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Abstract
The e�cient utilization of both glucose and xylose, the two most abundant sugars in biomass
hydrolysates, is one of the main objectives of biofermentation with lignocellulosic materials. The
utilization of xylose is commonly inhibited by glucose, which is known as glucose catabolite repression
(GCR). Here we report a GCR-based dynamic control (GCR-DC) strategy aiming at a better co-utilization of
glucose and xylose, by decoupling the cell growth and biosynthesis of ribo�avin as a product. Using the
thermophilic strain Geobacillus thermoglucosidasius DSM2542 as a host, we constructed extra ribo�avin
biosynthetic pathways that were activated by xylose but not glucose. The engineered strains showed a
two-stage fermentation process. In the �rst stage, glucose was preferentially used for cell growth and no
production of ribo�avin was observed, while in the second stage where glucose was nearly depleted,
xylose was effectively utilized for ribo�avin biosynthesis. Using the corn cob hydrolysate as a carbon
source, the optimized ribo�avin yields of strains DSM2542-DCall-MSS (full pathway dynamic control
strategy) and DSM2542-DCrib (single module dynamic control strategy) were 5.26 and 2.26 folds higher
than that of the control strain DSM2542 Rib-Gtg constitutively producing ribo�avin, respectively. This
GCR-DC strategy should also be applicable to the construction of cell factories that can e�ciently use
natural carbon sources with multiple sugar components for the production of high-value chemicals in
future.

Introduction
The biofermentation industry has now become an important alternative of petrochemical industry in
terms of producing various valuable products, including biofuels, solvents and �ne chemicals. To date,
many biofermentation processes rely on glucose-based substrates, such as starch and molasses.
Extending the utilization ability towards other substrates, like the natural carbon source lignocellulose1–4

that contains glucose and xylose as the two most abundant sugars4–7, would be attractive for
biofermentation in the aspects of cost control and the production of valuable glucose/xylose derived
products.

Ribo�avin (vitamin B2) is the precursor of FMN and FAD, which are indispensable for normal cellular

activities of both prokaryotic and eukaryotic organisms8–10. As an essential vitamin, ribo�avin has been
widely used in many �elds, such as pharmaceuticals, food additives, cosmetics, and animal feed10–12.
Ribo�avin is biosynthesized from two pentose derived precursors, ribulose 5-phosphate (Ru5P) and
GTP10,12. The Gram-positive bacterium Bacillus subtilis is one of the widely used industrial host for the
production of ribo�avin, which mainly uses glucose as a carbon source9,13−17. Therefore, the production
costs should be reduced if the cheap lignocellulosic hydrolysates can be used to replace glucose. In
addition, the mesophilic fermentation of B. subtilis is often plagued by contaminated bacteria and the
large amount of heat generated during fermentation18,19. This issue might be overcame by using
thermophilic bacteria that can be fermented at high temperature19–21.
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The thermophile Geobacillus thermoglucosidasius DSM 2542 (also known as Parageobacillus
thermoglucosidasius DSM 2542) is a promising chassis organism for biofermentation, due to its
prominent properties including the rapid growth under thermophilic fermentation conditions, the
capability of utilizing a wide range of carbon sources, and the genetic amenability19,20. G.
thermoglucosidasius has been successfully used to produce ethanol19,22. Signi�cantly, G.
thermoglucosidasius can e�ciently utilize both glucose and xylose, the two main components of
lignocellulose hydrolysate, as carbon sources18,19. Xylose is �rstly taken into cells by its transporters, and
converted to xylulose by xylose isomerase (XylA)23,24. Then, xylulose is converted to 5-phosphate
xylulose (Xu5P) by xylose kinase (XylB), which is then transformed into Ru5P, an intermediate of the
pentose phosphate pathway23,24. As Ru5P is a precursor of ribo�avin, xylose would be an appropriate
carbon source for the biosynthesis of ribo�avin. These features collectively make G. thermoglucosidasius
an attractive platform for the production of ribo�avin.

Xylose uptake and catabolism are often subject to glucose catabolite repression (GCR, also generally
known as carbon catabolite repression)4,25−27. In bacteria, the xylose-utilizing genes are commonly
repressed by the presence of glucose28–30. Thus, the utilization of xylose only starts when glucose is
exhausted. One way for the co-utilization of glucose and xylose is to remove GCR, which has been
demonstrated in many studies4,27,31−33. However, the existence of GCR has its own metabolic and
evolutionary advantages, such as the ability to selectively utilize carbon sources favorable for cell
growth25. To take the advantage of that, an alternative strategy would be to utilize glucose and xylose in
separate stages for different purposes, e.g. glucose for cell growth and xylose for the biosynthesis of
desired product.

Here we designed a GCR based-dynamic control (GCR-DC) strategy and applied it to the engineering of G.
thermoglucosidasius DSM 2542 for the production of ribo�avin. An extra metabolic pathway from xylose
to ribo�avin was constructed using the xylose-inducible but glucose-insensitive promoters in DSM 2542.
This resulted in the decoupling of cell growth and the biosynthesis of ribo�avin. The engineered strains
preferentially utilized glucose for cell growth due to the presence of GCR, and then switched to the use of
xylose for the effective production of ribo�avin. The engineered strains produced signi�cantly higher
amount of ribo�avin in comparison to the control strain constitutively producing ribo�avin using mixed
glucose and xylose or lignocellulose hydrolysate as carbon sources. This powerful GCR-DC strategy
should also be applicable to construct cell factories to produce other valuable products using natural
carbon sources like lignocellulose hydrolysate.

Results
Engineering of G. thermoglucosidasius DSM 2542 for ribo�avin production. In a previous study, we
identi�ed the ribo�avin biosynthetic gene cluster (rib cluster) in G. thermoglucosidasius DSM 2542, and
overexpressed the rib cluster (under the control of the constitutive ldh promoter) in G.
thermoglucosidasius DSM 2542 to obtain DSM 2542 Rib-Gtg18,21. As expected, the engineered strain
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DSM 2542 Rib-Gtg produced ribo�avin at a yield of 58.4 ± 1.6 mg/L using 2% (w/v) xylose as a carbon
source, while the wild type strain DSM 2542 did not produce detectable ribo�avin (Fig. 2a). This showed
that G. thermoglucosidasius could be used as a host to produce ribo�avin with xylose as a carbon
source.

We then evaluated the cell growth and ribo�avin production of DSM2542 Rib-Gtg using mixed glucose
and xylose, or one of them as carbon sources (Fig. 2b-d). When DSM2542 Rib-Gtg was cultivated using
mixed glucose and xylose, GCR phenomenon was observed shown by that the utilization of xylose only
occurred after glucose being exhausted (Fig. 2b). The substrate consuming rate and the growth rate of
DSM2542 Rib-Gtg were much higher with glucose than those with xylose as a carbon source (Fig. 2c and
Supplementary Fig. 1). And the maximum cell density of DSM2542 Rib-Gtg was also higher with glucose
than that with xylose (Fig. 2c). On the contrary, the ribo�avin production of DSM2542 Rib-Gtg with
glucose was signi�cantly lower than that with xylose especially at time points beyond 10 h (Fig. 2d).
These results showed that glucose is conducive to cell growth of G. thermoglucosidasius, while xylose is
more bene�cial for the ribo�avin production.

Design of a GCR-DC strategy for ribo�avin production. Based on the difference between the metabolic
features of glucose and xylose, we proposed that decoupling of the cell growth and ribo�avin
biosynthesis according to their different propensities for carbon source utilization would bene�t the
ribo�avin production of G. thermoglucosidasius. We therefore designed a GCR-DC strategy for ribo�avin
production in G. thermoglucosidasius DSM 2542 as depicted in Fig. 1. An extra ribo�avin biosynthetic
pathway, which was under the control of xylose-inducible and glucose-insensitive promoters, was
introduced into the strain DSM 2542, while the native ribo�avin biosynthetic gene cluster was retained to
supply necessary amount of ribo�avin for normal cellular activities. As a result, the fermentation process
of the designed strain using mixed glucose and xylose is divided into two stages. In the �rst stage,
glucose is preferentially utilized for cell growth, and the ribo�avin biosynthesis is not induced. When
glucose is almost used up, the fermentation process would switch to the second stage autonomously, in
which the xylose-inducible and glucose-insensitive promoters could sense the dynamic changes of
carbon sources and turn on the reconstituted biosynthetic pathway for ribo�avin production using xylose.

Discovery and characterization of xylose-inducible and glucose-insensitive promoters from G.
thermoglucosidasius DSM 2542. Since there was no applicable xylose-inducible and glucose-insensitive
promoters in Geobacillus, we set to discover those promoters from G. thermoglucosidasius DSM 2542.
We performed whole genome transcriptional analysis of DSM 2542 with or without xylose to identify
xylose-inducible promoters. As shown in Supplementary Fig. 2a, DSM 2542 was cultured in USYE
medium with or without 1% xylose, and harvested in the exponential (4 h), transitional (6 h), and
stationary phases (8 h). The genes were considered to be activated by xylose when their transcriptional
levels were two-fold higher in xylose-containing culture than those in xylose-free culture. A hierarchical
clustering analysis resulted in a total of 71 xylose-activated genes (Supplementary Fig. 2b-c and
Supplementary Table 1, 2). In bacterial genomes, several genes are often organized into an operon and
co-transcribed under the control of a single promoter34. Operon analysis revealed that 59 out of the 71
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genes were from 27 predicted operons, and the remaining 12 genes were transcribed individually
(Supplementary Table 3). Hence, there were totally 39 putative xylose-inducible promoters. Among them,
20 were selected to cover a broad range of transcriptional levels (Supplementary Fig. 3). The 500-bp
sequences upstream of the coding sequence of the �rst gene within each operon were used as the
putative xylose-inducible promoters for further evaluation (Supplementary Table 4).

The strengths of the 20 putative promoters were evaluated by a green �uorescent protein (GFP) reporter
system in DSM 2542 (Fig. 3a). The �uorescence assay of the 20 strains DSM2542-n (n referred to the
promoter being used for the control of GFP expression) revealed that 1% xylose could increase the
expression levels of GFP in all strains, suggesting that all the 20 promoters could be activated by xylose
(Fig. 3b and Supplementary Fig. 4a). The strengths of the 20 promoters re�ected by the GFP �uorescence
intensities varied in a large range, and the results were overall consistent with the transcriptional levels of
their corresponding genes (Supplementary Fig. 3).

To select the promoters that are activated by xylose but not glucose (glucose-insensitive), the 20
promoters were further trimmed to nine (labelled by asterisks in Fig. 3b) by removing 11 of them that still
showed signi�cant expression levels when xylose was not added (Fig. 3b). The nine promoters were
further evaluated by cultivating their corresponding strains in the medium with 1% glucose, and all the
strains emitted little �uorescence (Supplementary Fig. 4b), showing that the nine promoters are glucose-
insensitive.

The dynamic regulation pro�les were evaluated in detail using promoter P11585, the native promoter of the
xylose-utilizing genes xylA and xylB. The strain DSM2542-RS11585 (harboring the GFP reporter system
driven by P11585) was cultivated in USYE medium containing 1% glucose + 1% xylose. At the early stage
(2 − 6 h), the strain consumed glucose preferentially and no �uorescence was observed (Fig. 3c). After
glucose was used up, xylose started to be consumed with the GFP �uorescence intensity increasing
gradually (6 − 14 h). The results suggested that, as anticipated, the promoter P11585 could be e�ciently
activated by xylose but not glucose. Further GFP �uorescence assays of DSM2542-RS11585 revealed a
dose-dependent activation of the promoter P11585 by different concentrations of xylose (0 − 1.0%)
(Fig. 3d). Taken together, we identi�ed nine xylose-inducible but glucose-insensitive promoters that could
be used in the dynamic control strategy for decoupling cell growth and ribo�avin production.

Production of ribo�avin in G. thermoglucosidasius using the GCR-DC strategy. We next used the promoter
P11585 to evaluate the GCR-DC strategy for ribo�avin production. The plasmid harboring the rib cluster
(under the control of P11585) from DSM 2542 was constructed, and reintroduced into DSM 2542 to obtain
the strain DSM2542-DCrib (Fig. 4a). DSM2542-DCrib was �rst cultured in USYE medium containing 2%
xylose or 2% glucose, respectively. The production of ribo�avin was only observed in the former medium
(121.0 ± 2.4 mg/L) but not in the latter one (Fig. 4a). Then, DSM2542-DCrib was fermented in USYE
medium with mixed 1% glucose and 1% xylose. At the �rst stage (2 − 6 h), glucose was consumed
preferentially, and the cell density increased to OD600 4.5 with no ribo�avin accumulated; at the second
stage (after 6 h) where glucose was nearly depleted, xylose began to be consumed with ribo�avin being



Page 7/22

accumulated gradually and reaching a yield of 59.4 ± 1.3 mg/L at 24 h (Fig. 4b). These results showed
that the cell growth and ribo�avin production was indeed decoupled in DSM2542-DCrib as expected.

Next, we aimed to control the whole pathway from xylose to ribo�avin dynamically using this strategy.
The whole metabolic pathway could be divided into four modules (Fig. 1): (I) xylose utilization module
contains the aforementioned xylA and xylB genes 29,32. Their native promoter, P11585, has been identi�ed
as a strong xylose-inducible promoter in this study. (II) phosphoribosyl pyrophosphate (PRPP)
biosynthesis module converts Xu5P to PRPP, in which the gene prs encoding the
phosphoribosylpyrophosphate synthetase is regulated by feedback inhibition of downstream
metabolites, such as ADP and GDP35,36. (III) purine biosynthesis module is responsible for the conversion
of PRPP to GTP17,37. This module contains the genes of the pur operon and other downstream genes.
Particularly, the 12 genes from the pur operon are organized as a cluster, whose transcription is strictly
regulated by the repressor PurR37–41. (IV) ribo�avin biosynthesis module (the rib cluster) that combines
Ru5P and GTP into ribo�avin is regulated by the downstream product FMN8,36,42. As module I is already
under the control of the native xylose-inducible promoter P11585, engineering is required for the remaining
three modules to get rid of the original regulations and make them xylose-inducible (Fig. 1). Three xylose-
inducible promoters with varied strengths (the strong promoter P11585 (S), a medium strength promoter
P16610 (M), and a weak promoter P03225 (W)) were used to activate each of the three modules, and a total
of 27 combinations were tested to �nd out the best combination for ribo�avin production (Fig. 3b and
5a). The plasmids harboring the three modules controlled by different combinations of promoters were
constructed by yeast-based transformation-associated recombination method43,44, and then transferred
to DSM 2542 to generate 27 engineered strains, in which the extra metabolic pathway from xylose to
ribo�avin was mainly controlled by xylose-inducible promoters.

The ribo�avin productions of the 27 engineered strains were measured in USYE medium with 2% xylose
at 24 h. Among them, the strain DSM2542-DCall-MSS showed the highest ribo�avin titer (273.0 ± 3.2
mg/L). In DSM2542-DCall-MSS, module II was driven by the medium strength promoter P16610, and both
modules III and IV were controlled by the strong promoter P11585 (Fig. 5b and Supplementary Table 5).
Due to its highest production, this strain was used for further studies.

Determination of the optimal xylose/glucose ratio for DSM2542-DCall-MSS to produce ribo�avin. The
switching time from cell growth stage to ribo�avin production stage in DSM2542-DCall-MSS is dictated
by the ratio of xylose and glucose. If the optimal xylose/glucose ratio for the production of ribo�avin in
DSM2542-DCall-MSS is close to the ratio of the two sugars in certain natural carbon sources, this strain
presumably can directly use those natural carbon sources for biofermentation. To identify the optimal
ratio of xylose/glucose, DSM2542-DCall-MSS was fermented in USYE medium containing mixed glucose
and xylose at different ratios. The total sugar concentration was set to 2% (w/v), in which the percentage
of xylose ranged from 20–78%. The highest yield of ribo�avin reached 317.0 ± 6.1 mg/L when the
percentage of xylose was 67% (xylose/glucose: 2:1) (Fig. 6a). When the proportion of xylose was at an
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optimal range from 50–80% (xylose/glucose: 1:1 to 4:1), the ribo�avin yields were all above 250 mg/L
(Fig. 6a).

Production of ribo�avin using the lignocellulosic carbon source corn cob hydrolysate. For many
lignocellulosic materials, the xylose/glucose ratios are within the aforementioned optimal range (1:1 to
4:1) for DSM2542-DCall-MSS. For example, the corn cob hydrolysate used in this study had a sugar
contents of 52% xylose, 18% glucose, 15% L-arabinose, and 15% galactose as determined by HPLC, which
showed the xylose/glucose ratio is around 3:1. This suggested that DSM2542-DCall-MSS could use corn
cob hydrolysate as a carbon source to produce ribo�avin. The aforementioned strains DSM2542-DCrib
(the rib cluster controlled by the xylose-inducible promoter P11585) and DSM2542 Rib-Gtg (the rib cluster
controlled by the constitutive promoter pldh) were used as controls. The three strains were fermented in
USYE medium containing 0.5% or 1.0% (w/v) corn cob hydrolysate. The ribo�avin yields of all the three
strains with 0.5% corn cob hydrolysate were higher than those with 1% corn cob hydrolysate, which might
be due to the presence of furfural and other substances in the corn cob hydrolysate that are adverse to
cell growth45. With 0.5% corn cob hydrolysate, the ribo�avin titer of DSM2542-DCall-MSS reached 121.0 
± 8.0 mg/L, which were 5.26 and 2.33 times higher than those of DSM2542 Rib-Gtg and DSM2542-DCrib,
respectively (Fig. 6b and Supplementary Table 6). And as anticipated, the dynamic control of ribo�avin
production was achieved by decoupling the ribo�avin biosynthesis from cell growth (Fig. 6c). These
results supported that the dynamic control strategy was effective to improve the utilization of
lignocellulosic hydrolysates by giving full play to the distinct metabolic advantages of different sugars.

Discussion
The e�cient utilization of renewable lignocellulose biomass has always been one of the major goals for
biofermentation. As the second abundant sugar in lignocellulose hydrolysate after glucose, xylose makes
up 30–40% of lignocellulosic biomass6,46. Although many microorganisms can use both sugars, glucose
is generally preferred to be utilized due to GCR25. To improve the utilization of lignocellulosic
hydrolysates, studies have achieved the co-utilization of glucose and xylose by removing GCR through
genetic engineering7,47−52. However, the existence of GCR endows the host strains unique advantages.
Especially, the preference to the utilization of glucose greatly facilitates the cell growth of host strains,
which is also true for the thermophile G. thermoglucosidasius DSM 2542 in this study (Fig. 2c). Therefore,
an alternative strategy to improve the utilization of lignocellulosic hydrolysates is to take advantages of
the different metabolic characteristics of glucose and xylose. A previous study reported a two-phase fed-
batch strategy for the production of poly(lactate-co-3-hydroxybutyrate) in Escherichia coli53. In their
strategy, glucose was used for cell growth in the initial stage, and xylose was manually added in the
second stage for polymer production, which resulted in a higher production of polymer than that of using
xylose or glucose alone53. This exempli�ed an e�cient way to use glucose and xylose for cell growth and
the biosynthesis of desired product, respectively. However, the requirement of manual addition of xylose
precludes the application of this strategy to natural carbon sources like lignocellulosic hydrolysates that
contain both glucose and xylose.
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As an essential vitamin, ribo�avin is biosynthesized from Ru5P and GTP, both of which can be derived
from xylose10. In this study, we �rst showed that xylose, in comparison to glucose, was a better carbon
source for ribo�avin production in G. thermoglucosidasius DSM 2542, while glucose was more conducive
to cell growth. Taking advantages of GCR and the distinct metabolic properties of the two sugars, we
used xylose-inducible and glucose-insensitive promoters to reconstruct a ribo�avin biosynthetic pathway
(from xylose to ribo�avin), and as expected, the ribo�avin production and cell growth was decoupled in
the engineered strain. The application of this GCR-DC strategy led to a signi�cantly higher production of
ribo�avin in comparison to that of strains constitutively producing ribo�avin (Fig. 6). As many high-value
chemicals, such as FMN, FAD, inosine, and guanosine, can be derived from pentose phosphate pathway,
the GCR-DC strategy should also be applicable for the production of those products.

The 27 engineered DSM2542-DCall strains each controlled by a unique set of promoters, displayed a wide
range of ribo�avin yields (Fig. 5). Among them, the strain DSM2542-DCall-MSS exhibited highest
ribo�avin production. This has once again showed that tuning the expression levels of biosynthetic genes
is critical to achieve the maximal biosynthetic capacity of a pathway54–56. The bunch of newly identi�ed
xylose-inducible and glucose-insensitive promoters with a broad range of strengths, provide expedient
genetic tools for the further engineering of G. thermoglucosidasius DSM 2542.

In this study, G. thermoglucosidasius DSM 2542 was used as a platform host for the production of
ribo�avin, mainly due to its rapid growth and thermophilic fermentation features. Especially, the
thermophilic fermentation helped cut down the cost for cooling and signi�cantly reduce the occurrence of
contamination during fermentation. Therefore, G. thermoglucosidasius DSM 2542 is emerging as an
attractive platform for biofermentation. Other strategies, including deletion of the regulatory gene ccpN,
gene encoding lactic dehydrogenase and certain genes involved in the purine metabolic network21,57,
engineering of the riboswitches of pur and rib operons58 and the RBS regions of genes involved in
ribo�avin biosynthesis59, and introducing mutations in the transcriptional regulators CcpN and YvrH16,
have also been successful to increase the production of ribo�avin. These approaches might be integrated
with our GCR-DC strategy to further improve the capacity of this robust host, G. thermoglucosidasius
DSM 2542, to utilize natural carbon sources for the production of ribo�avin and other high-value products
in future.

Methods
Strains, media and culture conditions. Bacterial strains used in this study are shown in Supplementary
Table 7. E. coli strains were grown in lysogeny broth (LB) medium with 12.5 µg/mL kanamycin added
when needed. USYE media were used during the genetic manipulation and fermentation of G.
thermoglucosidasius, respectively, as described previously19,21. D-glucose and/or D-xylose were added in
USYE medium as declared with the �nal concentrations of 2% (w/v) glucose, 2% (w/v) xylose, or 1% (w/v)
glucose + 1% (w/v) xylose, respectively. The engineered G. thermoglucosidasius strains were cultivated in
250 mL shake �ask with 50 mL USYE medium containing 40 mM each (�nal concentrations) of Bis-Tris,
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PIPES, and HEPES at pH 7.0 as a seed culture. Then, 0.5 mL seed culture was added to 50 mL USYE
medium (Glucose and/or xylose were added as declared) and fermented for designated time at 60°C, 250
rpm.

For yeast culture, the rich medium YPD was used for the routine growth of yeast strain BJ5464-NpgA and
its derivatives at 28°C43,44,60. UDMS media were used for the selection of plasmids constructed by yeast
homologous recombination as previously described44. The yeast transformants were grown on the solid
UDMS medium for 2 − 4 days.

Construction of plasmids and engineered strains. All plasmids used in this work are listed in
Supplementary Table 7. All primers and oligonucleotides are listed in Supplementary Table 8. The
genomic DNA was extracted from G. thermoglucosidasius DSM 2542 using the Ultraclean® Microbial
DNA Isolation kit from Mo Bio Laboratories, Inc. (Cambio Ltd., Cambridge, UK) according to the
manufacturer’s protocol. Plasmid extractions were performed using NucleoSpin Plasmid EasyPure kit
(Macherey-Nagel). PCR screening for transformants were carried out with Taq 2× Master Mix (TsingKe,
China).

To characterize the xylose-inducible promoters, the selected 20 putative promoters were ampli�ed from
the genome of G. thermoglucosidasius DSM 2542 using the primer pairs RS10605-F/R, RS03330-F/R,
RS11585-F/R, RS19825-F/R, RS08295-F/R, RS11580-F/R, RS07185-F/R, RS05470-F/R, RS07230-F/R,
RS06405-F/R, RS11780-F/R, RS01665-F/R, RS07175-F/R, RS11470-F/R, RS07200-F/R, RS16610-F/R,
RS07150-F/R, RS11785-F/R, RS01820-F/R and RS03225-F/R, and assembled with the corresponding
plasmid backbone ampli�ed from pUCG18-sfgfp using the primer pairs pUCG18-RS10605-F/R, pUCG18-
RS03330-F/R, pUCG18-RS11585-F/R, pUCG18-RS19825-F/R, pUCG18-RS08295-F/R, pUCG18-RS11580-
F/R, pUCG18-RS07185-F/R, pUCG18-RS05470-F/R, pUCG18-RS07230-F/R, pUCG18-RS06405-F/R,
pUCG18-RS11780-F/R, pUCG18-RS01665-F/R, pUCG18-RS07175-F/R, pUCG18-RS11470-F/R, pUCG18-
RS07200-F/R, pUCG18-RS16610-F/R, pUCG18-RS07150-F/R, pUCG18-RS11785-F/R, pUCG18-RS01820-
F/R and pUCG18-RS03225-F/R by Gibson assembly61, respectively, generating 20 plasmids pUCG18-n-
sfgfp (n indicates the name of the selected 20 promoters, see Supplementary Table 7). The 20 plasmids
were transformed into G. thermoglucosidasius DSM 2542 to generate the corresponding 20 engineered
strains DSM2542-n (n indicates the name of the selected 20 promoters, see Supplementary Table 7).

To construct the plasmid pUCG18-RS11585-Gtribo (Supplementary Table 7), the rib cluster was ampli�ed
from the genome of DSM 2542 using the primer pair 11585Gtrib-F/R and assembled with the plasmid
backbone ampli�ed from pUCG18-RS11585-sfgfp using the primer pair 11585Gtrib-GJ-F/R by Gibson
assembly61. The plasmid pUCG18-RS11585-Gtribo was transformed into DSM 2542 by electroporation to
generate the strain DSM2542-DCrib as described previously19. To construct the plasmid XW55-P15, the
P15 gene fragment was ampli�ed from plasmid pUC19 using the primer pair P15-F/R, and assembled
with the plasmid backbone ampli�ed from plasmid XW5543,44 using the primer pair XW55-P15-GJ-F/R.
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To activate the metabolic pathway from xylose to ribo�avin using the selected three xylose-inducible
promoters P11585 (S), P16610 (M) and P03225 (W), we constructed a series of plasmids named piprs-
pjpurine-pkribo�avin (i, j and k indicate one of S, M and W, respectively. Supplementary Table 7) by yeast-
based transformation-associated recombination43,44. Firstly, we prepared eight linear DNA fragments,
consisting of (1) the fragment of 2u-ori origin of replication and URA3 ampli�ed from plasmid XW55-P15
using primer pair JM-F/R, (2) the repBST1 origin of replication and kanamycin resistance gene from
plasmid pUCG18-sfgfp using primer pair ZLGJ-F/R, (3) the prs gene ampli�ed from the genome of DSM
2542 using primer pair prs-F/R, (4) the purine gene cluster ampli�ed from the genome of DSM 2542 using
primer pair purine-F/R, (5) the rib cluster ampli�ed from the genome of DSM 2542 using primer pair Rb-
F/R, (6) the promoters S, M and W (ampli�ed from the genome of DSM 2542 using primer pairs S-zl-F/S-
pr-R, M-zl-F/M-pr-R and W-zl-F/W-pr-R, respectively) used for linking the DNA fragments generated from
(2) and (3), (7) the promoters S, M and W (ampli�ed from the genome of DSM 2542 using primer pairs S-
pr-F/S-pu-R, M-pr-F/M-pu-R and W-pr-F/W-pu-R, respectively) used for linking the DNA fragments
generated from (3) and (4), (8) the promoters S, M and W (ampli�ed from the genome of DSM 2542 using
primer pairs S-pu-F/S-Rb-R, M-pu-F/M-Rb-R, and W-pu-F/W-Rb-R, respectively) used for linking the DNA
fragments generated from (4) and (5). Each of the DNA fragments contained a minimum of 35 bp
overlapping sequences with the �anking fragments. Then, each combination of the fragments were co-
transformed into S. cerevisiae BJ5464-NpgA (MATα ura3-52 his3-Δ200 leu2-Δ1 trp1 pep4::HIS3
prb1Δ1.6R can1 GAL)44 using S. cerevisiae EasyComp Transformation Kit (Invitrogen). The correct yeast
transformants were veri�ed by PCR and DNA sequencing. Next, the plasmids were isolated from the yeast
transformants using Zymoprep (D2001) Kit (Zymo Research) and transformed into E. coli Top10. The E.
coli competent cells were produced and transformed according to the transformation and storage
solution protocol62. Finally, the plasmids were transformed into G. thermoglucosidasius as described
previously by Cripps19.

Total RNA isolation. The G. thermoglucosidasius DSM 2542 strains cultivated in liquid USYE medium
were harvested by fast �ltration, �ash frozen in liquid nitrogen, and ground into powder for total RNA
extraction using TRNzol (Tiangen, China). The integrity and quantity of the isolated RNA were checked by
denaturing agarose gel electrophoresis and NanoDrop 2000 spectrophotometer (NanoDrop Technologies,
USA), respectively.

RNA-Seq analysis. The cultures of G. thermoglucosidasius DSM 2542 in liquid USYE with 1% xylose or
without xylose were sampled at 4 h, 6 h and 8 h, and used for massively parallel cDNA sequencing. The
cDNA libraries were prepared and analyzed on Illumina HiSeq 2000. Samples were sequenced twice to
obtain appropriate deep sequencing results. Raw data were processed by removing those with low quality
(phred quality < 5) and sequencing adaptors. The remaining clean reads were aligned to the genome of
DSM 2542. Mapping the total number of reads to each gene was implemented by Picard tools
(http://picard.sourceforge.net/). The promoter strength could be re�ected by RPKM, which was calculated
with our previous reported formula63. The operons were predicted by DOOR 2.064 and Rockhopper65

based on the RNA-Seq data, and manually con�rmed.
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GFP �uorescence assay. The sfGFP18 was used as a reporter to characterize the performance of these
promoters. The G. thermoglucosidasius strains carrying the GFP reporter plasmids were cultured
overnight at 60°C in USYE medium with corresponding concentrations of glucose or xylose. Then, 2 µL of
these cultures were inoculated into 100 µL of fresh pre-heated media in �at-bottom 96-well microtiter
plate (Greiner Bio-One) and sealed airtight with VIEWSeal (In Vitro) to prevent water evaporation. The GFP
�uorescence was measured using an ELx808™ Microplate Reader (BioTek) with excitation at 485 nm and
emission at 535 nm. Values at the middle of log phase were taken for analysis.

To test the transcription time course of these promoters, �uorescence was measured periodically
according to the method described above. To test the dose-dependent activation of these promoters, the
GFP �uorescence of cells were measured at different xylose concentrations by �ow cytometry (FACS)
using a Becton-Dickinson FACSCalibur �ow cytometer. For the FACS test, a 100 µL (culture) sample was
diluted with PBS to 1 mL, and was analyzed within 10 min with excitation at 488 nm and emission at 580
nm. The cells were assayed at a low �ow rate until 20,000 total events were collected. Data were
analyzed with the FlowJo FC analysis software 7.6.1.

Analytical Methods. The OD at 600 nm was used to measure cell growth (1 OD600 nm = 107 cells/mL).
The xylose and glucose concentrations were measured by HPLC with an Aminex HPX-87H column (Bio-
Rad Laboratories, Hercules, CA) and refractive index detector as descripted previously21,66. The
concentration of ribo�avin was determined by HPLC as descripted previously67.
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Figure 1

The design of a ribo�avin-producing microbial cell factory with the GCR-DC strategy. The biosynthetic
process of ribo�avin from xylose consisted of four modules. As module I was natively activated by
xylose, an extra pathway was constructed on a plasmid to express the engineered modules II−IV that were
under the control of xylose-inducible but glucose-insensitive promoters. As a result, the engineered cells
would preferentially use glucose for cell growth due to the presence of GCR, and then utilized xylose for
the biosynthesis of ribo�avin in a later stage.

Figure 2

Time pro�les of ribo�avin production, carbon source consumption and cell growth of DSM2542 Rib-Gtg
under different cultivation conditions. a. Ribo�avin productions of the strains DSM 2542 and DSM2542
Rib-Gtg in USYE medium supplemented with 2% xylose for 24 h. b. Time pro�les of carbon source
consumption by DSM2542 Rib-Gtg in USYE medium supplemented with 1% glucose + 1% xylose. c.
Growth curves of DSM2542 Rib-Gtg in USYE medium supplemented with 2% glucose or 2% xylose,
respectively. d. Time pro�les of ribo�avin production of DSM2542 Rib-Gtg in USYE medium
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supplemented with 2% glucose or 2% xylose, respectively. Xyl, xylose; Glc, glucose. Error bars represented
standard deviations of three independent experiments.

Figure 3

Identi�cation of xylose-inducible and glucose-insensitive promoters. a. A schematic representation of the
GFP reporter system. b. Promoter strengths measured by GFP �uorescence. The nine promoters showed
little transcription without xylose were labelled by asterisks. Strains were cultured in USYE medium with
or without 1% xylose. c. Time courses of glucose consumption (red), xylose consumption (black), cell
growth (blue) and GFP �uorescence (green) of the strain DSM2542-RS11585 with the GFP reporter
system driven by the promoter P11585. DSM2542-RS11585 was cultured in USYE medium containing 1%
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glucose + 1% xylose. d. Dose-dependent activation of the promoter P11585 by different concentrations of
xylose using flow cytometer measurements. DSM2542-RS11585 was grown in USYE medium
supplemented with a series of different concentrations of xylose as indicated. Error bars represented
standard deviations of three independent experiments.

Figure 4

Decoupling the cell growth and ribo�avin production in G. thermoglucosidasius DSM2542-DCrib by the
GCR-DC strategy. a. Ribo�avin production of DSM2542-DCrib in USYE medium with 2% xylose or 2%
glucose for 24 h, respectively. b. Ribo�avin production (orange), cell growth (OD600, blue) and carbon
source utilization (glucose, red; xylose, black) of DSM2542-DCrib cultured in USYE medium with 1%
glucose + 1% xylose. Error bars represent standard deviations of three independent experiments.
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Figure 5

Reconstitution and optimization of the xylose-inducible metabolic pathway from xylose to ribo�avin. a.
Plasmids harboring the modules II, III and IV controlled by different combinations of promoters. Totally,
27 different plasmids were constructed. The prs gene, 12 genes in pur operon, and the rib cluster were
from module II, III, and IV, respectively. b. Ribo�avin production (orange bars) and cell growth (OD600,
blue symbols) of the 27 engineered strains. S: the strong promoter P11585 (red); M: the medium strength
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promoter P16610 (yellow); W: the weak promoter P03225 (green). Error bars represented standard
deviations of three independent experiments.

Figure 6

Effects of the xylose/glucose ratios on ribo�avin production and the production of ribo�avin using the
lignocellulosic carbon source. a. Evaluation of the in�uence of xylose/glucose ratios on the ribo�avin
production of DSM2542-DCall-MSS. b. Ribo�avin productions of DSM2542 Rib-Gtg, DSM2542-DCrib and
DSM2542-DCall-MSS using corn cob hydrolysate as a carbon source. Strains were cultivated in USYE
medium with 0.5% and 1% corn cob hydrolysates for 24 h, respectively. c. Time courses of glucose
concentration (red), xylose concentration (black), biomass (blue), and ribo�avin accumulation (orange) of
strain DSM2542-DCall-MSS in USYE medium with 1.0% corn cob hydrolysate. Error bars represented
standard deviations of three independent experiments.
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