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Abstract
Background  Bacillus subtilis is widely used in industrial-scale riboflavin production. Previous studies have shown 
that targeted mutagenesis of the ribulose 5-phosphate 3-epimerase in B. subtilis can significantly enhance riboflavin 
production. This modification also leads to an increase in purine intermediate concentrations in the medium. 
Interestingly, B. subtilis exhibits remarkable efficiency in purine nucleoside synthesis, often exceeding riboflavin 
yields. These observations highlight the importance of the conversion steps from inosine-5’-monophosphate (IMP) 
to 2,5-diamino-6-ribosylamino-4(3 H)-pyrimidinone-5’-phosphate (DARPP) in riboflavin production by B. subtilis. 
However, research elucidating the specific impact of these reactions on riboflavin production remains limited.

Result  We expressed the genes encoding enzymes involved in these reactions (guaB, guaA, gmk, ndk, ribA) using a 
synthetic operon. Introduction of the plasmid carrying this synthetic operon led to a 3.09-fold increase in riboflavin 
production compared to the control strain. Exclusion of gmk from the synthetic operon resulted in a 36% decrease 
in riboflavin production, which was further reduced when guaB and guaA were not co-expressed. By integrating 
the synthetic operon into the genome and employing additional engineering strategies, we achieved riboflavin 
production levels of 2702 mg/L. Medium optimization further increased production to 3477 mg/L, with a yield of 
0.0869 g riboflavin per g of sucrose.

Conclusion  The conversion steps from IMP to DARPP play a critical role in riboflavin production by B. subtilis. Our 
overexpression strategies have demonstrated their effectiveness in overcoming these limiting factors and enhancing 
riboflavin production.
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Background
Riboflavin, an indispensable vitamin, has wide applica-
tions in the food, feed, and pharmaceutical industries 
[1–3]. The two active forms of riboflavin, flavin adenine 
dinucleotide (FAD) and flavin mononucleotide (FMN), 
are crucial for diverse cellular processes, including car-
bohydrate, lipid, and protein metabolism [4–6]. How-
ever, humans and other animals lack the ability to de novo 
synthesize riboflavin, necessitating a dietary intake. In 
contrast, microorganisms, including specific mutants of 
Bacillus subtilis [7], possess de novo riboflavin biosynthe-
sis pathways and can excrete riboflavin into the environ-
ment [8, 9].

In recent decades, the commercial production of ribo-
flavin through fermentation has significantly flourished, 
surpassing chemical synthesis. This trend is partly due to 
the advantages offered by B. subtilis, which is character-
ized by rapid growth, minimal nutritional requirements, 
and facile product extraction from fermentation broth 
[10–12]. Furthermore, advancements in genetic engi-
neering have enabled B. subtilis to emerge as a highly 
competitive riboflavin producer, driving industrial-scale 
production efforts. Recently, the riboflavin market has 
been valued at USD 4.23  billion and is anticipated to 
continue growing [13]. This growth is attributed to the 
versatile uses of riboflavin, which serves as a valuable 
component in various products ranging from feed addi-
tives to cardiac medications and anticancer drugs.

In riboflavin biosynthesis, guanosine triphosphate 
(GTP) and ribulose-5-phosphate (Ru5P) serve as the two 
committed precursors. Our previous investigation iden-
tified a mutation in ribulose 5-phosphate-3-epimerase 
(RPE) that contributes to riboflavin overproduction in a 
B. subtilis strain with deregulated rib operon [14]. This 
mutation reduces the carbon flux to the Embden-Mey-
erhof-Parnas (EMP) pathway, thereby enhancing the pre-
cursor supply for riboflavin production, an effect akin to 
that observed in certain transketolase-deficient B. subtilis 
strains [15]. The augmented supply of ribose precursor 
results in the accumulation of purine metabolites in the 
fermentation media [14].

Notably, the purine de novo biosynthesis pathway 
encompasses steps beyond the conversion of Ru5P and 
GTP to riboflavin. The pathway is governed by complex 
feedback inhibition mechanisms. The transcriptional 
regulation of the purine operon is mediated by the PurR 
regulator [16]. Furthermore, upon binding to guanine, 
the purine riboswitch forms a terminal hairpin loop, 
leading to the initial termination of purine operon tran-
scription [17]. Intermediates of the purine de novo bio-
synthesis pathway also regulate enzyme activities [18]. 
Several strategies aimed at enhancing riboflavin produc-
tion through purine metabolism engineering have been 
investigated for strain development. Shi et al. achieved 

a 3-fold increase in riboflavin production (826.5  mg/L) 
by enhancing the purine de novo synthesis pathway 
through a series of deregulatory approaches [19]. Sun 
et al. pinpointed crucial genes within the purine salvage 
and degradation pathway that impact riboflavin produc-
tion, paving the way for more precise manipulation of 
purine metabolic networks [20]. Nonetheless, data on 
intermediate concentrations and potential regulatory 
mechanisms from these studies implicate the necessity 
of expressing downstream genes in the GTP biosynthesis 
pathway. Based on this observation, we hypothesize that 
the regulation of the pathway by intermediate products 
can be alleviated through the overexpression of these 
genes alone.

To test this hypothesis, riboflavin production strain is 
constructed through the expression of five genes ranging 
from inosine-5’-monophosphate (IMP) to 2,5-diamino-
6-ribosylamino-4(3  H)-pyrimidinone-5’-phosphate 
(DARPP), and the production of riboflavin was subse-
quently tested via flask fermentation. The expression of 
either all or a subset of these genes resulted in enhanced 
riboflavin production to varying extents. The most effec-
tive engineering approach to enhancing riboflavin pro-
duction proved to be the overexpression of all these genes 
within a synthetic operon. These results suggest that a set 
of genes acting as bottlenecks have been identified in the 
parent strain. Through additional genetic engineering 
efforts and optimization of the fermentation medium, the 
final strain achieved a riboflavin titer of up to 3477 mg/L.

Results
Construction of the plasmid pEX5 for overexpressing the 
genes involved in the conversion of IMP to DARPP
In Bacillus subtilis, the genes responsible for encoding 
enzymes in the conversion pathway from inosine mono-
phosphate (IMP) to 3,4-dihydroxy-2-butanone 4-phos-
phate (DARPP) are guaB, guaA, gmk, ndk, and ribA 
(Fig.  1). The enzymes IMP dehydrogenase (encoded by 
guaB) and Guanosine monophosphate synthetase (GMP 
synthetase) (encoded by guaA) catalyze consecutive 
reactions, driving the conversion of IMP to GMP. When 
expressing these genes, there are two notable aspects to 
consider.

Firstly, unlike the purine operon formed by genes 
involved in IMP biosynthesis, these genes are not adja-
cent in the genome and can be significantly distant. 
Table  1 presents the upstream and downstream genes 
adjacent to these genes in the B. subtilis genome, along 
with their respective functions. Specifically, guaB is 
located at 15,915–17,381, guaA at 692,740–694,281, gmk 
at 1,641,949–1,642,563, and ndk at 2,381,354–2,381,803 
[21]. This suggests that during evolution, the strain did 
not prioritize GTP accumulation but required tight 
coordination between intermediate synthesis and other 
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cellular processes. Given their scattered locations and 
functional significance, it is necessary to construct a syn-
thetic operon for these genes.

Secondly, the catalytic biases observed in this series of 
reactions merit attention. This direction of conversion 
is supported by the metabolic pathway data available on 
Metacyc [22]. Nevertheless, an excess of purine nucleo-
tides is subject to degradation into nucleosides through 
the action of various 5’-nucleotidases in B. subtilis [23]. 
Diverting this metabolic flow toward riboflavin biosyn-
thesis necessitates the introduction of a competitive 
enzyme. Guanylate kinase (encoded by gmk) and nucle-
oside-diphosphate kinase (encoded by ndk) are pivotal in 
the reactions converting GMP to GTP. Since these reac-
tions are reversible, their overexpression may not signifi-
cantly alter the metabolic flow. RibA catalyzes the initial 
steps of riboflavin synthesis, and these reactions are irre-
versible, as stated in the Metacyc database. Prior research 
has demonstrated that the overexpression of ribA exerts 
a substantial impact on riboflavin production [24]. 

Consequently, RibA emerges as a suitable “driver” for the 
consecutive reactions.

Based on the aforementioned theory, these genes 
were assembled into a synthetic operon (Supplementary 
Fig.  1). This operon was under the control of a strong 
promoter called Pr, which was created by deregulat-
ing and modifying the promoter of the rib operon [25]. 
In B. subtilis, RibA serves as a dual-function enzyme 
(GTP cyclohydrolase II and 3,4-dihydroxy 2-butanone 
4-phosphate synthase) responsible for key steps in the 
production of riboflavin [24]. Given the significance of 
RibA, it was positioned at the beginning of the operon. 
The enzyme catalyzing the penultimate step, encoded by 
ndk, is located downstream of ribA in the operon. The 
arrangement of the other three genes within the operon 
follows the sequence of their respective catalyzed reac-
tions. To prevent transcription attenuation, a PvegI con-
stitutive promoter [26] was inserted upstream of guaB. 
The mid-copy number plasmid pHP13(spe) [14, 27] is 
chosen as the backbone, and the operon is ligated to it by 
Gibson assembly to generate pEX5.

Effect of overexpression of downstream genes of GTP 
synthesis pathway and ribA on riboflavin production
The pEX5 is introduced into the strain BSR (Table 3) to 
generate BEX5. BSR is constructed on the background of 
B. subtilis 168, containing a deregulated rib operon and 
a mutation of ribulose 5-phosphate 3-epimerase (RPE), 
which causes a reduced RPE activity, leading to the accu-
mulation of purine intermediates as reported in our prior 
investigations [14]. Flask fermentation was conducted to 
test BEX5 and BS13, which is BSR transformed with the 
pHP13(spe) vector. As shown in Fig.  2A, while BEX5’s 
growth was slightly impeded compared to the control 
strain (11.27% decrease), the introduction of the syn-
thetic operon significantly increased riboflavin produc-
tion to 726 ± 12  mg/L (a 3.09-fold increase) after 48  h 
(Fig. 2B). This surpassed the results of ribA overexpres-
sion alone and closely matched the effects of rib operon 
overexpression reported previously [14].

To investigate the effect of overexpression of a single 
gene on riboflavin production, vectors carrying five inde-
pendent genes under the control of Pr promoter were 
constructed and transformed into BSR to generate BSRA, 
BSGA, BSGB, BSGK, and BSNK. As the flask fermenta-
tion results showed, only BSRA exhibited a significant 
enhancement of riboflavin production compared with 

Table 1  Adjacent genes to genes in downstream genes of GTP synthesis in B. subtilis
Genes Location Upstream/Downstream genes Function
guaB 15,915–17,381 yaaC/dacA Unknow/Major D-alanyl-D-alanine carboxypeptidase
guaA 692,740–694,281 yebA/pbuG Unknow/Hypoxanthine and guanine uptake
gmk 1,641,949–1,642,563 ylzA/rpoZ Control of biofilm formation/Omega subunit of RNA polymerase
ndk 2,381,345–2,381,803 cheR/hepT Motility, chemotaxis/Menaquinone biosynthesis

Fig. 1  This overview provides a comprehensive perspective on the genes 
involved in the downstream segments of the pentose phosphate pathway 
(blue), the purine pathway (orange), the riboflavin biosynthesis pathway 
(yellow), and their interconnected pathways within the framework of B. 
subtilis. Within this intricate biochemical network, inosine monophos-
phate (IMP) represents the first molecule bearing an intact purine ring, and 
other purine nucleotide are generated from IMP. In B. subtilis, a series of 
critical genes assume central roles in these biochemical transformations. 
Specifically, guaB, responsible for encoding IMP dehydrogenase, orches-
trates the conversion of IMP into XMP. Furthermore, guaA, encoding GMP 
synthetase, governs the conversion of XMP into GMP. gmk, the gene re-
sponsible for guanylate kinase, is instrumental in catalyzing the transition 
from GMP to GDP. ndk, denoting nucleoside diphosphate kinase, presides 
over the conversion from GDP to GTP. And as the first step from purine 
precursor to riboflavin biosynthesis, ribA, encoding GTP cyclohydrolase 
II/3,4-dihydroxy-2-butanone 4-phosphate synthase, presides over the 
transformation of GTP and Ru5P into DARPP and DHBP
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the control strain (Fig.  3A). The biomass of these over-
expressed strains was similar to that of the control strain, 
except for BSGA, which was higher than the control 
strain (Supplementary Fig. 2).

These results indicate that overexpressing the combina-
tion of the five genes increases carbon flow towards ribo-
flavin production, with ribA as the key enzyme. Further 
more, plasmids were constructed in which ribA was co-
expressed with each of the other four genes individually. 

These plasmids were then transformed into BSR to gener-
ate BSAA, BSAB, BSAN, and BSAG. As shown in Fig. 3B, 
riboflavin production increased by 6.6% in the strain 
overexpressing the combination of ribA and gmk com-
pared to the strain overexpressing ribA alone, while pro-
duction decreased in other combinations. Alternatively, 
strains overexpressing random combinations of four of 
the five genes were constructed. Fermentation results 
demonstrated that riboflavin production decreased by 

Fig. 3  The riboflavin production performance is examined in flask fermentation at 48 h, within strains overexpressing specific genes from the synthetic 
operon. (A) Riboflavin production within strains overexpressing individual genes from the synthetic operon. (B) Riboflavin production when strains 
overexpress ribA in conjunction with the remaining four genes of the synthetic operon. (C) Riboflavin production within strains where four out of the five 
genes from the synthetic operon are co-overexpressed

 

Fig. 2  The comparative analysis of growth and riboflavin production between strains overexpressing a synthetic operon and the control strain. (A) Pres-
ents the riboflavin production between BEX5 (BSR overexpression pEX5) and B13 (BSR overexpression pHP13 (spe)) during flask fermentation at 48 h, with 
sucrose employed as the carbon source. (B) The growth curve of BEX5 and B13
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66% when ribA was absent compared to BSEX5. Addi-
tionally, riboflavin production decreased by 48.3%, 47.2%, 
36.0%, and 22.4% in the absence of guaB, guaA, gmk, and 
ndk, respectively (Fig.  3C). These results demonstrate 
that all five genes are necessary, to varying degrees, for 
achieving higher riboflavin production.

In E. coli, the gene pairs gmk-ndk and guaB-guaA were 
both expressed to increase riboflavin production [28]. 
However, it was observed that only the gmk-ndk combi-
nation favorably impacted riboflavin production, indicat-
ing a divergence in purine metabolism between the two 
strains. In B. subtilis, inosine and IMP are the primary 
byproducts of purine pathways [14], whereas E. coli tends 
to accumulate xanthine when GMP synthase is knocked 
out [29].

Development of a riboflavin-producing strain
Subsequently, we combined the overexpression of the 
synthetic operon with other previously employed strate-
gies in our studies to develop a more competitive ribo-
flavin-producing strain. Initially, we generated strains by 
introducing pEX5 into purine metabolic network dele-
tion mutants [20] to assess the regulatory effect on the 
synthetic operon. These strains were subsequently sub-
jected to flask fermentation experiments. As shown in 
Fig. 4, the highest riboflavin production of 798 ± 61 mg/L 
was achieved in the apt deletion strain. Furthermore, 
the riboflavin production of BSRPE2 exceeded that 
of the parent strain. However, it was observed that 
gene deletions in BSRPE3-11 adversely affected strains 

overexpressing the synthetic operon. These findings 
underscore the diverse impacts of strain backgrounds on 
production when expressing the synthetic operon. This 
phenomenon is attributed to the complex regulation of 
the purine de novo synthesis pathway, which involves sal-
vage, degradation, and interconversion pathways [20].

Subsequently, a series of genetic manipulations were 
performed on the background of BSR, which was derived 
from the wild-type strain B. subtilis 168 [14]. Initially, the 
synthetic operon was integrated into the amyE locus of 
BSR, resulting in the generation of BSRE1. Subsequently, 
the apt gene was deleted in BSRE1 to produce BSRE2, 
followed by the introduction of a site-directed mutation 
in perR [20] to generate BSRE3.

To further augment the supply of pentose precursors, 
a nonsense mutation of tkt [14] was introduced into 
BSRE3, resulting in the formation of BSRE4. Finally, plas-
mid pMX45, carrying an overexpressed rib operon, was 
introduced into BSRE4, yielding BSRE4/pMX45.

Flask fermentation experiments were conducted to 
assess the riboflavin production capacity of these strains. 
As Fig.  5 shows, when the synthetic operon was inte-
grated into the genome, riboflavin production reached 
790 ± 87  mg/L, representing a remarkable 2.46-fold 
increase compared to the parent strain. Notably, the pro-
duction further surged to 991 ± 78  mg/L following the 
knockout of the apt gene. PerR, a global regulator with 
influence over purine metabolism [30], was strategi-
cally targeted with a site-directed mutation in previous 
studies. This mutation suppressed the dNTP synthesis 
pathway, redirecting carbon flow towards GTP/ribofla-
vin production and leading to a notable 25% increase in 
riboflavin production. Consequently, in BSRE4, ribofla-
vin production soared to 2012 ± 139  mg/L, even though 
the biomass of BSRE4 experienced a 32% reduction 
compared to BSRE3 (Supplementary Fig.  3). This sug-
gests a significant redistribution of carbon flux between 
growth and precursor production. The production of 
riboflavin in BSRE4/pMX45 reached an impressive 
2702 ± 224 mg/L. This is 32% higher than in BSRE4 and 
a remarkable 8.44-fold increase compared to BSR. Inter-
estingly, it was noted that the growth and sucrose con-
sumption rates of BSRE4/pMX45 were lower than those 
of BSRE4. (Fig. 5B, C, D)

Optimization of the Fermentation Medium of BSRE4/
pMX45
The sucrose consumption rate of BSRE4/pMX45, as 
illustrated in Fig.  5D, demonstrated a decline after 24 
hours, specifically from 0.93 to 0.8  g/L/h. Furthermore, 
a noticeable rise in sugar accumulation occurred during 
the feeding process, as evidenced in Supplementary Fig. 4 
Preliminary optimization efforts of the medium indicated 
that the levels of nitrogen sources, specifically corn steep 

Fig. 4  Riboflavin production was assessed in flask fermentation at 48 h, 
among strains with diverse genetic backgrounds, each of which overex-
pressed the synthetic operon. Specifically, the introduction of pEX5 was 
performed within deletion mutants of the purine metabolic network. Sub-
sequently, the performance of these strains was evaluated through flask 
fermentation experiments
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powder, yeast extract, and (NH4)2SO4, had a substantial 
impact on riboflavin production and yield in BSRE4/
pMX45. Consequently, we employed a Box-Behnken 
design and the response surface method (RSM) for fur-
ther experimentation.”

To investigate the combined effects of these variables, 
we designed experiments with varying combinations 
using the Design Expert software. Table  2 summarizes 
the central composite experimental plan along with the 
experimental and predicted responses for each experi-
ment. The corresponding equation could be written as:

	 Y = 2998.39 + 157.89A+ 116.24B+ 27.39C

	 +240.47AB + 9.65AC − 102.79BC − 104.84A2

	 +115.53B2 − 254.85C2 − 77.31A2B

	 −202.14A2C − 325.57AB2

where R2 was 0.9711. Among the model terms, the lin-
ear coefficients for corn steep powder (P = 0.0275) and 
yeast extract (P = 0.0234) were more significant com-
pared to other factors, indicating a substantial influence 
of their concentrations on riboflavin production. Accord-
ing to the equation, the optimized nitrogen sources for 
riboflavin production are as follows: corn steep powder 
75  g/L, yeast extract 11.27  g/L, and (NH4)2SO4 7.5  g/L, 
with a predicted production of 3513  mg/L. Under 

Table 2  Central composite experimental plan and results
corn steep powder 
(g/L)

yeast extract 
(g/L)

(NH4)2SO4 (g/L) ribofla-
vin pro-
duction 
(g/L)

30 12.5 20 2595
18.75 12.5 12.5 2882
18.75 5 5 2562
30 12.5 5 2925
7.5 5 12.5 3292
30 5 12.5 2476
18.75 20 20 2949
30 20 12.5 3134
18.75 20 5 3100
7.5 12.5 20 2260
7.5 12.5 5 2629
18.75 12.5 12.5 2920
18.75 5 20 3023
7.5 20 12.5 2989

Fig. 5  Various aspects of the genetic engineering strain, including riboflavin production, biomass, and sucrose consumption. (A) Riboflavin production 
levels in a series of strains with a genome-integrated synthetic operon, all based on the BSR background. (B) Comparison of the biomass between the 
final strain BSRE4/pMX45 and the parent strain. (C) The sucrose concentration within the fermentation medium for both BSRE4/pMX45 and the parent 
strain. (D) The sucrose consumption rate specifically for BSRE4/pMX45
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optimal conditions, we carried out shaking-flask cultiva-
tion, achieving a yield of 3477±231  mg/L, which closely 
matched the predicted values, indicating good agreement 
between experimental and theoretical outcomes.

Discussion
In this study, we overexpressed the genes involved in 
downstream purine de novo synthesis, along with ribA, 
within a synthetic operon. The production of ribofla-
vin exhibited a noteworthy increase when the synthetic 
operon was either integrated into the genome or intro-
duced into BSR via a plasmid. Nevertheless, individual 
expression of the five genes revealed that only the expres-
sion of ribA resulted in augmented production compared 
to the parent strain. The combined expression of ribA 
with the other four genes, as well as four out of the five 
gene combinations, emphasized the profound influence 
of the gmk and guaB-guaA combination on riboflavin 
production. The optimization of fermentation media, 
utilizing the response RSM, unveiled a favorable effect of 
organic nitrogen sources on both riboflavin production 
and yield. It is worth mentioning that the optimal con-
centrations of corn steep powder and yeast extract were 
determined to be 4–6 times greater than their initial lev-
els. These nitrogen source concentrations were notably 
higher than those commonly employed in the medium 
for the production of other chemicals by B. subtilis, as 
documented in previous studies [31–35].

This finding implies that a higher nitrogen input dur-
ing the fermentation process is necessary to attain 
enhanced riboflavin production by the strain. Therefore, 
further research is needed to investigate the assimilation 
and utilization of nutrients in greater detail. Nitrogen 
sources are critical in supplying the essential precursors 
for amino acid and purine/pyrimidine biosynthesis in 
bacteria.

In the case of BSRE4/pMX45, the increased demand 
for nitrogen sources can be attributed to several factors. 
Firstly, the non-oxidative pentose phosphate pathway 
is impaired due to the presence of the rpe point muta-
tion and tkt nonsense mutation. These mutations have 
the potential to disrupt the regular carbon and energy 
flux within the cell, resulting in an increased demand for 
nitrogen sources to offset the metabolic inefficiencies. 
Furthermore, a competition exists for the utilization of 
GTP between RNA synthesis and riboflavin biosynthesis 
in BSRE4/pMX45. This competition further intensifies 
the requirement for augmented nitrogen sources since 
GTP is a crucial element in both processes. Moreover, 
while the overexpression of genes is advantageous for 
boosting riboflavin production, it can impose a meta-
bolic burden on the engineered strains. This burden can 
be alleviated by supplementing the culture medium with 
components that contain amino acids and nucleotides, 

such as corn steep powder and yeast extract, as previ-
ously described [36, 37]. These components supply vital 
precursors and cofactors necessary for diverse biosyn-
thetic pathways, thereby enhancing the strain’s capacity 
to produce riboflavin efficiently.

Jiajia You and colleagues examined the impact of dis-
solved oxygen limitation on riboflavin production and 
downregulated the regulators tnrA and glnR, which are 
responsible for balancing intracellular nitrogen metabo-
lism [38]. The low levels of dissolved oxygen in the flask 
environment may result in unfavorable conditions for 
riboflavin production owing to the inhibitory influ-
ence of tnrA and glnR on nitrogen source assimilation 
and utilization [39–41]. As a result, it was observed that 
medium optimization, specifically by elevating organic 
nitrogen source concentrations and reducing inorganic 
nitrogen source concentrations, led to the suppres-
sion of tnrA expression during cell cultivation [42]. The 
BSRE4/pMX45 strain was derived from the B.subtilis 
168 background. In numerous references, it’s been 
noted that strains engineered from B.subtilis 168 tend 
to exhibit low biomass in fed-batch or batch fermenta-
tion processes [43–45]. As a result, flask fermentation 
is frequently employed for the evaluation of engineered 
riboflavin-producing strains. In fed-batch fermentation, 
the biomass of BSRE4/pMX45 remains low, exhibiting 
a measured OD600 value of 40. This low biomass does 
not pose a hindrance when producing primary metabo-
lites like ribose and acetoin. Nonetheless, it is crucial to 
emphasize that riboflavin production is tightly associ-
ated with cell growth. Therefore, the riboflavin produc-
ing strains should undergo genetic mutations that enable 
continuous growth in the bioreactor, offering distinct 
advantages in this context.

By reducing the metabolic flux in the pyrimidine 
pathway, Xu et al. successfully increased riboflavin pro-
duction to 7.01 g/L using 80 g/L of glucose, resulting in 
a yield of 0.089  g riboflavin/g glucose [46]. Zhang et al. 
also enhanced riboflavin production and yield through in 
vitro and in vivo modifications of the PP pathway, rais-
ing the yield from 0.065 g riboflavin/g glucose to 0.084 g 
riboflavin/g gluconate [47]. However, even compared 
with the industrial producer [48], the yield of inosine 
from engineered strains surpassed that of riboflavin. 
Takayuki Asahara et al. constructed a B. subtilis strain 
capable of inosine production through the introduction 
of just seven gene-targeted mutations [49]. This engi-
neered strain achieved an impressive yield of 6 g/L ino-
sine when supplied with 30 g/L of glucose, resulting in a 
remarkable yield of 1 g of inosine for every 5 g of glucose 
consumed. Notably, given that the yield of ribose/glucose 
was even higher [15], the purine de novo synthesis path-
way has long been recognized as a bottleneck in ribo-
flavin production. This leads us to hypothesize that the 
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Strains or plasmids Description of genotype Source
Strains
B. subtilis R (BSR) B.subtilis 168, araR: para-neo, ribO*,

rib+(gsiB), purA*, rpe*
 [14]

BEX5 BSR/pEX5 This study
B13 BSR/pHP13(spe) This study
BSRE1 BSR, △amyE::Pr-ribA-ndk-PvegI-guaB-guaA-gmk This study
BSRE2 BSRE1, Δapt This study
BSRE3 BSRE2, perRL71V This study
BSRE4 BSRE3, Δtkt(tkt0) This study
BSRE4/pMX45 BSRE4/pMX45 This study
BSRA BSR/pEXRA This study
BSGA BSR/pEXGA This study
BSGB BSR/pEXGB This study
BSGK BSR/pEXGK This study
BSNK BSR/pEXNK This study
BSAA BSR/pEX2AA This study
BSAB BSR/pEX2AB This study
BSAN BSR/pEX2AN This study
BSAG BSR/pEX2AG This study
BSRNBA BSR/pEX4RNBA This study
BSRBAG BSR/pEX4RBAG This study
BSRNBG BSR/pEX4RNAG This study
BSRNAG BSR/pEX4RNAG This study
BSNBAG BSR/pEX4NBAG This study
BSR1 BSR, Δapt  [20]
BSR2 BSR, Δxpt  [20]
BSR3 BSR, ΔhprT  [20]
BSR4 BSR, ΔadeC  [20]
BSR5 BSR, ΔpucABCDE  [20]
BSR6 BSR, ΔyfkN  [20]
BSR7 BSR, ΔyunD  [20]
BSR8 BSR, ΔyktC  [20]
BSR9 BSR, ΔycsE  [20]
BSR10 BSR, ΔdeoD  [20]
BSR11 BSR, ΔpupG  [20]
BSRPE1 BSR1/pEX5 This study
BSRPE2 BSR2/pEX5 This study
BSRPE3 BSR3/pEX5 This study
BSRPE4 BSR4/pEX5 This study
BSRPE5 BSR5/pEX5 This study
BSRPE6 BSR6/pEX5 This study
BSRPE7 BSR7/pEX5 This study
BSRPE8 BSR8/pEX5 This study
BSRPE9 BSR9/pEX5 This study
BSRPE10 BSR10/pEX5 This study
BSRPE11 BSR11/pEX5 This study
E.coli Standard cloning strain This study
Plasmids
pHP13 (spc) Sper  [14]
pEX5 pHP13(spe)-Pr-ribA-ndk-PvegI-guaB-guaA-gmk, Sper This study
pEX4RNBA pHP13(spe)-Pr-ribA-ndk-PvegI-guaB-guaA, Sper This study
pEX4RBAG pHP13(spe)-Pr-ribA-PvegI-guaB-guaA-gmk, Sper This study
pEX4RNBG pHP13(spe)-Pr-ribA-ndk-PvegI-guaB-gmk, Sper This study

Table 3  Strains and plasmids used in this study
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purine de novo biosynthesis pathway, especially down-
stream reactions involved in GTP synthesis, represents 
a significant limitation in terms of production and yield 
enhancement. In this study, we have partially validated 
this hypothesis and suggest that further experiments, 
such as the knockout of 5’-nucleotidases, warrant thor-
ough investigation to enhance our understanding in this 
field. More importantly, the strategy of arranging pre-
viously dispersed genes into an artificial operon mim-
ics nature’s deliberate biosynthetic processes that have 
occurred over the course of evolution. The implementa-
tion of artificial operons in metabolic engineering holds 
significant potential and provides a valuable framework 
for future research endeavors in microbial cell factories.

Conclusions
In an effort to enhance riboflavin production in B. sub-
tilis, a strategic focus was directed toward optimizing 
the downstream reactions associated with GTP de novo 
synthesis. In summation, these particular steps were 
identified as the predominant limiting factors for ribo-
flavin production, particularly when an ample supply of 
pentose precursors was at hand. The chosen expression 
strategy demonstrated remarkable efficacy in mitigating 
these limitations. Additionally, it is of noteworthy signifi-
cance that the engineered strain exhibited a pronounced 
dependency on organic nitrogen sources to attain higher 
production levels. This insight offers valuable contri-
butions to the ongoing efforts in fine-tuning growth 
medium optimization for these strains.

Material and method
Strains and plasmids
The strains and plasmids used in this study are listed in 
Table  3. B. subtilis R (BSR) was derived from B. subtilis 
168 by genome engineering in our previous work [14]. 
The genes cloned in all experiments described in the 
paper are from B. subtilis 168. BSR is a riboflavin produc-
tion strain with deregulated rib operon and a mutant of 

rpe on the genome. E. coli DH5α was used as the host 
strain for genetic manipulation. Luria-Bertani medium 
was used for standard cultures of B. subtilis and E. coli 
unless indicated otherwise. For investigation of the ribo-
flavin production and biomass, the culture was inocu-
lated into a fermentation medium containing: 40  g/L 
sucrose, 15  g/L corn steep powder (Solarbio, Beijing, 
China), 7.5  g/L (NH4)2SO4, 5  g/L yeast extract (Solar-
bio, Beijing, China), 4 g/L MgSO4, 3 g/L K2HPO4, 1 g/L 
KH2PO4, and appropriate antibiotics. The optimization 
of the medium is based on this fermentation medium. A 
mid-copy number plasmid pHP13(spe) was constructed 
by replacing the original antibiotic-resistant gene with a 
spectinomycin-resistant gene [14, 50], which was used 
for the expression of all genes. pMX45 was used to over-
express the rib operon [49].

Genome manipulation and plasmid construction
B. subtilis transformation was performed according to 
a published protocol [51]. The genome manipulation 
method is based on the paraR-neo/cat-araR counter-
selection system, the same as previous studies [52]. Tak-
ing BEX5 as an example: the synthetic operon, which 
cloned from pEX5 was integrated at the aymE locus of 
BSR to generate BSRE1. The primer pairs AmyE-ex5-
UP1/AmyE-ex5-UP2 and AmyE-ex5-DN1/AmyE-ex5-
DN2 were used to clone the upstream and downstream 
sequences flanking the amyE locus. The primer pair CR1/
AmyE-ex5-CR2 was used to clone the cat-araR (CR) frag-
ment, while AmyE-ex5-CR2 also carried a direct repeat 
(DR, 20 bp) sequence, the homologous DR sequence was 
also located downstream of the UP fragment. The primer 
pair AmyE-ex5-ex5-1/AmyE-ex5-ex5-2 was used to clone 
the synthetic operon from pEX5, which was introduced 
into the downstream of CR fragment by overlap Poly-
merase Chain Reaction (PCR). Other fragments above 
were also assembled by overlapped PCR, with the nucle-
otides at the upstream and cat-araR end. This fragment 
was used to transform BSR, after which Cm-resistant 

Strains or plasmids Description of genotype Source
pEX4RNAG pHP13(spe)-Pr-ribA-ndk-PvegI-guaA-gmk, Sper This study
pEX4NBAG pHP13(spe)-Pr-ndk-PvegI-guaB-guaA-gmk, Sper This study
pEXRA pHP13(spe)-Pr-ribA, Sper This study
pEXGA pHP13(spe)-Pr-guaA, Sper This study
pEXGB pHP13(spe)-Pr-guaB, Sper This study
pEXGK pHP13(spe)-Pr-gmk, Sper This study
pEXNK pHP13(spe)-Pr-ndk, Sper This study
pEX2AA pHP13(spe)-Pr-ribA-guaA, Sper This study
pEX2AB pHP13(spe)-Pr-guaA-guaB, Sper This study
pEX2AN pHP13(spe)-Pr-guaA-ndk, Sper This study
pEX2AG pHP13(spe)-Pr-guaA-gmk, Sper This study
pMX45 Eryr, SM19035-derived plasmid, carrying a complete rib operon  [48]

Table 3  (continued) 
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Name Sequence (5’–3’)
tkt-ko-UP1 ​A​G​C​C​A​G​C​G​G​A​T​A​T​G​A​A​A​T​G
tkt-ko-UP2 ​T​G​A​A​C​T​A​A​T​G​G​G​T​G​C​T​T​T​A​G​T​T​G​A​A​G​A​G​T​G​C​G​A​A​T​G​G​T​A​G​C​A​A​C​T​G​A​T
tkt-ko-CR2 ​C​T​G​A​G​A​A​G​C​C​G​T​A​T​T​C​G​T​T​A​A​T​G​T​G​C​G​A​A​T​G​G​T​A​G​C​A​A​C​T​G​A​T​T​T​C​T​T​T​T​C​A​A​T​T​G​T​A​T​C​C​A​T​T​A​T​T​C​A​T​T​C​A​G​T​T​T​T​C​G​T​G​C​G
tkt-ko-DN1 ​A​T​T​A​A​C​G​A​A​T​A​C​G​G​C​T​T​C​T​C​A​G
tkt-ko-DN2 ​G​C​G​G​G​T​G​A​T​G​A​A​T​G​A​T​T​G​C
apt-KO-UP1 ​G​C​A​G​A​A​A​T​G​A​A​C​A​T​G​C​T​G​T​C​T​C​C
apt-KO-UP2 ​T​G​A​A​C​T​A​A​T​G​G​G​T​G​C​T​T​T​A​G​T​T​G​A​A​G​A​C​C​C​T​C​T​T​T​C​G​G​G​T​A

​A​T​C​C​G​G​T​A​C
apt-KO-CR2 ​T​G​C​C​G​T​C​A​A​G​G​T​A​A​G​A​A​A​G​C​T​C​G​A​T​T​A​A​G​A​A​A​G​C​G​C​C​C​T​C

​T​T​T​C​G​G​G​T​A​A​T​C​C​G​G​T​A​C​A​A​T​T​G​T​T​A​C​G​T​A​T​T​G​T​T​T​T​A​T​T​C
​A​T​T​C​A​G​T​T​T​T​C​G​T​G​C​G

apt-KO-DN1 ​C​G​C​T​T​T​C​T​T​A​A​T​C​G​A​G​C​T​T​T​C​T​T​A​C​C​T​T​G
apt-KO-DN2 ​G​C​T​T​A​T​T​T​T​G​C​A​G​C​A​C​C​A​T​T​T​T​T​C​G
perR-KO-UP2 ​T​G​A​A​C​T​A​A​T​G​G​G​T​G​C​T​T​T​A​G​T​T​G​A​A​G​A​G​G​C​T​T​C​T​T​T​T​A​G​T​T

​C​A​T​G​T​G​C​A
perR-KO-CR2 ​A​T​G​A​T​T​T​T​C​T​T​T​T​T​T​C​G​A​A​C​A​C​T​C​T​T​G​G​G​G​C​T​T​C​T​T​T​T​A​G​T​T

​C​A​T​G​T​G​C​A​G​C​C​A​T​C​C​G​T​C​A​T​G​C​A​C​C​T​T​T​A​T​T​C​A​T​T​C​A​G​T​T​T
​T​C​G​T​G​C​G

perR-KO-DN1 ​C​C​A​A​G​A​G​T​G​T​T​C​G​A​A​A​A​A​A​G​A​A
perR-KO-DN2 ​T​T​C​G​G​C​A​A​A​C​G​G​A​A​A​T​G​T​A
CR1 ​T​C​T​T​C​A​A​C​T​A​A​A​G​C​A​C​C​C​A​T​T​A​G​T​T​C​A​A​C​A​A​A​C​G
pHP13-2 ​A​A​G​C​C​T​G​G​G​G​T​G​C​C​T​A​A​T​G​A​G​T
ph13-pr ​C​T​C​A​C​T​C​A​T​T​A​G​G​C​A​C​C​C​C​A​G​G​C​T​T​A​A​T​T​G​A​C​G​G​C​T​C​A​G​A​G​T​A​T​C​A​T​G
ribA-1 ​A​T​G​T​T​T​C​A​T​C​C​G​A​T​A​G​A​A​G​A​A​G​C​A​C​T​G​G
Pr-(ribA)-2 ​T​A​A​A​G​C​G​T​C​C​A​G​T​G​C​T​T​C​T​T​C​T​A​T​C​G​G​A​T​G​A​A​A​C​A​T​T​T​T​G​A​A​T​T​C​C​T​C​C​T​T​T​T​G​T​C​C​T​T​A​T​T​G​G​T​T​A
ex5-ribA-2 ​C​C​A​T​C​A​T​T​A​T​G​T​A​T​G​T​T​A​G​A​A​A​T​G​A​A​G​T​A​A​A​T​G​A​C​C​T​A​G​C​T​T​G​T​T​C​A​T
ex5-ndk-1 ​C​A​T​A​C​A​T​A​A​T​G​A​T​G​G​G​G​T​G​G​A​G​A​A​T​A​T​G​A​T​G
ex5-ndk-2 ​G​A​A​T​A​T​T​G​A​C​T​C​T​T​G​A​C​G​G​T​G​A​A​C​T​T​G​C​T​T​A​A​T​A​G​A​T​C​C​A​G​C​C​T​G​C​C​A​T​A​A​G​C​T
ex5-PvegI-1 ​G​C​A​A​G​T​T​C​A​C​C​G​T​C​A​A​G​A​G​T​C
ex5-PvegI-2 ​C​G​T​T​A​A​G​C​C​T​T​C​T​T​T​T​G​A​A​A​A​T​T​T​A​C​T​T​T​C​C​C​A​C​A​T​T​G​C​A​T​C​C​A​C​C​T​C​A​C​T​A​C​A​T​T​T​A​T​T​G​T​A​C
ex5-guaB-1 ​A​T​G​T​G​G​G​A​A​A​G​T​A​A​A​T​T​T​T​C​A​A​A​A​G​A​A​G​G​C
ex5-guaB-2 ​C​C​T​A​A​T​C​T​C​C​T​C​T​A​A​G​T​T​T​A​T​G​A​A​A​T​T​G​T​A​T​A​G​T​T​A​G​G​T​G​A​T​T​C​T​T​T​T​G​T​A​A​T​C​T​G
ex5-guaA-1 ​A​C​T​T​A​G​A​G​G​A​G​A​T​T​A​G​G​T​G​A​C​A​A​C​C​A​T
ex5-guaA-2 ​C​A​T​G​C​G​G​C​A​A​T​T​A​C​C​C​C​T​G​C​C​C​T​T​C​A​T​C​T​T​A​T​T​C​C​C​A​C​T​C​A​A​T​C​G​T​C​G​C​A​G
ex5-gmk-1 ​G​A​T​G​A​A​G​G​G​C​A​G​G​G​G​T​A​A​T​T​G​C
ex5-gmk-2 ​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​T​T​C​A​A​C​C​T​C​C​A​G​C​A​T​T​T​T​C​T​T​A​T​A​T​C​T​T
pHP13-1 ​A​T​T​C​A​C​T​G​G​C​C​G​T​C​G​T​T​T​T​A​C​A​A​C
ex4-guaA-3 ​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​T​T​C​C​C​A​C​T​C​A​A​T​C​G​T​C​G​C​A​G
ex4-guaB-3 ​C​C​C​C​T​G​C​C​C​T​T​C​A​T​C​T​T​A​T​G​A​A​A​T​T​G​T​A​T​A​G​T​T​A​G​G​T​G​A​T​T​C​T​T​T​T​G​T​A​A​T​C​T​G
ex4-ribA-3 ​T​G​A​C​G​G​T​G​A​A​C​T​T​G​C​T​T​A​G​A​A​A​T​G​A​A​G​T​A​A​A​T​G​A​C​C​T​A​G​C​T​T​G​T​T​C​A​T
ex4-PvegI-3 ​T​A​A​T​C​T​C​C​T​C​T​A​A​G​T​T​G​C​A​T​C​C​A​C​C​T​C​A​C​T​A​C​A​T​T​T​A​T​T​G​T​A​C
ex4-pr ​C​C​A​T​C​A​T​T​A​T​G​T​A​T​G​T​T​T​G​A​A​T​T​C​C​T​C​C​T​T​T​T​G​T​C​C​T​T​A​T​T​G​G​T​T​A​T​T​A
ex2-ribA-guaA ​T​A​A​T​C​T​C​C​T​C​T​A​A​G​T​T​T​A​G​A​A​A​T​G​A​A​G​T​A​A​A​T​G​A​C​C​T​A​G​C​T​T​G​T​T​C​A​T
ex2-ribA-gmk ​C​C​C​C​T​G​C​C​C​T​T​C​A​T​C​T​T​A​G​A​A​A​T​G​A​A​G​T​A​A​A​T​G​A​C​C​T​A​G​C​T​T​G​T​T​C​A​T
ex2-ribA-guaB ​T​T​T​A​C​T​T​T​C​C​C​A​C​A​T​T​T​A​G​A​A​A​T​G​A​A​G​T​A​A​A​T​G​A​C​C​T​A​G​C​T​T​G​T​T​C​A​T
ex2-guaB-3 ​A​A​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​T​G​A​A​A​T​T​G​T​A​T​A​G​T​T​A​G​G​T​G​A​T​T​C​T​T​T​T​G​T​A​A​T​C​T​G
ex5-ribA-2 ​C​C​A​T​C​A​T​T​A​T​G​T​A​T​G​T​T​A​G​A​A​A​T​G​A​A​G​T​A​A​A​T​G​A​C​C​T​A​G​C​T​T​G​T​T​C​A​T
ex2-ndk-3 ​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​A​T​A​G​A​T​C​C​A​G​C​C​T​G​C​C​A​T​A​A​G​C​T
Pr-ndk-oe-1 ​A​A​G​G​A​G​G​A​A​T​T​C​A​A​A​C​A​T​A​C​A​T​A​A​T​G​A​T​G​G​G​G​T​G​G​A​G​A​A​T​A​T​G​A​T​G
ndk-oe-2 ​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​A​T​A​G​A​T​C​C​A​G​C​C​T​G​C​C​A​T​A​A​G​C​T
ribA-002 ​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​G​A​A​A​T​G​A​A​G​T​A​A​A​T​G​A​C​C​T​A​G​C​T​T​G​T​T​C​A​T
guaB-1 ​A​A​G​G​A​G​G​A​A​T​T​C​A​A​A​A​T​G​T​G​G​G​A​A​A​G​T​A​A​A​T​T​T​T​C​A​A​A​A​G​A​A​G​G​C
guaB-2 ​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​T​G​A​A​A​T​T​G​T​A​T​A​G​T​T​A​G​G​T​G​A​T​T​C​T​T​T​T​G​T​A​A​T​C​T​G​T​A​C​G
Pr-2 ​T​T​T​G​A​A​T​T​C​C​T​C​C​T​T​T​T​G​T​C​C​T​T​A​T​T​G​G​T​T​A

Table 4  Primers used in this study
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transformants were selected, and verified by PCR using 
the primer pair AmyE-ex5-UP1/AmyE-ex5-DN2. The 
PCR fragment was sequenced to prevent the mutations. 
The verified clone was incubated in LB broth for 8 h at 
37℃ to induce intra-genomic recombination at the two 
homologous DR fragments, after which the culture was 
plated onto LB agar plates containing Nm. After incu-
bation at 37◦C for 1  day, Nm-resistant colonies were 
selected and verified by PCR using the primer pair 
AmyE-ex5-UP1/AmyE-ex5-DN2. Standard protocol was 
used for the construction, purification, and analysis of 
plasmid DNA and other DNA fragments (See Table 4).

All of the expression plasmids were constructed using 
Gibson assembly (Supplementary Fig. 5). Taking pEX5 as 
an example, the five genes: ribA, guaB, guaA, gmk, ndk 
was cloned from the genome of B.subtilis 168 by PCR 
using the primer pairs ribA-1/ex5-ribA-2, ex5-ndk-1/
ex5-ndk-2, ex5-guaB-1/ex5-guaB-2, ex5-guaA-1/ex5-
guaA-2, and ex5-gmk-1/ex5-gmk-2. The Pr and PvegI 
promoter were cloned from the genome of B. subtilis R 
and B.subtilis 168 with the primer pairs Pr-(ribA)-2/
ph13-pr and ex5-PvegI-1/ex5-PvegI-2, respectively. The 
vector was amplified by PCR using primer pair pHP13-1/
pHP13-2. The fragments of Pr, ribA, and ndk were fused 
into a longer fragment F1 with primer pair ph13-pr/ex5-
ndk-2. And fragments of guaB, guaA, and gmk were fused 
into a longer fragment F2 with primer pair ex5-guaB-1/
ex5-gmk-2. The F1, F2, and pHP13(spe) fragments were 
assembled using the Clon Expressmulti kit (Vazyme, 
Nanjing, China).

Measurement of cell density and Riboflavin Titers
During fermentation, samples were taken at specific 
times to measure the cell growth and riboflavin produc-
tion. The fermentation time was extended to 48–72  h 
until the production is not increasing. Cell growth was 
monitored by measuring the optical density (OD) at 

600 nm. Determination and calculation of riboflavin con-
centration was performed as previous paper with some 
modifications [53]. Culture samples were diluted with 
0.1 M NaOH to the linear range of the MAPADA V-1600 
spectrophotometer (MAPADA, Shanghai, China). After 
dissolving for 20  min, 1 mL of the sample was centri-
fuged at 10,000 g for 2 min to remove the cells and other 
insoluble substances. Then the absorbance at 444 nm was 
immediately measured. The riboflavin concentration was 
calculated using a standard equation. All the fermenta-
tion experiments were performed in triplicates, and the 
reported results represented the average of three inde-
pendent experiments.

Optimization of Fermentation Medium compositions
To explore the interactions and determine the precise 
levels of media compositions, including yeast extract, 
corn steep powder, and (NH4)2SO4, significantly influenc-
ing riboflavin production, we employed a Box-Behnken 
design for 3 variables at three levels (+ 1, 0, and − 1). This 
optimization method aimed to maximize riboflavin pro-
duction by BSRE4/pMX45, building upon the insights 
gained from one-factor-at-a-time experiments [54]. The 
statistical matrix encompassed 14 experimental runs to 
fit the response surface, as detailed in Table 3, presenting 
the variables, their values, and the experimental design.

Abbreviations
Ru5P	� Ribose-5-phosphate
R5P	� Ribose-5-phosphate
PRPP	� 5-phospho-α-D-ribosyl-1-pyrophosphate
IMP	� inosine mono-phosphate
XMP	� xanthosine monophosphate
GMP	� guanosine mono-phosphate
GTP	� guanosine tri-phosphate
AMP	� adenosine mono-phosphate
DARPP	� 2,5-diamino-6-ribosylamino-4(3 H)-pyrimidinone-5′-phosphate
ARPP	� 5-amino-6-(5′-phosphoribosylamino)uracil
ArPP	� 5-amino-6-(5′-phosphoribitylamino)uracil
ArP	� 4-(1-D-ribitylamino)- 5-amino-2,6-dihydroxypyrimidine

Name Sequence (5’–3’)
guaA-1 ​A​A​G​G​A​G​G​A​A​T​T​C​A​A​A​A​T​G​A​C​A​A​A​G​T​T​A​G​T​G​A​A​T​G​A​A​A​T​G​A​T​T​C​T​T​G​T​C
guaA-2 ​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​T​T​C​C​C​A​C​T​C​A​A​T​C​G​T​C​G​C​A​G
gmk-1 ​A​A​G​G​A​G​G​A​A​T​T​C​A​A​A​A​T​G​A​A​A​G​A​A​A​G​A​G​G​G​T​T​A​T​T​A​A​T​C​G​T​T​C​T​C
gmk-2 ​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​T​T​C​A​A​C​C​T​C​C​A​G​C​A​T​T​T​T​C​T​T​A​T​A​T​C​T​T​G​G
ndk-1 ​A​A​G​G​A​G​G​A​A​T​T​C​A​A​A​A​T​G​A​T​G​G​A​A​A​A​G​A​C​T​T​T​T​A​T​C​A​T​G​G​T​G
ndk-2 ​C​G​A​C​G​G​C​C​A​G​T​G​A​A​T​T​T​A​A​T​A​G​A​T​C​C​A​G​C​C​T​G​C​C​A​T​A​A​G​C​T​G
AmyE-ex5-UP1 ​G​G​C​G​T​G​A​A​T​G​G​G​A​A​A​A​A​T​A​A​G​A​G​A​G
AmyE-ex5-UP2 ​T​T​T​G​T​T​G​A​A​C​T​A​A​T​G​G​G​T​G​C​T​T​T​A​G​T​T​G​A​A​G​A​C​A​G​T​A​C​C​T​A​A​G​T​A​A​C​G​G​T​T​G​C​C
CR1 ​T​C​T​T​C​A​A​C​T​A​A​A​G​C​A​C​C​C​A​T​T​A​G​T​T​C
AmyE-ex5-CR2 ​T​G​C​T​A​C​T​C​C​A​T​G​A​T​A​C​T​C​T​G​A​G​C​C​G​T​C​A​A​T​T​C​A​G​T​A​C​C​T​A​A​G​T​A​A​C​G​G​T​T​G​C​C​A​A​T​T​T​G​A​T​A​C​G​A​T​G​T​C​G​G​T​T​A​T​T​C​A​T​T​C​A​G​T​T​T​T​C​G​T​G​C​G​G​A​C
AmyE-ex5-ex5-1 ​A​A​T​T​G​A​C​G​G​C​T​C​A​G​A​G​T​A​T​C​A​T​G​G
AmyE-ex5-ex5-2 ​A​A​A​A​C​T​G​T​A​T​T​T​C​T​C​G​G​T​C​C​T​C​G​T​T​A​C​A​C​C​T​T​A​T​T​C​A​A​C​C​T​C​C​A​G​C​A​T​T​T​T​C​T​T​A​T​A​T​C​T​T
AmyE-ex5-DN1 ​G​G​T​G​T​A​A​C​G​A​G​G​A​C​C​G​A​G​A​A​A​T​A​C
AmyE-ex5-DN2 ​C​T​C​G​C​A​G​A​A​T​C​A​A​G​T​G​T​T​G​T​G

Table 4  (continued) 
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DHPB	� 3,4- dihydroxy-2-butanone 4-phosphate
DRL	� 6,7- dimethyl-8-ribityl-lumazine
PCR	� Polymerase chain reaction
DR	� direct repeat
Nm	� neomycin
Cm	� chloramphenicol
Ery	� erythromycin
Spe	� erythromycin
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