amplified from pUCG18-pRplsWT-mCherry-
RBS4, and the transporter knock-out cassette, amplified 
from the genomic DNA of P. thermoglucosidasius using 
the primers in Table S3.

The plasmid IExyl3 was constructed by assembly of three 
segments including xylRp-xylR, xylA5p-sfgfp, and pLdh-
transporter, which were amplified using the corresponding 
primer pairs detailed in Table S3, and pUCG18-xylRp-xylR-
xylA5p-sfgfp, pUCG18-xylA5p-sfgfp, and pUB31-trans-
porter-mCherry-sfgfp as templates, respectively.

To introduce mutations into the cre sequence in 
AOT13_11435, the mutated sequences creM1, creM2, and 
creM3 were synthesized and cloned into the vector IExyl3 
using Gibson assembly. This resulted in the generation of 
plasmids IExyl3-creM1, IExyl3-creM2, and IExyl3-creM3, 
respectively.

To enhance the expression level of the zwf and ribA 
genes, fragments of these genes were PCR-amplified from 
the genomic DNA of P. thermoglucosidasius and cloned 
into the vector IExyl3-creM3 (also referred to as IExyl*) 
using Gibson assembly. This process yielded two plasmids: 
IExyl*-zwf and IExyl*-ribA.

The resulting plasmids were then introduced into P. ther-
moglucosidasius DSM 2542 using the transformation pro-
tocol previously described by Cripps (Cripps et al. 2009), 
generating the corresponding engineered strains of P. ther-
moglucosidasius (see Table S1).

Double reporter gene‑based markerless gene 
knockout method for P. thermoglucosidasius

To assess the performance of fluorescent protein mark-
ers superfolder Green Fluorescent Protein (sfGFP) and 
mCherry, the sfgfp and mCherry genes, driven by promoter 
pLdh, were integrated into the P. thermoglucosidasius 
genome at the AOT13_05975 locus. Fluorescence of sfGFP 
and mCherry was evaluated at various temperatures on agar 
plates (48, 49, 50, 51, 52, and 53 °C for mCherry; 60, 62, 64, 
66, and 68 °C for sfGFP). To enhance the expression of the 
mCherry protein, the combination of different promoters and 
RBS was systematically optimized. A highly convenient and 
efficient reporter gene-based method for DNA replacement, 
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enabling rapid chromosomal editing in P. thermoglucosida-
sius was developed.

Since the utilized vector lacked replication capability at 
temperatures above 65 °C, we employed a three-step selection 
process. First, colonies containing the complete vectors inte-
grated into the genome through homologous recombination 
were selected based on sfGFP fluorescence and kanamycin 
resistance at 68 °C. Subsequently, a single sequential subcul-
ture at 50 °C without kanamycin allowed for the selection of 
potential double crossover clones using the mCherry fluores-
cence phenotype on agar plates. Subsequently, the identifica-
tion of desired mutants was achieved through the observation 
of a loss in mCherry fluorescence phenotype on agar plates.

Green fluorescent protein (GFP) fluorescence assay

The protein sfGFP was employed as a reporter to evaluate 
the activities of promoters (Reeve et al. 2016). All strains of 
P. thermoglucosidasius carrying the GFP reporter system 
were cultured at 60 °C for 24 h in USYE medium with dif-
ferent concentrations of glucose or xylose. The GFP fluo-
rescence intensities of cells were quantified using a Bec-
ton-Dickinson FACSCalibur flow cytometer, as previously 
described (Wang et al. 2022a).

Analysis of gene expression by reverse transcription 
‑ quantitative real‑time PCR (RT‑qPCR)

The engineered strains of P. thermoglucosidasius were cul-
tured in liquid USYE medium, and harvested after fermen-
tation for 24 h by fast filtration. Subsequently, the harvested 
cells were flash frozen in liquid nitrogen and ground into 
powder. Total RNA extraction was then carried out using 
TRNzol (Tiangen, China). The quantity and integrity of the 
isolated RNA were assessed as previously described (Wang 
et al. 2022a). The first-strand synthesis of cDNA was per-
formed with 1 µg total RNA, using a PrimeScriptTM RT 
Reagent Kit with gDNA Eraser (TaKaRa, Japan) according to 
the manufacturer’s instructions. All oligonucleotides used for 
RT-qPCR are listed in Table S3. The RT-qPCR experiments 
were performed using previously described process (Wang 
et al. 2022a). The gene expression levels were calculated 
based on the 2DDCt method (Livak and Schmittgen 2001), 
while the housekeeping gene gap was used as a reference 
(Song et al. 2016).

Determination of transcriptional start site (TSS)

To map the transcriptional start points of xylA5p, 5'-RACE 
(Rapid Amplification of cDNA Ends) were performed using 
the RLM-RACE kit (Ambion) according to the manufac-
turer’s instructions. The total RNA was extracted from P. 
thermoglucosidasius as previously described. P1 and P2 

was used as special outer and inner primers, respectively 
(Table S3).

Analytical methods

The quantitative determination of intracellular ribulose-
5-phosphate, ribose-5-phosphate, and phosphoribosylpy-
rophosphate (PRPP) was performed using the previously 
described method (You et al. 2022). High performance liq-
uid chromatograph was used to quantify the concentration of 
glucose or xylose. The chromatographic conditions were as 
follows: Chromatographic column: Xtiamte® Suger-H, (7.8 
mm×300 mm, 5.0 μm, Weich Co., LTD.), column tempera-
ture chamber: 40 °C, mobile phase: 5 mM H2SO4, flow rate: 
0.6 mL/min, sample size: 5 μL. The specific glucose uptake 
rate was calculated according to the glucose concentration 
(quantified by HPLC) at different fermentation time.

Statistical analysis

All statistical analysis and plots were performed with Origin 
(OriginPro 2021, OriginLab) or Prism7 (version 7.0, Graph-
Pad Software Inc.). All quantitative data were presented as 
mean ± standard deviation.

Bioinformatic analysis

Protein homologs related to xylose utilization were 
searched in genomes of P. thermoglucosidasius DSM 2542 
(CP012712.1) and NCIMB 11955 (CP016622.1) using stan-
dalone BLASTP program 2.13.0+ (Camacho et al. 2009). 
The protein sequences of reported xylose utilization related 
genes from Bacillus subtilis 168, Clostridium berjerinckii 
NCIMB 8052, and Geobacillus kaustophilus HTA426 were 
used as query sequences (Gu et al. 2010). Sequence com-
parison of protein homologs was performed using para-
sail_aligner with its nw_stats_striped_16 algorithm with 
the following parameters: gap open: 10, gap extend: 0.5, 
exact match length cutoff: 3 (Daily 2016). Multiple sequence 
alignment and construction of phylogenetic trees were pre-
formed using MEGA 11 with its default parameters (Tamura 
et al. 2021). Phylogenetic trees were visualized using the 
iTOL web server (Letunic and Bork 2024).

Results

Identification of genes related to xylose utilization 
in P. thermoglucosidasius DSM 2542

To verify the putative genes related to xylose metabo-
lism, homologs of reported proteins involved in xylose 
uptake and utilization were searched in the genome of P. 
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thermoglucosidasius DSM 2542 (CP012712.1). Besides pre-
vious reported genes xylAB (AOT13_11570 - AOT13_11575, 
encoding xylose isomerase and xylulokinase, respectively) 
and rbsACB (AOT13_01805 - AOT13_01795, encod-
ing D-ribose ABC transporter) (Liang et al. 2022a; Wang 
et  al. 2022a), homologic genes encoding an ROK fam-
ily transcriptional regulator (AOT13_16590) and a set of 
sugar ABC transporter (AOT13_11435, AOT13_11440, and 
AOT13_11445) were identified in the genome of P. ther-
moglucosidasius strains DSM 2542 (Fig. 1a and Table S4).

The gene AOT13_16590 encoded an ROK family tran-
scriptional regulator, which was not co-localized with xylAB 
as observed in Geobacillus kaustophilus HTA426 (Gu et al. 
2010). Its protein sequence showed a sequence identity of 
68.1% to XylR of G. kaustophilus HTA426, and 37% to 70% 
to previously identified XylR orthologs from Bacillus subtilis 
168, Bacillus cereus ATCC 10987, Bacillus licheniformis 
ATCC 14580, Bacillus halodurans C-125, Bacillus clausii 
KSM-K16, and Geobacillus thermodenitrificans NG80-2 
(Fig. S1 and S2) (Gu et al. 2010). Phylogenetic analysis 
further confirmed that AOT13_16590 clustered within the 
clade of XylRs from Geobacillus (Fig. S2). Furthermore, 
our previous RNA-seq analysis revealed that the transcrip-
tion level of AOT13_16590 showed 9.7-fold increase when 
cultured with 1% xylose compared to those without xylose 
(Table S4) (Wang et al. 2022a). These findings suggested 
that AOT13_16590, designated as XylR, was involved in the 
regulation of xylose metabolism.

A set of sugar ABC transporter encoding genes, includ-
ing AOT13_11435, AOT13_11440, and AOT13_11445 
(encoding ABC transporter substrate-binding protein, ATP-
binding protein, and permease, respectively), were found to 
be directly upstream of the ara operon (AOT13_11450 to 
AOT13_11485) (Liang et al. 2022a), which showed moderate 
sequence identities to XylF, XylG, and XylH of G. kaustophi-
lus HTA426 (35.8%, 54.6%, and 43.1%, respectively, Fig. S3 

and Table S4) (Gu et al. 2010). Furthermore, these genes 
showed 118- to 149-fold increase in their transcription levels 
when cultured with 1% xylose compared to those without 
xylose, which were about an order of magnitude higher than 
those of predicted ABC transporters for ribose and arabinose 
(Table S4) (Liang et al. 2022a; Wang et al. 2022a).

To verify the role of these sugar ABC transporter 
genes, we generated the mutant strain DSM 2542 ∆ABCT 
(Fig. S4). We devised an efficient reporter-guided gene 
knockout method for P. thermoglucosidasius, which used 
sfGFP and mCherry as selecting markers to enable fast 
screening of desired crossover strains and then eliminated 
the need for additional screening methods, such as colony 
PCR. This gene knockout method used fluorescent proteins 
sfGFP (at temperatures of 60−70 °C) and mCherry (at 
temperatures lower than 50 °C) as selecting markers in P. 
thermoglucosidasius (Fig. S4A) with optimized expres-
sion of mCherry using various combinations of promot-
ers and RBSs (Fig. S4B and S4C). In brief, this method 
included three steps, (1) selecting transformant with the 
gene knockout plasmid using green fluorescence of sfGFP; 
(2) selecting first double crossover strains using red fluo-
rescence of mCherry and the loss of green fluorescence 
of sfGFP, in which the target DNA segment was replaced 
with the segment containing mCherry; (3) selecting sec-
ond crossover strains using the loss of red fluorescence 
of mCherry, in which the inserting segment containing 
mCherry was removed to generate a markerless gene 
knockout strain (Fig. S4D and S4E). With this method, we 
have constructed the xylR gene knockout strain DSM 2542 
∆xylR and the sugar ABC transporter (AOT13_11435, 
AOT13_11440, and AOT13_11445) gene knockout strain 
DSM 2542 ∆ABCT in a highly convenient and efficient 
manner (Fig. S4F and S4G).

Compared to the wild-type strain DSM 2542, strain DSM 
2542 ∆ABCT exhibited a significant impairment when 

Fig. 1   Identification of xylose uptake and utilization genes in P. ther-
moglucosidasius DSM 2542. a Schematic representation of predicted 
xylose uptake and utilization genes in P. thermoglucosidasius DSM 
2542. b  Growth profile (blue open circle) and xylose consumption 

(blue closed circle) of DSM 2542 wild-type strain, and growth profile 
(red open triangle) and xylose consumption (red closed triangle) of 
DSM 2542 strain ∆ABCT, using xylose as the sole carbon source
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growth with xylose as the solo carbon source (Fig. 1b), 
while its growth on glucose remained unaffected (Fig. S5). 
These findings strongly supported that the sugar ABC 
transporter encoded by AOT13_11435, AOT13_11440, and 
AOT13_11445 played a crucial role in xylose uptake in P. 
thermoglucosidasius. However, our results didn’t completely 
excluded the involvement of other pentose uptake genes in 
the uptake of xylose, as revealed by previous studies (Liang 
et al. 2022a, b).

Identification and characterization the core 
sequence of the promoter of xyl operon

In our previous study, we have identified a set of xylose-
inducible promoters in P. thermoglucosidasius DSM 2542 
(Wang et al. 2022a). Notably, the promoter of the xylose 
operon (xyl operon), which includes xylA (AOT13_11570) and 
xylB (AOT13_11575) genes (Fig. 1a), demonstrated its robust 
activity when induced by xylose (Wang et al. 2022a). Thus, 
we have chosen this promoter as the basis for developing a 
xylose-inducible expression system in P. thermoglucosidasius.

To identify the minimal region exhibiting promoter activity, 
we systematically truncated the upstream DNA sequence of 
the xylA gene. PCR amplification resulted in DNA fragments 
xylA500p, xylA400p, xylA300p, xylA200p, and xylA100p, 
corresponding to the 500-bp, 400-bp, 300-bp, 200-bp, and 
100-bp upstream sequences preceding the xylA gene start 
codon, respectively (see Fig. S6). These fragments were then 
inserted into the pUCG18-sfgfp vector and transformed into 
DSM 2542, generating strains DSM 2542-xylA500p, DSM 
2542-xylA400p, DSM 2542-xylA300p, DSM 2542-xylA200p, 
and DSM 2542-xylA100p (Fig. 2a). Their promoter activities 
were evaluated by the fluorescence intensities of superfolder 
green fluorescent protein (sfGFP). As shown in Fig. 2b, while 
xylA500p exhibited robust promoter activity upon addition 
of 1% xylose, the truncated fragments (xylA400p, xylA300p, 
xylA200p, and xylA100p) displayed significantly weaker pro-
moter activity. This suggests that the core promoter sequence 
is located within the region spanning −500 to −400 bp 
upstream of xylA, hereafter referred to as xylA1p.

Next, we aimed to identify the core elements of the xylA1p 
promoter. To pinpoint the transcriptional start site (TSS) of 
xylA1p, we utilized rapid amplification of 5'-cDNA ends (5'-
RACE) analysis (Fig. 2c). With the TSS determined, we iden-
tified the putative −10 and −35 regions of xylA1p (Fig. 2c). 
Furthermore, we identified a conserved motif (CTT​TGT​TTG​
TAC​ACT​AGA​CAA​ACA​AAT) within xylA1p, displaying 
high consistency with the reported XylR recognition sequence 
of Parageobacillus and Bacillus (Fig. 2c) (Liang et al. 2022a).

To identify the minimal promoter region capable of 
driving reporter gene expression in response to xylose, 
we systematically truncated the 100-bp promoter xylA1p 
while retaining its promoter core region. This resulted in 

xylA2p, xylA3p, xylA4p, and xylA5p variants, while xylA6p 
was used as a negative control in which the −10 region and 
the TSS were deleted (Fig. 2d). As assessed by the fluores-
cence intensity of sfGFP, all variants except xylA6p exhib-
ited promoter activities similar to that of xylA1p (Fig. 2e). 
These findings established xylA5p as the minimal promoter 
sequence (Fig. 2e), which we subsequently employed in the 
subsequent investigations.

Characterization of the regulatory mechanism 
of XylR

Then we try to evaluate the interaction between XylR and 
xylA5p. To eliminate any naturally occurring regulation 
mediated via XylR, its encoding gene xylR was knockout 
in P. thermoglucosidasius DSM 2542, resulting strain DSM 
2542 ∆xylR (Fig. S4F). Under the control of the promoter 
xylA5p, the sfgfp gene was expressed in DSM 2542 ∆xylR, 
resulting in strain DSM 2542 ∆xylR-xylA5p-sfgfp displaying 
fluorescence (Fig. 3a and b). Upon the addition of the xylR 
gene controlled by promoter p43 (a sequence from B. subtilis 
with promoter activity) (Wang et al. 2019; Wang and Doi 
1984) amplified from plasmid puBS4.4-p43 (see Table S2), 
the resulting strain DSM 2542 ∆xylR-p43-xylR-xylA5p-
sfgfp exhibited a significant reduction in fluorescence in 
the absence of xylose (Fig. 3a and b). Notably, upon the 
addition of xylose, the fluorescence was restored in a dose-
dependent manner (Fig. 3b). These findings demonstrate that 
the xylA5p-xylR system is capable of sensing and responding 
to xylose, thereby derepressing the transcription of xylA5p.

The direct interaction between XylR and xylA5p was evalu-
ated by electrophoretic mobility shift assay (EMSA) in vitro. 
XylR was expressed in E. coli and purified to homogeneous 
via Ni-NTA chromatography (Fig. S7). EMSA was performed 
using purified XylR and a probe containing promoter xylA5p 
(PxylA5), revealing that XylR could bind to PxylA5 in a con-
centration-dependent manner (Fig. 3c). No retardation was 
observed for the probe containing promoter p43 (Fig. S8), 
suggesting the binding between XylR and xylA5p was spe-
cific. The responses of XylR/PxylA5 complexes to xylose 
were also evaluated by EMSA. The XylR/PxylA5 complexes 
dissociated gradually with the increased xylose concentration 
(Fig. 3d). These results, together with the in vivo results of 
sfGFP reporter system, confirmed that XylR could directly 
bind to promoter xylA5p and repress its promoter activity. This 
repression effect could be relieved by xylose, thus inducing 
the transcription of genes downstream to promoter xylA5p.

Development of a xylose‑inducible expression 
system IExyl*

The xylose-concentration-dependent GFP fluorescence 
observed in DSM 2542 ∆xylR-p43-xylR-xylA5p-sfgfp 
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indicated the potential of XylR and xylA5p as an inducible 
expression system in P. thermoglucosidasius. Full induction 
was achieved at a xylose concentration of 10 mM (Fig. 3b). 
Interestingly, the fully induced fluorescence surpassed that 
driven by the commonly used promoters pLdh (the promoter 

of lactate dehydrogenase encoding gene) (Cripps et al. 2009) 
and pRplsWT (a constitutive promoter selected from a pro-
moter library) (Reeve et al. 2016), while the fluorescence of 
pLdh is significantly lower than that of pRplsWT, indicating 
the remarkably strong activity of xylA5p (Fig. 4a).

Fig. 2   Identification and characterization of a xylose-inducible pro-
moter from P. thermoglucosidasius. a Schematic representation of the 
sfGFP reporter system. b Fluorescence intensity levels of DSM 2542 
strains carrying plasmids with different promoters at 24 h. c Nucleo-
tide sequences of the core region of the promoter of xyl operon. The 
transcriptional start site (TSS) is indicated by a red arrow. The puta-
tive −10 and −35 regions of the promoter are marked with boxes. 
Putative XylR binding sequence are labeled in red, together with 
XylR binding sites from Geobacillus kaustophilus HTA426 and 

Geobacillus thermodenitrificans NG80-2. d  Construction of plas-
mids containing sfgfp and truncated promoters derived from xylA1p. 
e Fluorescence intensity levels of DSM 2542 strains harboring plas-
mids with different promoters at 24 h. The standard deviations were 
calculated from at least three independent experiments and were rep-
resented as error bars. The insulator sequence riboJ was reported to 
eliminate the interference between promoters and RBSs and improve 
the modularity of regulatory elements (Lou et al. 2012)
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However, a higher level of leaky expression was observed 
in the absence of xylose induction compared to the control 
(Figs. 3b and 4a). To address this issue, we explored the 
inducible expression system by replacing promoter p43 with 
promoters xylRp, pLdh, and pRplsWT, respectively, with the 
aim of achieving more stringent control over the promoter 
activity of xylA5p by increased expression level of XylR 
(Fig. 4b). Through a comparison of GFP fluorescence in 
strains DSM 2542 ∆xylR-xylRp-xylR-xylA5p-sfgfp, DSM 
2542 ∆xylR-pLdh-xylR-xylA5p-sfgfp, and DSM 2542 ∆xylR-
pRplsWT-xylR-xylA5p-sfgfp in the absence of xylose, we 
observed a significant reduction in leaky expression, reach-
ing a level similar to that of the control (Fig. 4b and c). Sub-
sequently, we selected DSM 2542 ∆xylR-xylA5p-xylRp-xylR 
for further investigations.

As shown in Fig. 4d, the fluorescence intensity of the 
strain ∆xylR-xylRp-xylR-xylA5p-sfgfp exhibited an increase 
in response to escalating xylose concentrations. To assess 

the transcriptional activity of xylA5p in strain ∆xylR-
xylRp-xylR-xylA5p-sfgfp under different xylose doses, 
RT-qPCR was performed to measure the transcript lev-
els of the sfGFP gene. The results demonstrated a xylose 
concentration-dependent enhancement in sfGFP transcript 
abundance (Fig. 4e), indicating the sensitive and controlled 
induction of promoter xylA5p in strain ∆xylR-xylRp-xylR-
xylA5p-sfgfp at the transcriptional level in P. thermoglu-
cosidasius. Notably, we observed a significant inhibitory 
effect of glucose, a commonly utilized fermentation sub-
strate, on the transcriptional activity of promoter xylA5p 
in strain ∆xylR-xylRp-xylR-xylA5p-sfgfp (Fig. 4f). This 
observation posed a significant challenge to the practical 
application of the system when employing lignocellulosic 
biomass or other glucose-containing substrates as carbon 
sources. The detrimental effect of glucose, known as car-
bon catabolite repression (CCR), has to be addressed to 
overcome this limitation.

Fig. 3   The regulatory mechanism of XylR. a  Schematic representa-
tion of the sfGFP reporter system. b  Fluorescence levels of strain 
∆xylR-p43-xylR-xylA5p-sfgfp with varying concentrations of xylose 
at 24 h. Strain DSM 2542 ∆xylR-xylA5p-sfgfp was used as a posi-
tive control. c  EMSA depicting the interaction between XylR and a 
probe containing xylA5p (PxylA5). d Dissociation effect of xylose to 

the complex of XylR and probe PxylA5 at different concentration of 
xylose. Each lane contains 6 ng of PxylA5, 1 μM XylR and differ-
ent amounts of xylose. The standard deviations were calculated from 
at least three independent experiments and were represented as error 
bars
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To develop a xylose-inducible expression system that is 
not repressed by glucose, we constructed an expression sys-
tem named IExyl3, in which the transcription of the xylose 
transporter genes was controlled by a constitutive promoter 
pLdh (Fig. 5a). The performance of IExyl3 was evaluated 
in P. thermoglucosidasius. Strain DSM 2542 IExyl3 was 
cultured in medium with or without 4% glucose, supple-
mented with xylose concentrations ranging from 1 μM to 10 
mM. Unfortunately, only weak fluorescence was observed in 
the presence of glucose after 10 hours of culture regardless 
of the xylose concentration added, indicating the promoter 
activity was repressed by remaining glucose in the fermen-
tation medium (Fig. 5b and S9). In contrast, varying fluo-
rescence intensities were observed in glucose-free medium, 

indicating that the transcription of these xylose transporter 
genes was still inhibited by glucose (Fig. 5b).

Previous studies suggested that the CCR-mediated regu-
lation of xylose metabolism might primarily involve the 
expression control of pentose transporter operons (Li et al. 
2018; Liang et al. 2022a). As depicted in Fig. 5c, an antici-
pated catabolite responsive element (cre) site, TGG​AAC​
CGG​TTT​CA, was identified at position +991 relative to the 
ATG start codon of AOT13_11435, which aligns with the 
reported consensus cre sequence (TGNAANCGNNNNCN) 
observed in B. subtilis and P. thermoglucosidasius NCIMB 
11955 (Liang et al. 2022a; Weickert and Chambliss 1990). 
Consequently, it can be inferred that this element is subject 
to CcpA-mediated CCR for the regulation of these xylose 

Fig. 4   Development and characterization of the inducible expression 
system ∆xylR-xylRp-xylR-xylA5p-sfgfp. a GFP fluorescence of strains 
with and without xylose induction. b Plasmid map depicting the com-
ponents of the inducible expression system. c  GFP fluorescence of 
DSM 2542 strains harboring inducible expression system with differ-
ent promoters for xylR when cultured without xylose at 24 h. d GFP 
fluorescence of strain ∆xylR-xylRp-xylR-xylA5p-sfgfp in response to 
different doses of xylose at 24 h. The concentrations of xylose were 
0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 30, and 50 mM. e Quan-
titative analysis of the relative transcript levels of sfgfp determined 

by RT-qPCR in strain ∆xylR-xylRp-xylR-xylA5p-sfgfp in response to 
different doses of xylose at 24 h. The transcript strength of sfgfp in 
strain ∆xylR-p43-xylR-xylA5p-sfgfp was arbitrarily assigned a value 
of 1. f GFP fluorescence in strain ∆xylR-xylRp-xylR-xylA5p-sfgfp cul-
tured in medium with glucose as the sole carbon source at 24 h. The 
standard deviations were calculated from at least three independent 
experiments and were represented as error bars. The control referred 
to a DSM 2542 ∆xylR-sfgfp strain containing a plasmid (pUCG18-
sfgfp) with a promoterless sfgfp 
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transporter genes. Next, we mutated this cre site to afford 
three distinct mutated versions, namely creM1, creM2, and 
creM3 (Fig. 5d). As illustrated in Fig. 5d, a substantial 5- to 
10-fold enhancement in fluorescence intensity was observed 
for these mutated strains when glucose was employed as the 
carbon source. These findings underscore the crucial role of 
conserved nucleotides within the cre consensus sequence in 
CCR. Among the mutated sequences, creM3 exhibited the 

highest increase in GFP fluorescence in response to varying 
concentrations of xylose, in both the presence and absence of 
glucose (Fig. 5e, 5f, and S10). Concurrently, the overexpres-
sion of xylose transporter genes resulted in an accelerated 
rate of xylose consumption (Fig. 5g), indicating that the cre 
mutant enables efficient xylose transport even in the presence 
of glucose. Accordingly, the corresponding expression system 
was designated as IExyl*.

Fig. 5   Development of the inducible expression system IExyl*. 
a Plasmid map of the inducible expression system IExyl3. b Evalu-
ation of IExyl3 in medium with or without 4% glucose as the sole 
carbon source at 10 h. c Genetic organization of the identified xylose 
transporter encoding genes (AOT13_11435, AOT13_11440, and 
AOT13_11445). The putative cre motif at +991 is highlighted in red 
and located within the AOT13_11435 gene. The lower section pre-
sents a comparison of the cre sequence in AOT13_11435 (cre +991) 
and the conserved cre sequence in B. subtilis (cre motif), in which 
highly conserved nucleotides are underlined. d GFP fluorescence 

and corresponding cre site sequences for DSM 2542 strains carry-
ing mutated cre site sequences at 24 h. Mutated nucleotides are high-
lighted in red. e Evaluation of GFP fluorescence in DSM 2542 creM3 
in response to increasing concentrations of xylose, in the presence or 
absence of glucose, at 24 h. f GFP fluorescence (green) and glucose 
consumption (blue) of DSM 2542 creM3 in the presence of glucose 
and 1 mM xylose. g Xylose consumption comparison between DSM 
2542 IExyl3 (blue) and DSM 2542 creM3 (red). The standard devia-
tions were calculated from at least three independent experiments and 
were represented as error bars
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Application of IExyl* in metabolic 
engineering for increased riboflavin yield in P. 
thermoglucosidasius

Previous studies on riboflavin-producing strains of B. sub-
tilis have identified target genes for enhanced riboflavin 
production. Overexpression of glucose-6-phosphate dehy-
drogenase (encoded by zwf gene, Fig. 6a) increased the 
metabolic flow of the pentose phosphate pathway, resulting 
in 25% increase in riboflavin production (Duan et al. 2010). 
Another crucial enzyme, GTP cyclohydrolase II/3,4-dihy-
droxy-2-butanone-4-phosphate synthase (encoded by ribA, 
Fig. 6a), acted as the rate-limiting step in riboflavin biosyn-
thesis in B. subtilis (You et al. 2022). Overexpression of ribA 

led to 25% increase in riboflavin production when glucose 
was used as the carbon source (You et al. 2022). Recent 
advances in synthetic biology have demonstrated that fine-
tuning gene expression to optimize intracellular metabolic 
flow is a promising strategy for maximizing target product 
yield (Gupta et al. 2017).

In a previous study, the riboflavin biosynthetic gene clus-
ter of P. thermoglucosidasius DSM 2542 was overexpressed 
using pLdh promoter in this strain, resulting a riboflavin-
producing strain P. thermoglucosidasius DSM 2542 Rib-
Gtg (Yang et al. 2021). Therefore, we utilized the inducible 
expression system IExyl* to finely regulate the expression 
of zwf and ribA genes in DSM 2542 Rib-Gtg, resulting the 
engineered strains DSM 2542 Rib-Gtg-IExyl*-zwf and DSM 

Fig. 6   Application of IExyl* for the improvement of riboflavin pro-
duction in P. thermoglucosidasius. a Schematic representation of the 
riboflavin biosynthetic pathway in P. thermoglucosidasius. b  Heat 
map illustrating the riboflavin yields of DSM 2542 Rib-Gtg-IExyl*-
ribA under different xylose concentrations and induction time points. 
c Heat map illustrating the riboflavin yields of DSM 2542 Rib-Gtg-
IExyl*-zwf under different xylose concentrations and induction 
time points. d  Growth profiles and riboflavin yields of DSM 2542 

Rib-Gtg, DSM 2542 Rib-Gtg-IExyl*-zwf, and DSM 2542 Rib-Gtg-
IExyl*-ribA in shake-flask fermentation at 24 h. e Relative transcrip-
tion levels of zwf and ribA genes determined by RT-qPCR in DSM 
2542 Rib-Gtg, DSM 2542 Rib-Gtg-IExyl*-zwf, and DSM 2542 Rib-
Gtg-IExyl*-ribA at 24 h, respectively. The standard deviations were 
calculated from at least three independent experiments and were rep-
resented as error bars
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2542 Rib-Gtg-IExyl*-ribA. The expression levels of zwf and 
ribA were optimized by adding xylose at different doses and 
time points. Riboflavin production was subsequently evalu-
ated under various induction conditions. Our results revealed 
that the optimal conditions for riboflavin production in both 
DSM 2542 Rib-Gtg-IExyl*-zwf and DSM 2542 Rib-Gtg-
IExyl*-ribA were achieved by adding 1 mM xylose at 6 h 
(Fig. 6b and c).

Growth and riboflavin production were assessed through 
shake-flask fermentation of the fine-tuning strains DSM 
2542 Rib-Gtg-IExyl*-zwf and DSM 2542 Rib-Gtg-IExyl*-
ribA, and compared to the starting strain DSM 2542 Rib-
Gtg. As shown in Fig. 6d, the biomass of the fine-tuning 
strains at 24 h was slightly lower than that of the starting 
strain DSM 2542 Rib-Gtg, while the riboflavin yields of the 
fine-tuning strains exhibited a 2.3- to 2.8-fold increase com-
pared to the starting strain (Fig. 6d). The specific rates of 
glucose consumption for the engineered strains were similar 
to that of the parent strain DSM 2542 Rib-Gtg (Table S5). 
These findings showed that the inducible expression system 
IExyl* can serve as an effective tool for rational engineer-
ing in Parageobacillus, offering a promising approach for 
enhancing product yields.

The impact of fine-tuning the zwf and ribA genes using 
IExyl* was further investigated in the fine-tuning strains. 
As depicted in Fig. 6e, the transcription levels of both genes 
were significantly enhanced in the fine-tuning strains, as 
assessed by RT-qPCR. Additionally, the intracellular con-
centrations of intermediate metabolites of the pentose phos-
phate pathway were also measured (Table 1). The pentose 
phosphate pathway plays a crucial role in providing ribulose-
5-phosphate, a direct precursor for riboflavin biosynthesis, 
as well as ribose-5-phosphate, which is converted to phos-
phoribosylpyrophosphate (PRPP) and subsequently to GTP, 
another biosynthetic precursor of riboflavin. In the fine-tun-
ing strains, slight increase in the intracellular concentration 
of ribulose-5-phosphate was observed, while the concentra-
tion of ribose-5-phosphate exhibited more obvious increase 
(Table 1). Moreover, compared to the parent strain, the 
intracellular PRPP concentration in the fine-tuning strains 
was significantly elevated, reaching a maximum concentra-
tion of 3.99 nmol/mg (dry weight) (Table 1). These findings 
indicate that the inducible expression system successfully 

reconfigures the intracellular metabolite concentrations, 
thereby promoting riboflavin production. In conclusion, we 
have designed a plug-and-play plasmid utilizing the newly 
developed inducible expression system IExyl*, which has 
been employed for fine-tuning gene expression to coordinate 
intracellular metabolism and maximize the yield of target 
products.

Discussion

Optimizing the levels of gene expression stands as a criti-
cal factor in attaining heightened yield and productivity for 
desired products (Gupta et al. 2017). The adverse impact on 
cell growth and product yields due to excessive expression 
of genes underscores the need for precision. To achieve the 
optimal results, precise control of the expression timing and 
strength of target genes is required. Especially, expression of 
target genes at proper timing are paramount to avoid com-
petition with the cell growth for precursors, ensuring the 
balance between cell growth and the ultimate yield of the 
target product. Additionally, this precision in timing serves 
to alleviate the possible toxic effects associated with the 
premature accumulation of the target product (Wang et al. 
2016). Employing an inducible expression system emerges 
as a valuable tool for ascertaining the optimal strength of 
expression and the ideal time point for such applications. 
This system not only facilitates controlled expression of het-
erologous proteins but also aids in constructing genetic tools 
for expressing genes of interest at specific stages, adding an 
extra layer of flexibility and control to the process.

Xylose-inducible promoters have been extensively applied 
and modified across diverse bacterial species including B. 
subtilis, Clostridium perfringens, Brevibacillus choshinen-
sis, and Lactococcus lactis to attain precise control over gene 
expression (Bhavsar et al. 2001; D'Urzo et al. 2013; Guz-
man et al. 1995; Nariya et al. 2011). In our previous study, 
we developed a suite of xylose-responsive promoters for P. 
thermoglucosidasius, providing a platform for the dynamic 
control over the full pathway of riboflavin production (Wang 
et al. 2022a). However, these xylose-inducible promoters 
are susceptible to glucose repression, impeding their further 
application in mixed substrates containing glucose. In this 
study, we successfully provided an xylose-inducible and glu-
cose-insensitive gene expression system for Parageobacillus 
strains, allowing for dynamic metabolic control using xylose 
as inducer while glucose as the primary carbon source.

Our analysis of gene transcription levels in both the pres-
ence and absence of xylose revealed the promoter of the xyl 
operon as a robust candidate for a xylose-inducible promoter. 
These results, together with the bioinformatic analysis of the 
genome sequence of P. thermoglucosidasius DSM 2542, also 
suggested that a set of sugar ABC transporter and an ROK 

Table 1   Intracellular Concentration of Metabolites in P. thermoglu-
cosidasius strains

DSM 2542 Rib-
Gtg

DSM 2542 Rib-
Gtg- IExyl*-zwf

DSM 2542 Rib-
Gtg- IExyl*-
ribA

ribose-5-P 3.69 ± 0.11 3.94 ± 0.13 3.97 ± 0.22
ribulose-5-P 1.23 ± 0.14 1.28 ± 0.07 1.31 ± 0.08
PRPP 1.11 ± 0.06 2.87 ± 0.11 3.99 ± 0.17
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family transcriptional regulator XylR were involved in the 
uptake of xylose and the regulation of xylose metabolism 
(Wang et al. 2022a). In this study, we deciphered the core 
sequence of the promoter of xyl operon, now designated as 
xylA5p. By combining xylA5p in tandem with its repressor 
XylR, subsequently fine-tuning to minimize leak expression 
and surmount glucose repression challenges, a xylose-induc-
ible expression system applicable with glucose was devel-
oped for Parageobacillus, which was designated as IExyl*. 
Significantly, our xylose-inducible system effectively uti-
lizes glucose as the primary carbon source while leveraging 
xylose as an inducer. Then, it was used to enhance ribo-
flavin production in P. thermoglucosidasius, representing a 
noteworthy yield improvement in riboflavin in engineered 
Parageobacillus strains.

CCR poses a great challenges to the effective deploy-
ment of xylose-inducible expression systems in industrial 
fermentation scenarios, given that glucose stands as the 
favored carbon source for the majority of microorganisms 
(Liang et al. 2022a, b; You et al. 2022). Previous research has 
unveiled that glucose-6-phosphate, a metabolic byproduct of 
glucose, counteracts the induction of the xylose regulon by 
acting through the global regulator CcpA (Dahl et al. 1995; 
Faires et al. 1999). However, a straightforward elimination 
of CcpA via gene knockout is not a tenable solution. Due 
to its pivotal role in carbohydrate metabolism, the absence 
of CcpA showed serious adverse effects on cell growth and 
fermentation efficiency (Faires et al. 1999; Tobisch et al. 
1999). Consequently, our study revealed that the fine tun-
ing CCR-related components, as opposed to their complete 
deletion, was effective to remove CCR effect. By introducing 
mutations in the cre sequences of the xylose transporter gene 
AOT13_11435, we successfully weakened the binding affin-
ity between CcpA and the cre sites, resulting in over ten-fold 
increase in fluorescence intensity of sfGFP induced by xylose 
with the accompany of glucose. Therefore, the engineering 
strategy implemented in this study significantly enhances the 
practical viability of xylose-inducible expression systems. 
Moreover, it provides valuable insights applicable to the 
refinement of other sugar-inducible expression systems.

Our xylose-inducible expression system IExyl* showed 
robust functionality in the concurrent presence of glucose 
and xylose. It strategically utilizes glucose as the primary 
carbon source favorable for cell growth, while harnessing 
xylose as a cost-effective inducer. This system presents sig-
nificant potential for dynamic control over protein expres-
sion and the biosynthesis of targeted products, particularly 
when glucose is the preferred carbon source. In summary, 
our xylose-inducible and glucose-insensitive IExyl* system 
provides a new tool for future metabolic engineering and 
synthetic biology investigations in the thermophilic Para-
geobacillus strains.
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