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Abstract
Erythromycin A is an important antibiotic. A chemically defined synthetic medium for erythromycin production was system-
atically optimized in this study. A high-throughput method was employed to reduce the number of components and optimize 
the concentration of each component. After two round single composition deletion experiment, only 19 components were 
remained in the medium, and then the concentration of each component was optimized through PB experiment. The optimal 
medium from the PB experiment was further optimized according to the nitrogen and phosphate metabolic consumption in 
5 L bioreactor. It was observed that among the 8 amino acids concluded in the media, 4 amino acids were first consumed, 
when they are almost depleted, the other 4 amino acids were initiated their consumption afterwards in 5 L bioreactor. The 
decrease of phosphate concentration would increase qglc and qery. However, when phosphate concentration was too low, the 
production of erythromycin was hindered. The positive correlation between intracellular metabolite pools and Yery/glc indicated 
that low phosphate concentration in the medium can promote cell metabolism especially secondary metabolism during the 
stationary phase; however, if it was too low (5 mmol/L), the cell metabolism and secondary metabolism would both slow 
down. The erythromycin titer in the optimized medium (medium V) reached 1380 mg/L, which was 17 times higher than 
the previously used synthetic medium in our lab. The optimized medium can facilitate the metabolomics study or metabolic 
flux analysis of the erythromycin fermentation process, which laid a solid foundation for further study of erythromycin 
fermentation process.
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Introduction

Erythromycin A, a broad-spectrum antibiotic against patho-
genic Gram-positive bacteria is mostly produced by Sac-
charopolyspora erythraea. The commercial importance of 
this antibiotic has led to deep research of its biosynthesis, 
genetic manipulation, and fermentation engineering [1–4].

Studies of fermentation process of erythromycin A in the 
past were mostly carried out in complex medium, which 
would hinder the understanding of the definite relationship 
between erythromycin A production and environmental 
parameter. In many other studies, the experiments were car-
ried out in synthetic medium. However, in all these studies 

the erythromycin titers were too low, so the conclusions 
drawn from these studies had limit applicability to industrial 
production of erythromycin [5–9]. Thus the strong need for 
a synthetic medium with sufficient high erythromycin titer 
is highly demanding.

The conventional methods of the optimization of the 
synthetic medium were all conducted with time consuming, 
low efficiency work. In this study, high-throughput methods 
for the screening of synthetic medium and determination of 
erythromycin A titer were employed to reduce both the costs 
and operation time [10].

Materials and methods

Strains

Two strains were used in this study.
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Saccharopolyspora erythraea E3 strain. It was used for 
the production of erythromycin A and was stored in our 
laboratory.

Bacillus pumilus CMCC(B)63202. It was used as indica-
tor bacterium for high-throughput determination of erythro-
mycin A and was stored in our laboratory.

Culture medium

Slope solid medium for S. erythraea

Slope solid medium compositions (g/L): corn steep liquor 
10, starch 10, NaCl 3, (NH4)2SO4 3, agar 18, CaCO3 6. pH 
7.0.

Pre‑culture medium for S. erythraea

Pre-culture medium compositions (g/L): starch 40, peptone 
20, NaCl 4, dextrin 20, KH2PO4 0.2, CaCO3 3, MgSO4 0.25. 
pH 7.0.

Synthetic medium for S. erythraea in our previous study

Compositions (g/L): glucose 10, (NH4)2SO4 5, K2HPO4 3, 
KH2PO4 2, MgSO4 0.4, trace elements (12 ml/L). Trace ele-
ments compositions (g/L): MnSO4·H2O 0.2, CoCl2·6H2O 
0.25, ZnSO4·7H2O 0.2, FeSO4·7H2O 0.03, Na2MoO4·2H2O 
0.02, CaCl2 0.1, CuSO4·5H2O 0.01. pH 7.0.

Solid medium for Bacillus pumilus

Compositions (g/L): peptone 5; beef extract 3; K2HPO4 3; 
glucose 10; NaCl 5; agar 20. pH 7.0.

Bioactivity assay medium

Compositions (g/L): peptone 5; beef extract 3; K2HPO4 3; 
glucose 10; NaCl 5. pH 7.0.

Culture conditions for S. erythraea

Slope culture

Inoculate the slope with spore suspension stored in the glyc-
erol stock. The slope was then incubated at 34 °C for 4–6 
days.

Shake flask culture

Inoculate the shake flask containing 50 mL pre-culture 
medium with 1 cm2 slope culture. It was cultivated at 34 °C, 
220 rpm for 48 h.

48‑well plate culture

After 48 h, the pre-culture medium was collected and cen-
trifuged at 4000 rpm for 5 min. Then the cell pellets were 
washed 3 times with 0.9% NaCl solution. After washing, 
the cell pellet was resuspended with 50 mL distilled water. 
0.1 mL cell pellet suspension was transferred into each 
well containing 0.9 mL synthetic medium.

5 L‑bioreactor culture

The inoculation process of 5 L-bioreactor culture was the 
same as the 48-well plate culture. The inoculation frac-
tion was 9%. The DO was controlled higher than 40% by 
adjusting the aeration rate and the stirring speed. The pH 
was maintained at 7.0 with the addition of NaOH or glu-
cose. The temperature was held at 34 °C.

Determination of erythromycin A

High‑throughput method

To facilitate the process of optimization of the synthetic 
medium, a high-throughput method for determination of 
erythromycin A was used in this study (Fig. 1). Briefly, 
the solid culture of Bacillus pumilus was washed with 
distilled water. Then the cell suspension was diluted until 
its OD580 reached approximately 1.0. Subsequently, the 
bioactivity assay medium was inoculated with the cell sus-
pension of Bacillus pumilu (5% (v/v)). After the inocula-
tion of Bacillus pumilu, 225 µL bioactivity assay medium 
was immediately allocated to each well of a 48-well plate. 
Then, 25 µL of fermentation broth was transferred into the 
48-well plate. The mixture was then incubated at 37 °C, 
150 rpm for about 6 h, until the OD580 of the blank well 
(in which the fermentation broth was replaced with 25 µL 
distilled water) reached 0.6. At last, 200 µL of the mixture 
was transferred to a 96-well microtiter plate, and the OD580 
of each sample was determined with a thermo scientific 
microplate reader. Both the single composition deletion 
experiment and the Plackett–Burman experiment were car-
ried out via this high-throughput method (Fig. 1).

HPLC method

The erythromycin A titer in the 5  L bioreactor was 
determined with HPLC (Agilent 1100 Series, China). A 
Hypersil BDS-C18 column (4 mm × 250 mm, 5 mm, Elite, 
China) was used. Mobile phase: 45% acetonitrile with 
0.02 M K2HPO4. Flow rate: 1 mL/min. Oven temperature: 
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60 °C. Injection volume: 20 µL. Wave length of detector: 
215 nm.

Single composition deletion experiment

To reduce the components in the synthetic medium, a sin-
gle composition deletion method was employed to delete 
the composition, which have no or have negative effect on 
erythromycin A production. The original synthetic medium 
consists of 38 components, which may be beneficial for the 
growth or the secondary metabolism. In each run of the sin-
gle composition deletion method, one composition in the 
original synthetic medium was left out, except that the first 
run contains all the compositions. The single composition 
deletion experiments were carried out in a high-throughput 
cultivation system (Fig. 1). At 120 h, the erythromycin A 
titer in each run (Ci was the erythromycin A titer of the ith 
run of the first round of single composition deletion experi-
ment, C1 was the erythromycin titer in the first run) was 
determined. When Ci/C1 > 1, which means that the addition 
of the corresponding component was detrimental for the pro-
duction of erythromycin A, the corresponding component 

would be removed from the original synthetic medium, and 
vice versa.

Plackett–Burman method

In this study, the Plackett–Burman method was employed to 
preliminarily optimize the concentration of each component 
after the single composition deletion experiment.

Determination of intracellular metabolite pools

The intracellular metabolite pools were measured as the 
method described in our previous study [11].

Results and discussion

Single composition deletion experiment

As the main purpose of this paper is to get a suitable syn-
thetic medium for the production of erythromycin A, its 
components should be determined at first. All components 

Fig. 1   Flowchart of high-throughput optimization of the synthetic medium for the production of erythromycin A
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of the crude medium were obtained through single composi-
tion deletion experiment as described in Sect. 2.5.

The results of the first round of the single composition 
deletion experiment are listed in Table 1. As can be noticed 

in Table 1, the Ci/C1 values of 12 components were higher 
than 1, which indicated that these components were detri-
mental to the production of erythromycin A. Thus, after the 
first round of single composition deletion experiment, 12 
components were removed from the synthetic medium.

After the first round of single composition deletion 
experiment, there were still 26 components left. To further 
decrease the components, a second round of single compo-
sition deletion experiment was carried out. In the second 
round of single composition deletion experiment, the initial 
medium contains 26 components as the results of the first 
round of single composition deletion experiment. The results 
of the second round of single composition deletion experi-
ment are listed in Table 2, in which C′i was the erythromycin 
A titer of the ith run of the second round of single composi-
tion deletion experiment. In the second round, the C′i/C′1 of 

Table 1   Results of the first round of single composition deletion 
experiment

a Ci was the erythromycin A titer of the ith run of the first round of 
single composition deletion experiment
b No composition was deleted in the first run, which was used as con-
trol

Deleted composition Concentration 
(g/L)

Run Ci
a/C1

1b 1.00 ± 0.01
Sucrose 20 2 1.076 ± 0.02
Glucose 17.5 3 0.97 ± 0.03
(NH4)2SO4 16.262 4 1.18 ± 0.02
K2HPO4 7 5 0.17 ± 0.04
KH2PO4 3 6 0.17 ± 0.02
MgSO4·7H2O 1.5375 7 0.17 ± 0.01
K2SO4 0.25 8 1.08 ± 0.02
NaCl 2 9 1.01 ± 0.03
Alanine 0.4 10 0.16 ± 0.04
Arginine 0.4 11 0.86 ± 0.02
Aspartate 0.4 12 0.99 ± 0.04
Cysteine 0.4 13 0.96 ± 0.02
Glutamate 0.4 14 0.74 ± 0.03
Glycine 0.4 15 0.49 ± 0.02
Histidine 0.4 16 1.01 ± 0.04
Leucine 0.4 17 0.86 ± 0.03
Isoleucine 0.4 18 0.84 ± 0.02
Lysine 0.4 19 0.80 ± 0.03
Methionine 0.4 20 1.08 ± 0.04
Phenylalanine 0.4 21 0.19 ± 0.02
Proline 0.4 22 0.79 ± 0.04
Serine 0.4 23 0.98 ± 0.02
Threonine 0.4 24 0.96 ± 0.03
Tyrosine 0.4 25 1.05 ± 0.02
Valine 0.4 26 0.85 ± 0.04
Trisodium citrate 1 27 0.84 ± 0.02
Sodium propionate 4 28 0.99 ± 0.03
Succinate 1 29 1.01 ± 0.04
EDTA 1.2 30 1.04 ± 0.02
CoCl2·6H2O 0.0075 31 0.14 ± 0.05
ZnCl2 0.0012 32 1.03 ± 0.02
Na2B4O7·10H2O 0.0003 33 0.38 ± 0.04
FeCl3·6H2O 0.006 34 0.70 ± 0.03
CuCl2·2H2O 0.0003 35 0.80 ± 0.02
(NH4)2MoO4·4H2O 0.0003 36 0.99 ± 0.03
MnCl2 0.0003 37 1.01 ± 0.04
CaCl2 0.003 38 1.01 ± 0.03
CaCO3 9.0909 39 0.96 ± 0.02

Table 2   Results of the second round of single composition deletion 
experiment

a C’i was the erythromycin A titer of the ith run of the second round of 
single composition deletion experiment
b No composition was deleted in the first run, which was used as con-
trol

Deleted composition Concentration 
(g/L)

Run C′ia/C′1

1b 1.00 ± 0.02
Glucose 17.5 2 0.26 ± 0.03
K2HPO4 7.0 3 0.97 ± 0.02
KH2PO4 3.0 4 0.91 ± 0.04
MgSO4·7H2O 1.5375 5 0.37 ± 0.02
Alanine 0.4 6 0.93 ± 0.04
Arginine 0.4 7 0.66 ± 0.03
Aspartate 0.4 8 0.99 ± 0.04
Cysteine 0.4 9 0.94 ± 0.02
Glutamate 0.4 10 1.04 ± 0.03
Glycine 0.4 11 1.01 ± 0.03
Leucine 0.4 12 0.92 ± 0.02
Isoleucine 0.4 13 0.77 ± 0.04
Lysine 0.4 14 1.02 ± 0.02
Phenylalanine 0.4 15 1.06 ± 0.04
Proline 0.4 16 1.02 ± 0.02
Serine 0.4 17 0.97 ± 0.03
Threonine 0.4 18 0.92 ± 0.02
Valine 0.4 19 1.01 ± 0.03
Trisodium citrate 0.4 20 0.87 ± 0.04
Sodium propionate 4 21 1.15 ± 0.02
CoCl2·6H2O 0.0075 22 0.79 ± 0.03
Na2B4O7·10H2O 0.0003 23 0.78 ± 0.02
FeCl3·6H2O 0.006 24 0.48 ± 0.03
CuCl2·2H2O 0.0003 25 0.99 ± 0.04
(NH4)6Mo7O24·4H2O 0.0003 26 0.94 ± 0.02
CaCO3 9.0909 27 0.92 ± 0.03



1533Bioprocess and Biosystems Engineering (2018) 41:1529–1538	

1 3

7 components were higher than 1. And the corresponding 
components were deleted.

After two rounds of single composition deletion experi-
ment, 19 components in the initial synthetic medium were 
removed.

Plackett–Burman experiment

Once the components of the crude medium was obtained, the 
concentration of each component still needs to be optimized. 
The 19 components left in the single composition deletion 
experiment were then subject to the Plackett–Burman exper-
iment (PB) to optimize their concentrations. There were 20 
runs in the PB experiment and it was designed as in Table 3.

The effect and optimal concentration of each factor in the 
PB experiment are shown in Table 4. The results showed that 
K2HPO4 have the highest negative effect on erythromycin 
production, and aspartate have the highest positive effect on 
erythromycin production.

The optimized medium was then used in a 5 L bioreactor 
to produce erythromycin (Fig. 2). The erythromycin titer at 
120 h was 1110 mg/L.

Table 3   Plackett–Burman design

Run F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19

1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1 1 1 1 − 1 1
2 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1 1 1 1 − 1
3 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1 1 1
4 1 − 1 1 1 − 1 − 1 1 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1
5 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1 1 1 1 − 1 1 − 1 1
6 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1 1 1 1
7 1 1 − 1 − 1 1 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1
8 − 1 1 1 − 1 − 1 1 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1
9 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1 1 1 1 − 1 1 − 1
10 − 1 − 1 1 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1
11 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1 1 1 1 − 1 1 − 1 1 − 1 − 1
12 1 − 1 − 1 1 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1
13 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1
14 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1
15 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1 1
16 1 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1
17 1 1 − 1 1 1 − 1 − 1 1 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1
18 − 1 1 1 − 1 1 1 − 1 − 1 1 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1
19 − 1 1 1 1 1 − 1 1 − 1 1 − 1 − 1 − 1 − 1 1 1 − 1 1 1 − 1
20 − 1 − 1 − 1 1 1 − 1 1 1 − 1 − 1 1 1 1 1 − 1 1 − 1 1 − 1

Table 4   Effect and optimal concentration of each factor in the PB 
experiment

a A negative number means the corresponding factor has negative 
effect on erythromycin production

Factor Effect Optimal 
concentration 
(g/L)

Glucose 21.31 22
K2HPO4 − 83.17a 4.0
KH2PO4 − 63.98 2.0
MgSO4·7H2O − 26.34 1.0
Alanine − 3.82 0.2
Arginine 33.49 0.8
Aspartate 69.45 0.8
Cysteine 1.46 0.6
Leucine 43.80 0.8
Isoleucine − 12.17 0.2
Serine − 23.14 0.2
Threonine − 7.09 0.2
Trisodium citrate 22.82 1.4
CoCl2·6H2O 37.25 0.009
Na2B4O7·10H2O 17.49 0.0006
FeCl3·6H2O 20.10 0.0068
CuCl2·2H2O − 19.68 0.00027
(NH4)6Mo7O24·4H2O − 40.86 0.00027
CaCO3 28.12 11.0



1534	 Bioprocess and Biosystems Engineering (2018) 41:1529–1538

1 3

Optimization of the synthetic medium in 5 L 
bioreactor by the nitrogen and phosphate 
regulation

After the crude synthetic medium was obtained via the 

high-throughput method, the metabolism behavior of S. 
erythraea in the synthetic medium was carefully observed. 
To eliminate the second growth phenomenon, 4 amino acids, 
which was used by cell only after the other 4 amino acids 
in the medium were depleted, were left out of the crude 

Fig. 2   Fermentation results 
in the 5 L bioreactor with the 
optimal synthetic medium of the 
PB experiment

Table 5   Composition of 
medium I to medium V

a The optimal medium in the PB experiment
b It was based on medium I. The amino acids in group B were eliminated, and the concentration of some 
components were changed
c It was based on medium II. The concentration of phosphate sources were lowered
d It was based on medium III. The concentration of phosphate sources were further lowered
e It was based on medium III. The amino concentrations were increased

Component (g/L) Medium Ia Medium IIb Medium IIIc Medium IVd Medium Ve

Glucose 22 22 22 22 22
K2HPO4 4 4 1.28 1.0 1.28
KH2PO4 2 2 0.64 0.5 0.64
MgSO4•7H2O 1 1 1 1 1
Alanine 0.2 0.69 0.69 0.69 0.86
Arginine 0.8 0.55 0.55 0.55 0.68
Aspartate 0.8 0 0 0 0
Cysteine 0.6 0.63 0.63 0.63 0.78
Leucine 0.8 0 0 0 0
Isoleucine 0.2 0 0 0 0
Serine 0.2 0.59 0.59 0.59 0.73
Threonine 0.2 0 0 0 0
Sodium citrate 1.4 2.28 2.28 2.28 2.28
CoCl2·6H2O 0.009 0.009 0.009 0.009 0.009
Na2B4O7·10H2O 0.006 0.006 0.006 0.006 0.006
FeCl3·6H2O 0.0068 0.0068 0.0068 0.0068 0.0068
CuCl2·2H2O 0.00027 0.00027 0.00027 0.00027 0.00027
(NH4)6Mo7O24·4H2O 0.00027 0.00027 0.00027 0.00027 0.00027
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medium. Then 5 experiments were carried out to observe 
the nitrogen and phosphate effect on erythromycin produc-
tion (Table 5).

The cell concentration has a positive effect on the eryth-
romycin production, and nitrogen source is very essential for 
the cell growth, thus the consumption behavior of the major 
nitrogen sources, e.g., amino acids during the erythromycin 
production process was carefully studied. The amino acid 
consumption behavior in the optimal synthetic medium of 
the PB experiment is illustrated in Fig. 3. It was observed 
that the 8 amino acid were not consumed at the same time. 
Before 12 h only 4 kinds of amino acids (this group of amino 
acids were then called the group A, which contains alanine, 
serine, cysteine and arginine) were absorbed and after 12 h 
the other 4 kinds of amino acids were then absorbed (this 
group of amino acids was then called the group B, which 
contains aspartate, threonine, leucine and isoleucine). This 
suggested that the cell were inclined to consume the amino 
acids in group A first. The amino acids were all used up 
before the stationary phase, during which most of the eryth-
romycin were produced, thus the amino acids were just used 
for cell growth and had very little effect on erythromycin 
production. Three of the amino acids in group A were trans-
formed into pyruvate, the other one was transformed into 
glutarate. These two metabolites are useful for cell growth. 
The amino acids in group B would transform into other 
metabolites which are less useful for cell growth. These 
results may suggest that cell are inclined to consume amino 
acids that can be transformed into more useful metabolites 
for cell growth. The above results suggested that amino acids 
in group B were not necessary in the medium. To decrease 
the components in the medium and eliminate the second 
growth (Fig. 2, 48 h), the amino acids in group B were left 
out in the following medium (medium II in Table 5).

Beside nitrogen source, phosphate source is also very 
important for cell growth and erythromycin production. As 
to further optimize the synthetic medium for erythromycin 
production, the optimal medium in the PB experiment was 
further optimized (Table 5). The fermentation results of 
medium I to medium V are illustrated in Fig. 4, the optimal 
medium for erythromycin production was medium V. As 

Fig. 3   Changes of amino acid concentrations during the erythromycin 
fermentation process with the optimal medium of the PB experiment

Fig. 4   Fermentation profiles from medium I to medium V
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high phosphate concentration would inhibit the secondary 
metabolism [12], thus the phosphate in medium II were low-
ered, which produced medium III. The erythromycin produc-
tion in medium III was higher than in medium II (Fig. 4a). 
The phosphate concentration was further decreased in 
medium IV. However, the erythromycin production in 
medium IV was lower than medium III (Fig. 4a). The low 
cell concentration in medium IV indicated that low phos-
phate concentration had inhibited cell growth thus decreased 
erythromycin production. The phosphate concentration in 
medium III was suitable for cell growth and erythromycin 
production.

Relationship between intracellular metabolite pools 
and phosphate concentration in the medium

To get a more detailed understanding of relationship between 
the phosphate concentration and erythromycin production, 
the intracellular metabolite pools were determined.

It could be noticed that high phosphate concentration was 
good for cell growth (Fig. 4c), but low phosphate concentra-
tion was good for erythromycin production (Fig. 4a, b). In 
the batch fermentation process, the added phosphate source 
in the medium cannot be largely consumed, thus initial phos-
phate concentration is very vital for the whole fermentation 
process. The only difference among medium II, medium III 
and medium IV was the phosphate concentration. It could 
be observed that with the decrease of phosphate concen-
tration the specific glucose consumption rate and specific 
erythromycin production rate both increased (Table 6), 
which indicated that the decrease of phosphate concentra-
tion facilitate the consumption of glucose and the produc-
tion of erythromycin. However, the yield of erythromycin 
to glucose (Yery/glc) increased at first, and then decreased 
as the phosphate concentration further decreased (Table 6). 
The increase of Yery/glc from medium II (0.0015 mol/mol) to 
medium III (0.0062 mol/mol) indicated that low phosphate 
concentration can increase the proportion of glucose used 
for erythromycin. However, further decrease of phosphate 
from medium III to medium IV led to the decrease of Yery/glc 
(from 0.0062 to 0.0046 mol/mol), which meant that more 
glucose was used for maintenance. It could be observed that 
from medium II to medium IV, pool sizes of most intra-
cellular metabolites were positively correlated with Yery/glc 
at 72 h (Fig. 5). These result indicated that low phosphate 

concentration in the medium can promote cell metabo-
lism especially secondary metabolism during the station-
ary phase. However, if the phosphate concentration in the 
medium was too low (5 mmol/L), the primary metabolism 
and secondary metabolism would both slow down. These 
results suggested that the phosphate concentration is not the 
lower the better, and there is an optimal level.

The comparison of the optimized medium (medium 
V) and previously used medium

The erythromycin titer in the optimized medium (medium 
V) reached 1380 mg/L, which is 17 times higher than the 
previously used synthetic medium in our lab (Fig. 6) [13]. 
The optimized medium can facilitate the metabolomic study 
or metabolic flux analysis of the erythromycin fermentation 
process, which laid a solid foundation for further study of 
fermentation process or cell metabolism.

Conclusion

A synthetic medium for erythromycin production was suc-
cessfully developed and optimized in this study. At first, 
a synthetic medium consists of 38 components, which 
may be beneficial for the growth or the secondary metab-
olism, was designed. Then a high-throughput method 
was employed to reduce the number of components and 
optimize the concentration of each component. After two 
round single composition deletion experiment, only 19 
components were left in the medium, and then the con-
centration of each component was optimized through PB 
experiment. The optimal medium from the PB experiment 
was further optimized through the nitrogen and phosphate 
regulation in 5 L bioreactor. It was observed that the 8 
amino acid were consumed at different stages in 5 L biore-
actor, so the four amino acids in group B were eliminated 
in the recipe. The decrease of phosphate concentration 
would increase qglc and qery. However, when phosphate 
concentration was too low (5 mmol/L), the production of 
erythromycin was hindered. The best phosphate concen-
tration in this study was determined, which was employed 
in the medium III. The positive correlation between intra-
cellular metabolite pools and Yery/glc indicated that low 
phosphate concentration in the medium can promote cell 

Table 6   Phosphate 
concentration, specific glucose 
consumption rate and specific 
erythromycin production rate in 
different media at 72 h

Medium II Medium III Medium IV

CPhosphate (mmol/L) 28 ± 2 6.6 ± 1.1 5 ± 1.1
qglc (mmol/gDCW/h) 0.25 ± 0.03 0.84 ± 0.07 1.16 ± 0.09
qery (mmol/gDCW/h) 0.00039 ± 0.00005 0.0052 ± 0.0003 0.0053 ± 0.0003
Yery/glc 0.0015 ± 0.0002 0.0062 ± 0.0007 0.0046 ± 0.0005
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metabolism especially secondary metabolism during the 
stationary phase, but if the phosphate concentration in the 
medium was too low, the cell metabolism and second-
ary metabolism would both slow down. It could also be 
noticed that the phosphate concentration in the medium 
could impact the intracellular metabolite concentration. 
When phosphate concentration was too high (28 mmol/L), 
the most of the intracellular metabolite pool were low; and 
when phosphate concentration decreased to 6.6 mmol/L, 
the intracellular metabolites were dramatically increased. 
However, when phosphate concentration further decreased 

to 5 mmol/L, the intracellular metabolite pools decreased 
again. These results indicated that the phosphate concen-
tration has major impact on cell metabolism and a proper 
phosphate can benefit cell metabolism. The erythromy-
cin titer in the optimized medium (medium V) reached 
1380 mg/L, which is 17 times higher than the previously 
used synthetic medium in our lab (Fig. 6). The optimized 
medium can facilitate the metabolomics study or meta-
bolic flux analysis of the erythromycin fermentation pro-
cess, which laid a solid foundation for further study of 
erythromycin fermentation process or cell metabolism.

Fig. 5   Intracellular metabolite 
pools in different media at 72 h
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