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Abstract 

Lincomycin A is a clinically important antibiotic produced by Streptomyces lincolnensis that is used against gram-posi-
tive bacteria. To increase the yield of lincomycin A, a calcium gluconate feeding strategy was studied in a 15 L bioreac-
tor. The results showed that the addition time of calcium gluconate was optimal during the late fermentation process 
to ensure a higher yield of lincomycin A. The optimum addition was continuous feeding at a speed of 0.0638 g/L/h 
from 111 to 158 h, which can increase the lincomycin A titer to 9160 mg/L, 41.3% higher than that without gluconate 
feeding. Enzyme activities of the central metabolic pathways, accumulation of intermediate metabolites, NADPH and 
NADH concentrations, and NADPH/NADH ratio were determined to investigate the mechanism of enhanced linco-
mycin A production by calcium gluconate addition. The activities of key enzymes of the pentose phosphate pathway 
(PPP) (glucose 6-phosphate dehydrogenase) and TCA cycle (isocitrate dehydrogenase) were enhanced by approxi-
mately twofold. A higher ratio of NADPH/NADH was observed in the fermentation process with the optimized feed-
ing strategy providing sufficient reducing power. These data indicated that more flux flows through the PPP and the 
TCA cycle to provide more precursors, ATP and reducing power to support the synthesis of lincomycin A. The results 
showed a new strategy to improve the production of lincomycin A by manipulating the flux through the PPP and the 
TCA cycle.
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Introduction
Produced by Streptomyces lincolnensis, lincomycin is a 
clinically important lincosamide antibiotic with potent 
activity against gram-positive bacteria (Mason and Dietz 
1964; Koberska et  al. 2008). Its semisynthesized deriva-
tive clindamycin has a similar antimicrobial spectrum 
and greater antibiotic activity, even having antiprotozoal 
activity (Smieja 1998; Obonyo and Juma 2012). Lincomy-
cin A is the main product during S. lincolnensis fermenta-
tion, with trace amounts of lincomycin B, which has only 
25% of the antibacterial activity of lincomycin A (Kucers 
et al. 1997).

Lincomycin consists of a  C8 backbone glycosyl moiety, 
methylthiolincosamide (MTL), and an amino moiety, 
4-propyl-l-proline (PPL). The two components are syn-
thesized separately and subsequently condensed through 
an amide bond (Lin et al. 2014; Sasaki et al. 2012; Floss 
and Beale 2014) (Fig. 1). The condensation of MTL and 
PPL is unusual in that two bacterial thiols play con-
structive role in the biosynthesis of lincomycin A: thiol 
ergothioneine (EGT) acts as a carrier to template the 
assembly of GDP-activated MTL and PPL moiety, and 
thiol mycothiol (MSH) is the sulfur donor for lincomycin 
maturation through two unusual S-glycosylation (Zhao 
et  al. 2015; Zhang et  al. 2018). MTL is generated via a 
transaldol reaction catalyzed by LmbR to form GDP-d-α-
d-octose as the key intermediate in the MTL biosynthetic 
pathway (Sasaki et al. 2012; Lin et al. 2014). The substrate 
of LmbR is d-fructose 6-phosphate or sedoheptulose 

Open Access

*Correspondence:  shhgao@ecust.edu.cn
1 State Key Laboratory of Bioreactor Engineering, East China University 
of Science and Technology, Shanghai 200237, China
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-0937-1727
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40643-019-0266-4&domain=pdf


Page 2 of 9Zhuang et al. Bioresour. Bioprocess.            (2019) 6:31 

7-phosphate as the  C3 donor and d-ribose 5-phosphate 
as the  C5 acceptor from the pentose phosphate pathway 
(PPP) (Sasaki et al. 2012). The PPL biosynthetic pathway 
contains eight successive reactions that convert tyrosine 
to PPL catalyzed by six enzymes: LmbB2, -B1, -W, -A, -X, 
and -Y (Peschke et al. 1995; Neusser et al. 1998; Jiraskova 
et al. 2016). It is known that PPL is derived from tyros-
ine, which is synthesized from shikimic acid, which is 
also an intermediate metabolite from the PPP synthe-
sized by eight successive enzymatic reactions (Neusser 
et al. 1998). In the PPL biosynthesis pathway, LmbY is an 
F420-dependent reductase, which is proposed to catalyze 
two reduction steps to convert the intermediate (DH)2-
PPL to PPL (Jiraskova et al. 2016). F420 is a cofactor of 
a riboflavin analog that participates in NADPH-mediated 
reductions in several Archaea and Mycobacteria (Kern 
et al. 1983; Bashiri et al. 2010).

To improve lincomycin A production, many studies 
have been performed, including strain screening (Meng 
et  al. 2013; Li 2013; Huang et  al. 2017), optimization of 
medium composition (Xue et  al. 2009; Lee et  al. 2014) 
and process conditions (Li et  al. 2009, 2013), and the 

genetic engineering of related functional genes (Pang 
et al. 2015) in S. lincolnensis. The above studies focused 
on dissolved oxygen concentration, pH control, con-
sumption of nutrients, or rational breeding to screen 
strains with more productivity. Several metabolites in the 
PPP and redox reactions are involved in the biosynthesis 
of lincomycin. However, the effect of PPP on lincomycin 
production during fermentation is uncertain.

In this work, we developed an optimal strategy of add-
ing calcium gluconate during the lincomycin fermenta-
tion process in a 15 L bioreactor. The effects of calcium 
gluconate on lincomycin production were studied by 
examining enzyme activity, intermediate metabolite 
accumulation, and NADPH and NADH concentration.

Media and methods
Strain and media
Streptomyces lincolnensis 18-8 was used throughout this 
work. The composition of seed medium was as follows 
(g/L): glucose 10, soybean meal 10, starch 20, corn steep 
liquor 30,  (NH4)2SO4 1.5, and  CaCO3 5, pH 7.2. For linco-
mycin A production, the following fermentation medium 

Fig. 1 Diagram for lincomycin biosynthesis
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were used (g/L): glucose 28, starch 2, soybean meal 20, 
 (NH4)2SO4 4.5,  NaNO3 4.5,  KH2PO4 0.5, NaCl 5, corn 
steep liquor 10, and  CaCO3 8, pH 7.0. The composition 
of feeding medium was as follows (g/L): soybean meal 60, 
corn steep liquor 90, and  CaCO3 1.25, pH 7.0.

Culture condition
Batch cultivation was conducted in a 15  L stirred bio-
reactor (Guoqiang Bioengineering Equipment Co., Ltd, 
Shanghai, China) with an initial working volume of 10 L. 
The inoculation volume was 10% (v/v) of the medium vol-
ume. The fermentation temperature and agitation speed 
were maintained at 30 °C and 550 rpm, respectively, and 
the aeration rate was 1.0  vvm. During the fermentation 
process, the pH was monitored on-line and controlled at 
7.0 by 1 M  H2SO4 and  NH4OH solutions. The feed batch 
or continuous feeding strategy was adopted for feeding of 
calcium gluconate. The feeding condition were as follows: 
x g/L calcium gluconate was added at 0 h, then (4 − x) g/L 
was added totally at a specified time, or continuously in 
bioreactor during the specific fermentation time period. 
Samples were taken at 8 h intervals for off-line analysis.

Analytical methods
The culture samples taken at different times were cen-
trifuged at 4000  rpm for 15  min to collect the mycelia. 
The precipitated mycelia were washed three times and 
dried to constant weight at 105 °C to measure the dry cell 
weight (DCW). The supernatant pH value, lincomycin 
titer, and concentration of reducing sugars and gluconic 
acid were determined after collecting the supernatant. 
All parameters were determined in triplicate.

The reducing sugar concentration was determined 
by direct titration using the Fehling method (Yao et  al. 
2017). The gluconic acid concentration was determined 
by the colorimetric method at 420  nm after oxidation 
by periodate (Jiang et  al. 1997). The production of lin-
comycin A was assayed by high-performance liquid 
chromatography (HPLC) using a Diamonsil plus C18 
column (250 × 4.6  mm, 5  μm; Dikma Corporation, Bei-
jing, China). The column temperature was maintained 
at 30 °C, and UV detection was set at 210 nm. A mobile 
phase containing 50  mM ammonium acetate:methanol 
(3:2, v/v) was used at a flow rate of 0.4 mL/min (Li et al. 
2007).

Preparation of cell-free extracts from mycelia was as 
follows. Briefly, mycelia were washed twice with dis-
tilled water and then cracked in an ice-water bath with 
a sonicator (Scientz Inc. Ningbo, China) for 5  min at 
120 W. Cell fragments were removed by centrifugation at 
12,000 rpm for 30 min. Protein concentrations of the cell-
free extract were measured by the method of Lowry et al. 
(1951) with bovine serum albumin as the standard.

The activity of glucokinase (GK), glucose 6-phosphate 
(G6P) dehydrogenase (G6PD) and isocitrate dehydroge-
nase (ICD) in cell-free extracts was measured spectro-
photometrically by monitoring the reduction of  NADP+ 
directly or in an enzyme coupling reaction (Maitra 1970; 
Olano et  al. 1995; Lee 1982). The assay mixture of glu-
cose kinase contained 50 mM Tris–HCl, pH 7.0, 20 mM 
glucose, 25 mM  MgCl2, 0.5 mM  NADP+, 1 mM ATP, and 
0.7 U/mL G6PD, and enzyme extract. The assay mixture 
of G6PD contained 50 mM Tris–HCl, pH 8.0, 1 mM G6P, 
10  mM  MgCl2, 0.5  mM  NADP+, and enzyme extract. 
The assay mixture of isocitrate dehydrogenase contained 
50  mM Tris–HCl, pH 7.6, 5  mM  MgCl2, 3  mM isoci-
trate, 0.5  mM  NADP+, and enzyme extract. All assays 
were started by the addition of up to 50 µL of cell extract. 
Units of enzyme activity were expressed as nmol  NADP+ 
reduced per min per mg total cell protein at 30 °C.

Metabolite analysis
To prepare samples for metabolite analyses, a fast 
quenching method was used (Zhao et  al. 2014). Briefly, 
samples (20  mL) were quickly transferred into 80  mL 
of quenching solution (glycerol: 0.23  M NaCl solution 
(3:2 v/v), then centrifuged at 14,000  rpm for 20  min at 
− 10  °C to collect S. lincolnensis cells. The intracellular 
metabolites were extracted using freeze–thaw metha-
nol extraction and then centrifuged at 14,000  rpm for 
10  min at − 10  °C. The supernatant was collected and 
vacuum dried using a SpeedVac SPD 131DDA solvent 
evaporation system (Thermo Scientific, Waltham, MA). 
Samples were dissolved in 50 μL of methoxamine hydro-
chloride (20 mg/mL in pyridine) and incubated at 70 °C 
for 50  min. Then, 80  μL of N-methyl-N-(trimethylsilyl) 
trifluoroacetamide (MSTFA) was added, and the sample 
was incubated at 70 °C for 50 min for trimethylsilylation 
(Ding et al. 2009). GC–MS analysis of intermediates was 
performed as described (Zhao et al. 2014).

Determination of NADPH or NADH
The NADPH and NADH concentrations were deter-
mined with an NADPH or NADH detection kit (Kem-
ing, Suzhou, China) using an enzyme cycling assay 
for determination. The fermentation samples were 
centrifuged immediately at 12,000  rpm for 1  min. 
After removal of the supernatants, 0.2  M NaOH was 
added to the pellets. The samples were placed in a 
50  °C water bath for 10  min and then on ice to cool 
them to 0  °C. The extracts were neutralized by add-
ing 0.1  M HCl dropwise while vortexing. The cellular 
debris were removed by centrifuging at 12,000  rpm for 
5  min. Supernatants were collected for the measure-
ment of intracellular NADH and NADPH by a sensitive 
NAD(P)-dependent dehydrogenase reactions assay with 
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3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide (MTT) as a terminal electron acceptor and phena-
zine ethosulfate (PES) as an electron carrier (Hou et  al. 
2010). The NAD(P)-dependent dehydrogenase was ADH 
for NADH and G6PDH for NADPH, respectively. The 
absorbance was measured at 570 nm.

Results and discussion
Influence of gluconate addition on lincomycin production 
and the optimization of gluconate addition
Previous experiments have shown that the addition of 
gluconate at the beginning and in late processes dur-
ing fermentation enhances the production of secondary 
metabolites (Zhuang et  al. 2018). We hypothesize that 
feeding gluconate will also improve the yield of lincomy-
cin A. To study the optimal conditions of gluconate addi-
tion in a 15 L bioreactor, a strategy of two additions, one 
at the beginning and one at 127 or 147 h of fermentation, 
was investigated (Table  1, modes 1 and 2). The strategy 
was to select the appropriate feeding time during the late 
fermentation process to maintain the vitality of mycelia. 
With regard to lincomycin A production and cell growth, 
the additions at 127 and 147 h led to 18% and 20% higher 
levels of lincomycin A compared to those of the control, 
and the DCW increased almost 10% compared to that of 
the control (Table 1).

Considering the concentration of gluconate added at 
the beginning of the fermentation process, we compared 
the effects of decreasing the gluconate concentration at 
the beginning of fermentation (Table 1, modes 2–5), with 
the total amount constant at 4  g/L. The results showed 
that the production of lincomycin A increased with 
decreasing concentration of gluconate at the beginning 
of fermentation, while at the same time, the cell growth 

decreased. This result indicated that decreasing the con-
centration of gluconate could slow the growth of S. lin-
colnensis while promoting the production of lincomycin 
A, especially the starting titer of lincomycin. The opti-
mal added concentration of gluconate was 0.6 g/L at the 
beginning with the other 3.4  g/L added at 147  h of fer-
mentation. The titer of lincomycin A reached 8012 mg/L, 
23% higher than that of the control.

Next, the optimal speed of continuous gluconate addi-
tion was studied (Table  1, Fig.  2). After adding 0.6  g/L 
gluconate at the beginning of fermentation, the other 
3.4  g/L was added continuously from 110  h of fermen-
tation at various speeds with a total amount of glu-
conate of 3.4  g/L. The final titer of lincomycin A was 

Table 1 The production of lincomycin A with various feeding modes of gluconate

a “2 + 2” and “0 + 127” mean that there was 2 g/L calcium gluconate added in the bioreactor at 0 h, and 2 g/L calcium gluconate added in the bioreactor at 127 h 
during the fermentation process
b Starting titer of lincomycin A was measured from the sample taken at 54 h during the fermentation process

Feeding mode Concentration 
of gluconate (g/L)

Addition time 
or period (h)

Speed of continuous 
addition (g/L/h)

Starting titer 
of lincomycin 
A (mg/L)

Lincomycin A (mg/L) DCW (g/L)

Control – – – 562 ± 32b 6480 ± 219 45 ± 2.1

Mode 1 2 + 2a 0 + 127a – 590 ± 41 7646 ± 368 49 ± 1.9

Mode 2 2 + 2 0 + 147 – 592 ± 42 7776 ± 312 49 ± 2.3

Mode 3 1.8 + 2.2 0 + 147 – 646 ± 51 7832 ± 297 48 ± 2.4

Mode 4 1.2 + 2.8 0 + 147 – 741 ± 48 7981 ± 323 47 ± 2.6

Mode 5 0.6 + 3.4 0 + 147 – 921 ± 78 8012 ± 345 43 ± 2.1

Mode 6 0.6 + 3.4 0 + 111–168 0.0512 910 ± 58 7220 ± 228 43 ± 2.4

Mode 7 0.6 + 3.4 0 + 111–163 0.0575 931 ± 76 7456 ± 321 44 ± 2.3

Mode 8 0.6 + 3.4 0 + 111–158 0.0638 916 ± 56 9160 ± 316 45 ± 3.1

Mode 9 0.6 + 3.4 0 + 111–153 0.0701 932 ± 73 8338 ± 225 48 ± 3.5

Fig. 2 Time course of LinA production with various feeding modes. 
Filled square: control, filled circle: mode 6, filled triangle: mode 7, 
filled star: mode 8, filled diamond : mode 9. Each point represents the 
mean (n = 3) ± standard deviation
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9160 ± 316  mg/L, which was 41.3% higher than that of 
the control (p < 0.01). The calculated specific synthesis 
rate of lincomycin (qp) was enhanced to 80 mg/L/h, 60% 
higher than that of the control (50 mg/L/h).

Influence of gluconate addition on carbon and nitrogen 
source consumption
Glucose is used as the main carbon source during linco-
mycin fermentation, and there is evidence that calcium 
gluconate addition influences the consumption of glucose 
through the regulation of key enzymes in the glucose 
metabolic pathway during inosine and l-histidine fer-
mentation (Guo et al. 2008; Zhao and Zhang 2008). The 
consumption of glucose and gluconate was explored in 
this work (Fig. 3a, b). The consumption rate of glucose in 
mode 8 was 0.08 g/L/h, 33% faster than that of the control 
(0.06 g/L/h) (p < 0.05) after gluconate addition. The intra-
cellular accumulation of glucose was also determined 

and showed the same trend of faster consumption of 
glucose. The intracellular glucose concentration of mode 
8 decreased to 3.45  μmol/g DCW, whereas the control 
remained at 13.29  μmol/g DCW (Fig.  3c; p < 0.01). The 
addition of gluconate can maintain the concentration of 
gluconate at 1.5–2.0  g/L, indicating the accumulation 
of gluconic acid (Fig. 3b). The addition of gluconate can 
also promote nitrogen utilization; the concentration of 
ammonium ion was approximately 100 mg/L, while that 
of the control was approximately 300 mg/L (Fig. 3d).

Influence of gluconate addition on enzyme activity
The central metabolic enzyme activity was measured 
during the lincomycin fermentation process (Fig. 4). The 
enzyme activity of GK (key enzyme of the EMP path-
way) was similar to that of the control, which indicated 
that gluconate addition had little effect on the EMP path-
way (Fig.  4a). G6PD is a key enzyme in the PPP. In the 
presence of gluconate, the enzyme activity of G6PD was 

Fig. 3 Time course changes of glucose (Glc) consumption rate (a), calcium gluconate concentration (b), intracellular Glc concentration (c), and 
extracellular ammonium ion concentration (d). Black: mode 8. Red: control. Each point represents the mean (n = 3) ± standard deviation
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significantly enhanced after 110  h, reached a maximum 
(8.35 U/mg protein) at 140 h that was almost 6 times the 
level of the control (1.28  U/mg protein) and was main-
tained at a stable high level in the following cultiva-
tion, indicating that the flux of the PPP increased after 

gluconate addition (Fig. 4b). The PPP can provide inter-
mediate metabolites for lincomycin A synthesis, includ-
ing ribose 5-phosphate (R5P), fructose 6-phosphate 
(F6P) and sedoheptulose 7-phosphate (S7P). ICD is a key 
enzyme in the TCA cycle. The results showed that the 
enzyme activity of ICD was significantly enhanced after 
110 h, and the maximum activity reached 5.1 U/mg pro-
tein at 160  h, 4 times the control value (1.4  U/mg pro-
tein) (p < 0.01) (Fig. 4c). The enhanced TCA cycle enzyme 
activity suggested increased flux of the TCA cycle, and 
more ATP was synthesized to maintain the production of 
lincomycin A.

Influence of gluconate addition on the intracellular 
accumulation of metabolites
Intracellular accumulation of metabolites was measured 
during the lincomycin fermentation process (Table  2). 
Because the direct metabolites of OCT-8P and PPL of 
lincomycin biosynthesis were either found at very low 
concentrations or hard to be detected (Kameník et  al. 
2009), so we detected the common metabolites in the 
glucose metabolism to show the relationship of primary 
metabolism and secondary metabolism. Glucose, the 
substrate for microorganism growth and metabolism, 
succinate, fumarate, malate, and α-KG, the metabo-
lites in TCA cycle, as well as G6P, R5P, and S7P for the 
metabolites in EMP and PPP, were assayed. Although 
these metabolites are not directly related to lincomycin 
biosynthesis, they are indirectly related to the produc-
tion of OCT-8P, tyrosine and PPL (Sasaki et al. 2012). In 
the presence of gluconate, the intracellular accumula-
tion of α-ketoglutaric acid (α-KG) decreased significantly 
to 4.23  μmol/g DCW at 144  h, only 6% of the control 
(67.17 μmol/g DCW) (p < 0.01). Moreover, the intracellu-
lar concentration of malic acid also reached a minimum 
(0.86  μmol/g DCW), accounting for only 11.9% of the 
control (7.17  μmol/g DCW) (p < 0.05). The intracellular 
concentrations of fumaric acid and succinic acid were 
also reduced, accounting for 21% and 2% of the control, 
respectively. Combined with the increased ICD enzyme 
activity, it was revealed that the flux of the TCA cycle 
was enhanced to provide more flux toward α-KG, while 
the decreased intracellular concentration of the inter-
mediate metabolite α-KG indicated that more α-KG was 
taken away to synthesize a precursor of lincomycin, such 
as proline or PPL (Fig. 1). On the other hand, isocitrate 
was rerouted to malate via glyoxylate, and the accumula-
tion of malate was decreased, whereas the corresponding 
accumulation of fumarate and succinate were decreased. 
It is speculated that more flux went from malate to 
oxaloacetate, leading to S-adenosylmethionine (SAM) 
(Fig. 1), which is essential for the methylation of lincomy-
cin precursors. It is worth noting that the accumulation 

Fig. 4 Time course of enzyme activities of glucokinase (GK) (EMP) (a), 
glucose 6-phosphate dehydrogenase (G6PD) (PPP) (b) and isocitrate 
dehydrogenase (ICD) (TCA cycle) (c). Black: mode 8. Red: control. Each 
point represents the mean (n = 3) ± standard deviation. **Represents 
p < 0.01
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of G6P, R5P, and S7P were not detected, indicating the 
limiting of intracellular metabolites of the PPP.

Influence of gluconate addition on the intracellular 
accumulation of reducing power (NADH/NADPH)
Intracellular accumulation of NADH or NADPH was 
measured during the lincomycin fermentation process 
(Fig.  5). NADH/NAPH represents an important meta-
bolic regulation of glucose metabolism, and NADPH 
is also an important reducing agent in the synthesis of 
assimilates such as lincomycin (Hou et  al. 2010). In the 
presence of gluconate, the intracellular accumulation 
of NADPH was enhanced significantly to 11.92  nmol/g 
DCW at 144  h, almost 30% higher compared to that of 
the control (5.22  nmol/g DCW) (p < 0.01) (Fig.  5a). The 
intracellular concentration of NADH was almost the 
same as that of the control at 144 h (Fig. 5b), but the value 
of the NADPH to NADH ratio was significantly different 
(Fig.  5c). The value reached 1.57, which was 1.18 times 
higher than that of the control (0.72) (p < 0.05) (Fig. 5c), 
indicating that the addition of gluconate provides more 
of the reducing power of NADPH for the cell to sup-
port lincomycin synthesis. Because NADPH is mainly 
derived from the PPP, the enhanced PPP enzyme activity 
of G6PD and almost no accumulation of PPP metabolites 
might mean that the production of metabolic precursors 
is insufficient to support the synthesis of lincomycin, sug-
gesting that PPP precursors may be one of the limiting 
factors for lincomycin biosynthesis.

Conclusion
In the present work, a strategy of continuous supple-
mentation of gluconate leading to increased lincomy-
cin A production accompanied by various responses of 
enzyme activity, intermediate metabolite and NADPH/

Table 2 Comparison of  intracellular metabolite concentrations (µmol/g DCW) from  cultures in  control (ck) and  mode 8 
treatments at different times

ND represents undetectable; “< 0.1” represents the concentration is lower than the detection limits of 0.1 µmol/g DCW

* Represents p < 0.05

Metabolite 24 h 48 h 72 h 96 h 120 h 144 h 168 h

ck Mode 8 ck Mode 8 ck Mode 8 ck Mode 8 ck Mode 8 ck Mode 8 ck Mode 8

Glucose 141.3 119.8 34 29.9 20 23.2 10.7 18.5 13.6 13 13.3 3.5* 4.1 0.6*

Succinate 2.7 1.6 11.8 13 0.4 0.7 7.0 9.3 8.3 11.1 26 0.4* 2.8 15*

Fumarate 22.4 2.1* 9.8 10.6 1.8 1.9 9.3 10.8 5.7 14.7 6.7 1.0* 1.2 27.8*

Malate 0.4 0.37 0.5 0.8 0.5 0.3 < 0.1 2.8 2.7 12.8 7.2 0.9* 0.7 2.8*

α-KG 3.7 1.7 63.9 51.3 2.2 1.5 48.2 12.8 51.9 18.8 67.2 4.2* 68 120.4*

G6P ND ND ND ND ND ND ND ND ND < 0.1 ND < 0.1 ND < 0.1

R5P ND ND ND ND ND ND ND ND ND < 0.1 ND < 0.1 ND < 0.1

S7P ND ND ND ND ND ND ND ND ND < 0.1 ND < 0.1 ND < 0.1

Fig. 5 Time course of intracellular NADPH (a) or NADH (b) 
concentrations and their ratio (c). Black: mode 8. Red: control. Each point 
represents the mean (n = 3) ± standard deviation. **Represents p < 0.01
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NADH levels was achieved. We presented an effec-
tive example of enhanced antibiotic production during 
Streptomyces fermentation via manipulation of a bio-
synthetic precursor. Importantly, the developed strat-
egy for the improved production of this highly valuable 
antibiotic may be helpful for large-scale fermentation.
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