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Abstract

Objectives To construct an Escherichia coli strain

capable of producing riboflavin with high titer and

yield.

Results A low copy number plasmid pLS01 con-

taining a riboflavin operon under the control of a

constitutive promoter was constructed and introduced

into Escherichia coli MG1655. Subsequently, the

pfkA, edd and ead genes were disrupted, and the

resulting strain LS02T produced 667 mg riboflavin/l

in MSY medium supplied with 10 g glucose/l in flask

cultivation. In a fed-batch process, riboflavin produc-

tion of the strain reached 10.4 g/l with a yield of

56.8 mg riboflavin/g glucose.

Conclusion To our knowledge, this is the first report

of engineered E. coli strains that can produce more

than 10 g riboflavin/l in fed-batch cultivation, indi-

cating that E. coli has potential for riboflavin

production.

Keywords Escherichia coli � Fed-batch
fermentation � Metabolic engineering � Riboflavin

Introduction

Riboflavin is the precursor of coenzymes flavin

mononucleotide (FMN) and flavin adenine dinu-

cleotide (FAD), both of which act as oxidation–

reduction cofactors involved in a wide range of

biological reactions. It has been widely applied in

many fields such as pharmaceuticals and cosmetics, as

well as human and animal nutrition. Riboflavin is

commercially produced mainly by biological pro-

cesses, which have many advantages such as lower

costs, less waste and lower energy consumption

compared to chemical manufacturing processes.

A number of riboflavin overproducers have been

reported, including fungi such as Ashbya gossypii

(Buey et al. 2015) and Candida famata (Dmytruk et al.

2014), as well as bacteria (Duan et al. 2010; Stahmann

Electronic supplementary material The online version of
this article (doi:10.1007/s10529-016-2104-5) contains supple-
mentary material, which is available to authorized users.

S. Liu � P. Kang � Z. Cui � Z. Wang � T. Chen
Department of Biochemical Engineering, School of

Chemical Engineering and Technology, Tianjin

University, Tianjin 300072, People’s Republic of China

e-mail: liush2013@tju.edu.cn

P. Kang

e-mail: peikang@tju.edu.cn

Z. Cui

e-mail: cuizhenzhen@tju.edu.cn

Z. Wang

e-mail: zww@tju.edu.cn

T. Chen (&)

Key Laboratory of System Bioengineering, Ministry of

Education, Tianjin University, Tianjin 300072, People’s

Republic of China

e-mail: chentao@tju.edu.cn

123

Biotechnol Lett (2016) 38:1307–1314

DOI 10.1007/s10529-016-2104-5

http://dx.doi.org/10.1007/s10529-016-2104-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-016-2104-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-016-2104-5&amp;domain=pdf


et al. 2000). These overproducers have been devel-

oped using classical mutagenesis and/or rational

metabolic engineering, including down-regulation of

flavokinase/FAD synthetase activity (Mack et al.

1998), overexpression of the riboflavin operon

involved in riboflavin synthesis from GTP and ribu-

lose 5-phosphate (Marx et al. 2008), deregulation of

purine biosynthesis (Shi et al. 2009; Xu et al. 2015),

and engineering central pathways such as the gluco-

neogenesis pathway and pentose phosphate pathway

(Wang et al. 2014, 2011).

In our previous work, we have engineered E. coli

for riboflavin production (Lin et al. 2014; Xu et al.

2015). One strain, RF05S-M40, produced 2.7 g

riboflavin/l in flask cultivation with a yield of 0.13 g

riboflavin/g glucose (Lin et al. 2014). However, this

strain has a number of disadvantages which hinder its

further application in riboflavin production. Firstly, it

requires IPTG to induce the expression of the

riboflavin operon, which is unfavorable for industrial

processes. Secondly, loss of the riboflavin operon

expression plasmid, p20C-EC10, caused the strain to

be unstable in a fed-batch process. In addition, extra

glycine is needed in the cultivation medium, which

increases the producing cost to some extent. To

resolve these problems, we have reconstructed a

riboflavin-producing E. coli strain, in which pfkA,

edd and eda genes were deleted to enhance the flux

through the PP pathway. Additionally, the strain

harbors an riboflavin operon expression plasmid with

higher stability. In fed-batch cultivation, the engi-

neered strain produced more than 10 g riboflavin/l

with a yield of 56.8 mg riboflavin/g glucose.

Materials and methods

Strains, media and cultivation conditions

Strains used in this study are listed in Table 1. E. coli

K-12 MG1655 was used to engineer riboflavin-

producing strains. E. coli K12 DH5a was selected as

the host to propagate vector DNA, and all E. coli cells

were cultured at 30 or 37 �C in lysogeny broth (LB)

(10 g tryptone/l, 5 g yeast extract/l, 10 g NaCl/l) with

the addition of antibiotics. Three media were used for

riboflavin production in shake-flasks: LBG medium

(LB medium with 10 g glucose/l), M9Y medium (M9

medium with the addition of 5 g yeast extract/l and

10 g glucose/l), and MSY medium (10 g glucose/l,

3.8 g Na2HPO4/l, 1.5 g KH2PO4/l, 1.0 g(NH4)2SO4/l,

0.2 g MgSO4/l, 5 g yeast extract/l, 2 % (v/v) trace

element solution (see Qiu et al. 2005). LBG medium

and 500 g glucose/l were picked as initial medium and

feed for fed-batch fermentations. MSY medium was

selected as the final medium and the feed medium

contained 700 g glucose/l with 150 % concentrated

MSYmedium.When needed, 5 mg chloramphenicol/l

or 100 mg ampicillin/l was added to the media.

Plasmid construction and genome engineering

All plasmids used in this study are listed in Table 2.

The riboflavin operon was amplified by PCR from

p20C-EC10 using the primers rib-F (GCCGCGAGCT-

CAAGTCCTCAACTACCAAGGAGAAAAC) and

rib-R (CAGCCAAGCTTTCAGGCTTCTGTGC) and

cloned into pZY48 using the SacI and HindIII restric-

tion sites, creating plasmid pLS01. Both restriction

sites were provided on the primers (restriction sites are

underlined). All primers used in this study are listed in

Supplementary Table 1. The genome engineering

technique used in this study was as described previ-

ously (Lin et al. 2014).

Testing plasmid stability

To verify the stability of pLS01 and p20C-EC10, the

strains RF03S and RF03T were tested using the same

procedure as published previously (Sohoni et al.

2015). Both strains were cultured in shake flasks with

MSYmedium. The numbers of colonies on plates with

and without antibiotics were defined as Y and X

respectively. The plasmid loss rate was defined as

R ¼ X� Yð Þ=X:

Riboflavin production in shake-flasks

and bioreactors

Batch fermentation was identical to a previous study

(Lin et al. 2014) except for the absence of IPTG for

strains harboring the plasmid pLS01.

For fed-batch cultivation, seed culture cultivation

was performed in two stages termed pre-seed and seed

phase, respectively. The pre-seed phase was the same

as the process of seed preparation for batch fermen-

tation. In the seed stage, 1 % (v/v) of pre-seed was

transferred into 50 ml MSY (or LBG) medium with
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10 g glucose/l in a 500 ml shake flask and shaken at

220 rpm and 37 �C for 8–10 h, after which 10 % (v/v)

seed culture was inoculated into a 5 l bioreactor

containing 2 l MSY (or LBG) medium and 5–10 g/l

glucose. Fed-batch fermentation was performed at

37 �C with aeration at 1 vvm. pH was maintained at 7

by automatically adding 10 % (v/v) NH4OH. Dis-

solved O2 was maintained at over 20 % of air

saturation via a cascaded control of the feed rate.

Analytical methods

The measurements of biomass, glucose and riboflavin

concentration were as described by Lin et al. (2014).

The results represent the mean ± SD of three inde-

pendent experiments.

Results and discussion

Construction of riboflavin operon expression

plasmid pLS01

We previously constructed the riboflavin operon

expression plasmid, p20C-EC10, with a high copy

number, bearing the pBR322 replication origin and an

artificial riboflavin operon under the control of the

IPTG-induced Trc promoter (Lin et al. 2014). Intro-

ducing this plasmid into E. coli MG1665 resulted in

the highest riboflavin production among the tested

operon expression plasmids with different copy num-

bers. However, high copy number plasmids also inflict

a much higher metabolic burden on the host strain than

those with a lower copy number. In addition, the

Table 1 E. coli strains used in this study

Strain Genotype Source

DH5a Coli Genetic Stock Center strain (CGSC) No. 12384 CGSCa

MG1655 Coli Genetic Stock Center strain (CGSC) No. 7740 CGSC

RF01S MG1655 containing p20C-EC10 Lin et al. (2014)

RF01T MG1655 containing pLS01 This study

RF03 MG1655, Dpgi, Dedd, Deda Lin et al. (2014)

RF03S RF03 containing p20C-EC10 Lin et al. (2014)

RF03T RF03 containing pLS01 This study

RF05S-M40 MG1655, Dpgi, Dedd, Deda, Ptrc-acs, ribF-RBS* containing p20C-EC10 Lin et al. (2014)

LS01 MG1655, DpfkA This study

LS01T LS01 containing pLS01 This study

LS02 MG1655, DpfkA, Dedd, Deda This study

LS02T LS02 containing pLS01 This study

a Coli Genetic Stock Center

Table 2 Plasmids used in this study

Plasmid Genotype Source

p20C-

EC10

pBR322 replicon, Ampr, Ptrc-synRBS-ribA-synRBS-ribB-synRBS-ribD-synRBS-ribE-synRBS-

ribC

Lin et al. (2014)

pZY48 Expression vector, pSC101 replicon, Ptrc D lacO, Cmr Lab collection

pTKS/

CS

p15A replication, Cmr, Tetr, I-SceI restriction sites Kuhlman and Cox

(2010)

pTKRED pSC101 replicon, temperature sensitive replication origin, Spcr, ParaBAD-driven I-SceI gene, Red

recombinase expression plasmid, lac-inducible expression

Kuhlman and Cox

(2010)

pLS01 pSC101 replicon, Cmr, Ptrc D lacIq D lacO-synRBS-ribA-synRBS-ribB-synRBS-ribD-synRBS-

ribE-synRBS-ribC

This study

Amp ampicillin, Cm chloramphenicol, Tet tetracycline, Spc spectinomycin, r resistance
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induced expression of the riboflavin operon is very

inconvenient and costly in fermentation processes.

Thus, we inserted the artificial riboflavin operon

EC10 into the low copy number plasmid pZY48,

creating pLS01 (Supplementary Fig. 1). Operon tran-

scription was driven by the constitutive Trc promoter,

which was modified by deleting the lacO region of the

original inducible promoter.

Plasmid stability and its effect on riboflavin

production

To test the contribution of pLS01 to riboflavin produc-

tion, MG1665 and RF03 (Lin et al. 2014) were selected

as host strains. When using the wild-type MG1665 as

host strain, p20C-EC10 performedmarkedly better than

pLS01. Riboflavin production of RF01S was 220 mg/l,

which was 293 % higher than that of RF01T. However,

when using RF03 as host, the p20C-EC10 harboring

strain RF03S produced 563.8 mg riboflavin/l, which

was only 12 % higher than that of RF03T, which was

harboring pLS01 (Fig. 1). We also compared the

stability of the two plasmids during the cultivation

process. As shown in Fig. 2, the plasmid loss rate of

pLS01 was much lower than that of p20C-EC10

throughout the cultivation process. As for RF03T, only

3 % of all cells lost the plasmid at 9 h, and about 78 %

cells still harbored the plasmid at the end of cultivation.

In contrast, about 75 % of RF03S cells lost the plasmid

p20C-EC10 at 9 h, and plasmid containing cells com-

prised no more than 7 % of the total population at 23 h.

Correspondingly, RF03S produced 415 mg riboflavin/l

at 12 hwith a productivity of 34.6 mg l-1 h-1, but only

produced 149 mg riboflavin/l with a much lower

productivity of 13.5 mg l-1 h-1 from 12–23 h. In

contrast, RF03T accumulated 291 mg riboflavin/l in

the first 12 h and 225 mg/l riboflavin in the next

11 h, with a productivity of 24.3 mg l-1 h-1 and

20.5 mg l-1 h-1, respectively. These results indicated

that the much lower plasmid loss rate of pLS01 only led

to a slight decrease in riboflavin productivity,whichwas

much better than the case of p20C-ECwhen using RF03

as host. Consequently, pLS01 was selected as the

riboflavin operon expression plasmid for further study.

Fig. 1 Riboflavin production of different strains containing pLS01 (a RF01T; c RF03T) or p20C-EC10 (b RF01S; d RF03S). For

strains containing p20C-EC10, 2 mM IPTG was added to the medium when the cells reached an OD600 of 0.4
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The effect of pfkA, edd and eda knockout

on riboflavin production

In our previous study, the deletion of the pgi gene

(encoding phosphoglucose isomerase) in RF01S led to

a 72 % increase in riboflavin production (Lin et al.

2014). However, pgi knockout strains showed signif-

icantly reduced glucose uptake and maximum specific

growth rates. In addition, pgi deletion, together with

edd and eda knockout, appeared to result in insuffi-

cient supply of glycine for purine and riboflavin

biosynthesis. For example, riboflavin production of

RF05S-M40 was 1630 ± 34 mg/l without glycine,

and reached 2543 ± 69 mg/l when 2 g glycine/l was

added to the medium (Lin et al. 2014).

To verify this, we analyzed the effect of glycine

addition on riboflavin production of strain RF03T. As

shown in Table 3, with the increase of additional

glycine, both biomass and riboflavin production were

improved.Wespeculated that deletion of the three genes

completely blocked the formation of glyceraldehyde

3-phosphate (GAP) from the EMP and ED pathways

(Fig. 3), which reduced the flux fromGAP to glycerate-

3P too much and caused the insufficient glycine supply

in vivo. To solve this, we reconstructed the host strain

LS01 by deleting pfkA (encoding 6-phosphofructoki-

nase I) instead of the pgi gene. In E. coli, the

phosphorylation of fructose-6-phosphate is catalyzed

by two isozymes, 6-phosphofructokinase I (pfkA) and

6-phosphofructokinase II (pfkB).More than 90 % of the

phosphofructokinase activity relie on pfkA (Kotlarz

et al. 1975). Thus, disruption of pfkA only partially

blocked GAP formation from the EMP pathway, which

might alleviate the insufficiency of glycine supply.

Interestingly, the pfkA deletion resulted in a significant

increase in riboflavin production. LS01T accumulated

442 ± 15 mg riboflavin/l, which was almost 720 %

higher than that of the control strain RF01T. Consider-

ing that disruption of the ED pathway also contributed

much to improvement of riboflavin production (Lin

et al. 2014), eda and edd were further deleted in LS01,

resulting in strain LS02. The riboflavin production BY

LS02T was further enhanced to 605 ± 7.8 mg/l, which

was 37 % higher than that of LS01T. In contrast to

RF03T, riboflavin production decreased markedly with

the addition of glycine (Table 3), especially when

glycine was[2 g/l. It can thus be concluded that the

effects of glycine addition can be quite different

depending on the background of the strain involved,

and the reason for this may be the subject of further

research. In addition to this, the biomass yields of both

strains increased slightly with the addition of glycine.Fig. 2 Loss rate of pLS01 (RF03T) and p20C-EC10 (RF03S)

Table 3 Effect of glycine addition on riboflavin production of strains RF03T and LS02T

strain Glycine (g/l) DCW (g/l)a Riboflavin (mg/l) Yield (mg/g)b Specific productivity (mg l-1 h-1)c

RF03T 0 4.0 ± 0.1 502 ± 5.4 50.2 ± 0.4 5.5 ± 0.1

RF03T 1 4.1 ± 0.3 540 ± 3.9 54.1 ± 0.4 5.7 ± 0.3

RF03T 2 4.2 ± 0.1 570 ± 3.2 57.2 ± 0.3 5.9 ± 0.2

RF03T 3 4.5 ± 0.2 597 ± 3.8 59.6 ± 0.4 5.8 ± 0.3

LS02T 0 3.9 ± 0.1 605 ± 7.8 61.7 ± 0.4 6.7 ± 0.2

LS02T 1 3.9 ± 0.2 551 ± 7.6 53.4 ± 0.3 6.1 ± 0.3

LS02T 2 4.2 ± 0.2 327 ± 6.2 31.8 ± 0.2 3.4 ± 0.2

LS02T 3 4.4 ± 0.2 296 ± 10.2 26.8 ± 0.4 2.9 ± 0.3

a The average cell dry weight
b mg/g mg riboflavin/g-consumed glucose
c mg-riboflavin/g-DCW/h
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Culture media optimization and fed-batch

fermentation

In order to select a better medium for riboflavin

fermentation, three different media were tested for

their effect on riboflavin production. As shown in

Table 4, LS03T produced 667 ± 9.4 mg riboflavin/l

in MSY medium, which was the highest among the

three selected media (riboflavin production, biomass

and glucose consumption are shown in Supplementary

Fig. 2). Thus, MSY medium was further used for fed-

batch fermentations in a 5L bioreactor.

To further investigate the potential of LS02T for

riboflavin production, fed-batch fermentations were

carried out in a 5 l bioreactor. As shown in Fig. 4,

glucose was maintained at *1 g/l during the greatest

part of the fermentation process, and the maximal

biomass reached 32 g/l at the end of fermentation.

LS02T produced 10.4 g riboflavin/l with a yield of

56.8 mg riboflavin/g glucose after 71 h. We also

performed fed-batch fermentations with glycine addi-

tion (2 and 10 g glycine/l were added into the initial

medium and feed medium, respectively). Similar to

the results of the flask fermentations, glycine addition

Fig. 3 Schematic overview of the relevant pathways and

engineering strategies for riboflavin production. Dashed lines

indicate multiple enzymatic steps. A cross indicates the deletion

of the corresponding gene. The enzymes encoded by the indicated

genes are: zwf, glucose-6-phosphate-1-dehydrogenase; pgl,

6-phosphogluconolactonase; pgi, phosphoglucose isomerase;

pfkA, 6-phosphofructokinase I; pfkB, 6-phosphofructokinase II;

prs, ribose-5-phosphate diphosphokinase; purF, amidophospho-

ribosyl transferase; purD, phosphoribosylamine-glycine ligase;

edd, phosphogluconate dehydratase; eda, multifunctional 2-keto-

3-deoxygluconate 6-phosphate aldolase and 2-keto-4-hydroxyg-

lutarate aldolase and oxaloacetate decarboxylase; glyA, serine

hydroxymethyltransferase. Other non-standard abbreviations:

FBP, fructose 1,6-bisphosphate; TCA, tricarboxylic acid cycle;

PRPP, 5-phospho-a-D-ribose 1-diphosphate; PRA, 5-phospho-b-
D-ribosylamine; GAR, N1-(5-phospho-b-D-ribosyl)glycinamide;

GAP, D-glyceraldehyde 3-phosphate; KDGP, 2-dehydro-3-

deoxy-D-gluconate 6-phosphate; glycerate-3P, 3-phospho-D-glyc-

erate; Ser, L-serine; Gly, glycine

Table 4 Shake flask fermentations of LS02T in different media

Medium DCW (g/l)a Riboflavin (mg/l) Yield (mg/g)b Specific productivity (mg l-1 h-1)c

M9Y 2.7 ± 0.1 44.7 ± 0.8 4.9 ± 0.1 0.4 ± 0

LBG 3.2 ± 0.3 605 ± 7.8 59.9 ± 0.2 9.1 ± 1.0

MSY 3.8 ± 0.1 667 ± 9.4 67.9 ± 1.9 7.8 ± 0.3

a The average cell dry weight
b mg/g mg riboflavin/g-consumed glucose
c mg-riboflavin/g-DCW/h
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led to a significant decrease in riboflavin production,

with a titer of only 5.8 g riboflavin/l.

Conclusion

Plasmid pLS01with a constitutively expressed riboflavin

operon was constructed and exhibited increased stability

compared to previously published research. A knockout

of 6-phosphofructokinase I and blocking of the Entner–

Doudoroff pathway efficiently increased riboflavin pro-

duction inE. coli.Thefinal stainLS02TharboringpLS01

accumulated 10.4 g riboflavin/l in a fed-batch fermenta-

tion, which demonstrates thatE. coli has a great potential

for industrial production of riboflavin.
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