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Abstract

In the current study, the effect of different available nitrogen sources on erythromycin fermentation by Saccharopolyspora
erythraea No. 8 is evaluated. Three different combinations of corn steep liquor and yeast powder were developed to investi-
gate their impacts on erythromycin production. The results indicate that the optimal combination of available nitrogen sources
was 10.0 g/L corn steep liquor and 4.0 g/L yeast power, generating a maximum yield of erythromycin of 13672 U/mL. To
explore the effects of nitrogen perturbations on cell metabolism, metabolic flux analyses were performed and compared under
different conditions. A high flux pentose phosphate pathway provided more NADPH for erythromycin synthesis via nitrogen
optimization. Moreover, high n-propanol specific consumption rate enhanced erythromycin synthesis and n-propanol flowed
into the central carbon metabolism by methylmalonyl-CoA node. These results indicate that the selection of an appropriate
organic nitrogen source is essential for cell metabolism and erythromycin synthesis, and this is the first report of the suc-
cessful application of available nitrogen source combinations in industrial erythromycin production.
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Introduction product during the erythromycin fermentation process. In

contrast, erythromycin B and C are by-products, which can

Erythromycin is a type of macrocyclic antibiotic with a
14-membered ring molecular structure. Due to structural
similarity, erythromycin is divided into four main com-
ponents, i.e., erythromycin A, B, C, and D. Erythromycin
A has the strongest antibacterial activity and is the major
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be removed in a downstream separation process. Erythro-
mycin A was first isolated from Saccharomyces in 1952
[1, 2]. It is clinically used as a treatment for Gram-positive
bacterial infections. The mechanism of erythromycin anti-
bacterial activity is dependent on to its binding to the 50S
subunit of the ribosomes in bacteria, subsequently inhibit-
ing the protein translation process and associated cellular
functions [3, 4].

Improvement in the erythromycin production by micro-
bial fermentation process is urgently needed due to the
increased global demand for erythromycin in clinical appli-
cations. In recent years, genetic engineering technology has
developed as a powerful and promising tool which could
change microbial metabolic properties and intensify synthe-
sis pathways of target metabolites efficiently, complementing
traditional strain evolution by mutagenesis [5]. Chen et al.
[6] knocked out the coding gene mutB which encodes the
beta subunit of methylmalonyl-CoA mutase in the modifica-
tion of Saccharopolyspora erythraea HL3168 E3, and the
erythromycin A titer was substantially improved. Wang et al.
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[7] integrated S-adenosyl methionine (SAM) synthetase gene
from Streptomyces spectabilis into the genome of S. eryth-
raea to supply methyl precursor in erythromycin A synthe-
sis. Consequently, the erythromycin A titer was increased
132% in the reconstructed strain, whereas the erythromycin
B content was reduced by 30%. In addition, Minas et al. [8]
integrated the Vitreoscilla hemoglobin gene (vhb) into S.
erythraea to produce 70% more erythromycin in this way.

In contrast, medium and process controlling optimizations
are the major methods to improve the final titer in industrial
antibiotic fermentation process. El-Enshasy et al. [9] used
inexpensive cane molasses as the sole carbon source and
corn steep liquor (CSL) and ammonium sulfate as the nitro-
gen sources to obtain an erythromycin titer of 600 mg/L.
Subsequently, an optimized n-propanol feeding strategy was
adopted to further enhance the titer to 720 mg/L. Devi et al.
[10] used bagasse as a carbon source to increase erythro-
mycin yield by 28% compared to glucose by S. erythraea
MTCC 1103. Zou et al. [11] applied a combined strategy of
medium optimization by response surface methodology and
process controlling optimization through on-line physiologi-
cal parameter regulation to improve erythromycin produc-
tion, generating a titer of 10622 U/mL.

Nitrogen is essential for cell growth and erythromycin
production. It has been reported that erythromycin biosyn-
thesis is initiated when amino nitrogen or phosphorus are in
a restricted state [12, 13]. Some complex nitrogen sources
such as soybean meal, CSL, and yeast extract can enhance
antibiotic production by Streptomycetes [14]. These three
nitrogen sources have also been applied in erythromycin
fermentation. Zou et al. [15] used CSL and yeast extract in
erythromycin fermentation to enhance the erythromycin A
titer. They reported that a higher erythromycin A titer and
ratio of erythromycin A to erythromycin C was obtained by
maintaining a suitable feeding rate of ammonium sulphate,
and this strategy has been successfully scaled up from labo-
ratory scale to a 25 m® fermenter. Viscosity is an important
parameter for characterizing rheology properties in the fila-
mentous fermentation process. High broth viscosity leads
to mass transfer limitation (oxygen and nutrients) and envi-
ronmental heterogeneities, which further affect cell growth
and product synthesis [16]. Low dissolved oxygen (DO) ten-
sion can result in the accumulation of erythromycin B [17].
Consequently, viscosity is an important process parameter
which should be carefully considered in erythromycin fer-
mentation process. Chen et al. [18] explored the effects of
nitrogen sources on broth viscosity and glucose consumption
in erythromycin fermentation. The addition of ammonium
sulphate decreases broth viscosity and glucose consumption
in the fermentation process.

Metabolic flux analysis contributes to a more compre-
hensive understanding of microbial metabolic properties.
Chen et al. [19] designed glucose and n-propanol feeding
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strategies during erythromycin fermentation process, and
the relationship of glucose and n-propanol consumption
was explored via quantitative metabolic flux analysis. The
results revealed that n-propanol could flow into central car-
bon metabolism by the succinyl-CoA node in S. erythraea
Z1.1004. The deletion of the mutB gene verified that the rela-
tive ratio of n-propanol flowing into erythromycin synthesis
was increased significantly [6].

Available nitrogen sources play a vital role in the regula-
tion of antibiotic fermentation. There are very few studies
investigating the optimization of different combinations of
available organic nitrogen sources in erythromycin fermenta-
tion. In this study, the initial experiments investigated avail-
able organic nitrogen source optimization in erythromycin
fermentation process. To study the effect of available nitro-
gen source combination on cell metabolism, we conducted
quantitative metabolic flux analysis and investigated the flux
distribution of glucose and n-propanol under different nitro-
gen conditions.

Materials and methods
Microorganism

S. erythraea No.8 was kindly provided by Yidu HEC Bio-
chem. Co. Ltd. (Hubei province, China).

Media and culture

Preliminary seed medium contained (g/L): sugar 30.0, CSL
16.0, CaCO; 7.0, (NH,),SO, 2.0, soybean oil 2.0, antifoam
agent 0.6, pH 7.0.

Secondary seed medium contained (g/L): starch 20.0,
dextrin 30.0, soybean meal 35.0, glucose 15.0, CSL 5.0,
yeast powder 3.0, (NH,),SO, 1.5, NaCl 2.0, CaCO; 5.0,
antifoam agent 0.2, pH 7.0.

Fermentation medium contained (g/L): starch 50.0, soy-
bean meal 35.0, (NH,),S0, 2.0, NaCl 2.0, CaCO; 5.0, soy-
bean oil 5.0, antifoam agent 0.2, pH 7.0.

Agar slants were incubated at 34 °C for 7 days, and the
matured spores were then used for seed culture inoculation.
The primary seed culture was conducted in 500 mL shake
flasks containing 50 mL preliminary seed medium. The pri-
mary seed was transferred into a 15 L fermenter contain-
ing 8 L of the secondary seed medium, and then cultivated
for 45 h at 34 °C. The fermentation was conducted in a 50
L fermenter (FUS-50, Shanghai Guoqgiang Bioengineering
Equipment Co. Ltd., Shanghai, China) containing 25 L fer-
mentation medium at 34 °C for 150 h. Dissolved oxygen
(DO) was monitored with polarographic DO electrode (Met-
tler Toledo, Switzerland) and was kept above 40% air satura-
tion by adjusting agitation and aeration during fermentation.
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Process pH was measured with a pH electrode (Mettler
Toledo, Switzerland).

Optimization of nitrogen sources

Based on the principle of equal total nitrogen, three modes
of nitrogen source combination in the initial media were
designed as listed in Table 1.

Analytical methods

Determination of packed mycelium volume (PMV), total
sugar and amino nitrogen

Ten milliliters of fermentation broth were centrifuged at
4000 rpm for 15 min. The PMV value was the percentage
of precipitate volume to broth volume (v/v). Total sugar
concentration was determined by the DNS method [15].
The concentration of amino nitrogen was measured by the
formaldehyde titration method [20]. Ten mL of broth was
filtered through a pre-weighed filter paper and dried at 80 °C
for 24 h [19].

Determination of erythromycin, n-propanol, and soybean
oil concentrations

The chemical titer of erythromycin was determined by the
modified phosphoric acid colorimetric method [11]. The
components of erythromycin were analyzed by high per-
formance liquid chromatography (HPLC) (Agilent 1200,
USA) with Waters Xbridge C18 column (4.6 mm X 250 mm,
5 pm, Waters Corporation, Ireland). The mobile phase was
a 5.7 g/L solution of dipotassium hydrogen phosphate solu-
tion and acetonitrile with a ratio of 60% and 40%. The flow
rate and column temperature were 0.9 mL/min and 35 °C,
respectively. A UV detector was applied at a wavelength of
215 nm, and the injection volume was 20 mL [21]. The con-
centration of n-propanol was measured with an electronic
nose instrument [22]. The residual soybean oil was meas-
ured by the low field nuclear magnetic resonance method
(PQO01-010, Niumag, Shanghai, China) [6].

Table 1 Combination of

X X CSL(g/L) Yeast
different concentration of CSL

) powder
and yeast powder (¢/L)
Model O 7.0
Mode 2 10.0 4.0
Mode 3 20.0 3.0

Determination of oxygen and carbon dioxide
concentrations in exhaust gas

The concentrations of oxygen and carbon dioxide in the
exhaust gas were determined by a process mass spectrometer
(MAX300-LG, Extrel, USA). Oxygen uptake rate (OUR),
carbon dioxide evolution rate(CER) and respiratory quotient
(RQ) were calculated online by the Biostar software.

Metabolic flux analysis

The stoichiometric model adopted in this study was based
on the results described by Chen et al. [19] as shown in
Table S1.

Results and discussion

Comparison of biological activities under different
nitrogen conditions

As shown in Fig. 1a, there was little difference in PMV
between the three modes. The PMV was increased to above
40.0% before 50 h, and different available nitrogen combina-
tions had little influence on cell growth. Figure 1b, c shows
that total sugar and amino nitrogen decreased significantly
before 40 h, as the cells mainly conducted growth metabo-
lism in this phase. Figure le indicates that the viscosity of
mode 1 and mode 3 were much higher than that in mode 2.
During most of fermentation process, the viscosities of mode
1 and mode 3 were both above 200 s, and the viscosity of
mode 1 approached 800 s at 80 h. In contrast, the viscos-
ity of mode 2 stayed within a relatively reasonable range
during the entire fermentation process. High broth viscosity
has been reported to have negative effects on erythromycin
fermentation [18]. Thus, it might have contributed to the
high erythromycin titer of mode 2, which was 27.8% and
34.9% higher than those in mode 1 and mode 3, respectively
(Fig. 1d). Figure 1f shows that the glucose consumption rate
of mode 1 and propanol consumption rate of mode 2 were
quite high among the three modes. The available nitrogen
combination of mode 2 enhanced the utilization of n-pro-
panol by cells. It could be speculated that more n-propanol
flowed into the erythromycin synthesis pathway, leading to
a high erythromycin production rate after 80 h in mode 2
(Fig. 1d). Based on these analyses, it can be concluded that
an available nitrogen source combination of 10.0 g/ CSL
and 4.0 g/L yeast powder is favorable for erythromycin syn-
thesis. In addition, the highest erythromycin titer obtained
in our previous work was less than 12500 U/mL [6, 19],
while the current study substantially improved erythromycin
production to approximately 14000 U/mL. Nitrogen optimi-
zation had no influence on the composition of erythromycin
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Fig. 1 Effects of available nitrogen source combination on metabolic parameters during erythromycin fermentation process
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component, and thus, the erythromycin titer was used to
assess the effect of available nitrogen source optimization.

Comparison of cell respiratory metabolism
under different nitrogen conditions

During the cell growth phase (0—40 h), OURs of mode 1 and
mode 3 were clearly higher than that of mode 2 (Fig. 2a).
The high oxygen consumption rate indicates that the cell
respiration rates of mode 1 and mode 3 were elevated in the
early fermentation phase. Once the cells entered into the sec-
ondary metabolism, the main cellular physiological activity
transitioned to metabolism maintenance and erythromycin
synthesis. During the rapid erythromycin production period
after 69 h, the CER of mode 2 was lower than mode 1 and
mode 3 (Fig. 2b). In addition, RQ was adopted to character-
ize the carbon sources utilization by cells. A low RQ trend
appears when cells consume reductive carbon sources. Dur-
ing this period, the RQ value of mode 2 was lower than
mode 1 and mode 3 (Fig. 2c), suggesting that the cell might

~
o
~

OUR(mmol/(L-h))

0 1 T 1 T T
0 40 80 120 160
Time(h)
c)2.0
© model
—— mode2
1.5 mode3

0.0 - .
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metabolize more reductive ingredients in mode 2 [19]. The
reductive nutrient ingredients in the medium included n-pro-
panol and soybean oil. There was a small change in specific
consumption rate of soybean oil during fermentation, and
the high n-propanol consumption rate was consistent with a
low level of CER during rapid erythromycin synthesis phase
in mode 2. As a result, it is concluded that CER fluctuation
was caused by the consumption of n-propanol, and more
n-propanol flowed into the erythromycin synthesis pathway
in mode 2. Figure 1d indicates that the erythromycin produc-
tion rate of mode 2 increased rapidly at 80 h compared with
other modes. Thus, it is speculated that the cells utilized
n-propanol rapidly to synthesize erythromycin in this period,
resulting in the highest erythromycin titer in mode 2.

Metabolic flux analysis analyses under different
nitrogen perturbation conditions

The above analyses of metabolic parameters in fermenta-
tion process indicate that nitrogen perturbations enhance

(b) | —— model

—— mode2

0 40 .80 120 160
Time(h)

Fig. 2 Effects of available nitrogen source combination on OUR, CER and RQ of fermentation process
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n-propanol consumption to synthesize erythromycin. How-
ever, the detailed intracellular metabolic responses to nitro-
gen perturbations are still unclear, and metabolic flux analy-
sis can be used to investigate the cellular metabolism.
Metabolic flux analysis was calculated based on the
principles of metabolite balances. The period selected for
the metabolic flux calculation was based on the balance of
carbon atoms. This study analyzed the recoveries of the car-
bon atoms in three different modes at different time periods.
During 69-81 h, the recoveries of the carbon atoms of mode
1, mode 2, and mode 3 were in the range of 95.4-101.3%,
meeting the criteria for further metabolic flux calculations.
Metabolic flux calculation results are shown in Fig. 3.
Overall, the specific glucose consumption rates of mode
1, mode 2, and mode 3 decreased gradually. The specific
n-propanol consumption rate of mode 2 was the highest,
and the specific consumption rates of soybean oil were
similar among three modes. From the perspective of glu-
cose metabolism, the glucose of mode 2 flowing into the
pentose phosphate (PP) pathway, which is the main source

of NADPH supply, was as high as 0.466 mmol g~! day~!,
which is 60.1% and 42.1% higher than those in mode 1 and
mode 3, respectively. Among the n-propanol metabolism,
the maximum flux flowing into erythromycin synthesis (r17)
was 0.085 mmol g~! day~!. The proportions of n-propanol
participating in erythromycin synthesis were similar in three
modes, which were all about 10.0%. The higher n-propanol
specific consumption rate resulted in higher propanol flux
into erythromycin, subsequently promoting erythromycin
synthesis. Zou et al. [15] enhanced erythromycin produc-
tion by feeding different available nitrogen sources, and
Maeda et al. [23] improved cellulase production by available
nitrogen sources optimization. These studies suggest that
nitrogen perturbation is an effective approach to improve the
production of target products.

Methylmalonyl-CoA is a key node affecting the synthe-
sis of erythromycin. One molecule of erythromycin A is
synthesized from one molecule of propionyl-CoA and six
molecules of methylmalonyl-CoA [24]. Reeves et al. [25]
increased the copy number of the methylmalonyl-CoA

Fig.3 Metabolic fluxes of rl 3T ~.
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mutase operon in wild-type strains, increasing the erythro-
mycin titer by 50%. Another study also suggested that meth-
ylmalonyl-CoA represents an important precursor for mac-
rocyclic polyketide antibiotics [26]. The synthesis rate of
methylmalonyl-CoA is the rate-limiting step of erythromy-
cin biosynthesis. From the metabolic flux calculation results,
the flux rates from the methylmalonyl-CoA node to succi-
nyl-CoA (r16) of three modes were 0.263 mmol g~! day~!,
0.373 mmol g~' day™' and 0.198 mmol g~' day~!, respec-
tively. More n-propanol flowed towards the tricarboxylic
acid (TCA) cycle via methylmalonyl-CoA node in mode 2.
Comparing with n-propanol flux rates of three modes into
the succinyl-CoA node, the flux of mode 2 was the high-
est. There were two ways to supply methylmalonyl-CoA for
erythromycin synthesis pathway in S. erythraea: the revers-
ible isomerization of succinyl-CoA and the carboxylation
of propionyl-CoA. It has been reported that the latter is the
primary approach to fill the methylmalonyl-CoA pool in S.
erythraea [27]. Therefore, n-propanol, as the direct donor of
propionyl-CoA, can significantly affect cellular metabolism
in erythromycin fermentation. This result indicates that a
high consumption rate of n-propanol results in high n-pro-
panol flux into the TCA cycle. Erythromycin titers suggest
that the n-propanol metabolism of mode 2 was more efficient
for erythromycin synthesis. It is concluded that the nitro-
gen allocation of mode 2 stimulates cells to consume more
n-propanol. If the n-propanol flowing into the TCA cycle is
reduced, erythromycin production will be further improved.

There were two methods to improve the n-propanol flux
towards erythromycin synthesis, i.e., improvement of the
specific consumption rate of n-propanol and reduction of
the n-propanol flux to the TCA cycle. The former mainly
depended on medium optimization in industrial fermenta-
tion. Previous reports have verified that reducing the n-pro-
panol flux to the TCA cycle can be achieved by genetic engi-
neering technology [6, 28]. Knockdown of the mutB gene
encoding the methylmalonyl-CoA mutase completely block
the flow of n-propanol to the succinyl-CoA from methylmal-
onyl-CoA. One equivalent of propionyl-CoA and six equiva-
lents of methylmalonyl-CoA can be catalyzed by polyketide
synthase to synthesize 6-Deoxyerythronolide B (6-DEB),
an intermediate in the erythromycin synthesis pathway.
Therefore, accelerating bioconversion of methylmalonyl-
CoA and propionyl-CoA to 6-DEB could also reduce the
n-propanol flux towards the TCA cycle. Overexpression of
the DEBS gene clusters (eryAI-III) can improve the yield
of 6DEB [29]. By increasing copy number of the PKS gene
clusters, methylmalonyl-CoA is rapidly drained to synthe-
size 6-DEB, rather than succinyl-CoA. Thus, the most of
methylmalonyl-CoA in the limited methylmalonyl-CoA pool
would be distributed to the erythromycin synthesis pathway.
However, n-propanol could be diverted to flow towards the
erythromycin synthesis pathway.

Multi-omics analysis revealed that an alternative
branched-chain amino acid biosynthesis pathway could
supply methylmalonyl-CoA in high yield S. erythraea in
which the several relevant genes of TCA cycle was down-
regulated [30]. For nitrogen source utilization, organic
nitrogen sources provide a large number of branched-chain
amino acids for cells, e.g., leucine, valine, and isoleucine.
Thus, nitrogen perturbation represents a potential pathway
to promote metabolic flow towards erythromycin synthesis.

The specific generation and consumption rates of ATP
and NADPH are shown in Table 2. ATP is an energy sub-
stance required for the growth and maintenance of cells,
and NADPH is required for anabolism and erythromycin
synthesis. According to the results of each metabolic reac-
tion flux calculation, there was little difference in the total
ATP synthesis rates of the three modes. This indicates that
the combination of different available nitrogen sources con-
centrations has little effect on energy supply. More than
53.1% of ATP was produced from glucose, indicating that
the glucose was used as the main energy source and greater
than 28.4% of ATP was provided by soybean oil, suggesting
that soybean oil was the second alternative energy source
in the erythromycin fermentation process. NADPH acting
as reducing power for cell anabolism affected the synthesis
of metabolites. The yield of target product can be increased
by improving the synthesis of NADPH [31, 32]. Erythro-
mycin synthesis requires 9 molecules of NADPH for the
synthesis of each molecule of erythromycin A. The NADPH
synthesis rate was the highest in mode 2, and about 82.3%
of NADPH was used for erythromycin synthesis. It can be
concluded from the metabolic flux analysis that the nitrogen

Table 2 Estimation of NADPH and ATP based on the metabolic
fluxes

Parameters Mode 1 Mode 2 Mode 3
Ratio of propanol to TCA (%) 49.8 42.2 384
Total ATP* 137.0 120.6 122.6
ATP from glucose (%)° 65.2 54.8 53.1
ATP from propanol (%)° 6.3 16.1 15.8
ATP from soybean oil (%)¢ 28.4 29.1 31.1
Total NADPH® 0.6 0.9 0.7
NADPH for erythromycin (%) 68.5 82.3 72.6

The sum of ATP from glucose, propanol and soybean oil
(mmol g~ 'day™")

5= 11 — r5+42%@6-rld)+ (7 — rl4 — 120)*1+ @6 — rld+r17 —
r14 +120 4112 + (16 — r14)*4)*2.5]/total ATP

‘I[r16 — rl2+(@18+2*r16+r12+(r12 — 120)*4)*2.5+(r12 -
r20)*1)]/total ATP

d[— 6.43%r15+(57.1%r15+114)*1 +40.9%r15%1.5 4 (r15%50.7 + r14*
34 (57.1%r15 4+ r14)*4)*2.5]/total ATP

°The sum of NADPH from r3 (mmol g~'day™")
fr17*#9/total NADPH
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combination of mode 2 strengthened the PP pathway, and a
greater percentage of NADPH participated in erythromycin
synthesis. The high NADPH and its ratio to erythromycin
were important factors resulting in the high erythromycin
titer of mode 2.

Metabolic flux distributions of glucose and n-propanol
in cells are shown in Table 3. Glucose is the main energy
source, and most of the glucose was consumed by the central
metabolism. Likewise, NADPH is required for erythromycin
synthesis, as 2 molecules of glucose are required for the
synthesis of each molecule of erythromycin A. 6.3% of con-
sumed glucose entered into erythromycin synthesis in mode
2, the highest ratio among three modes. The ratio of glucose
to erythromycin and PP pathway reached 23.5%, suggest-
ing that glucose metabolism and flux allocation promotes
erythromycin synthesis. In the present three modes, a large
proportion of n-propanol entered into the TCA cycle. N-pro-
panol was the precursor of erythromycin [33], and more than
50.2% of n-propanol was used in the erythromycin synthesis.

Nitrogen perturbations are an effective strategy in eryth-
romycin production. There was report about that feeding
CSL and yeast powder enhanced erythromycin synthesis.
Zou et al. [15] increased erythromycin titer by 11.3% and
11.6%, respectively, by feeding CSL and yeast powder. In
addition, feeding CSL and yeast powder had no effect on the
ratio of erythromycin A to impurity component. This was
consistent with the above results. Moreover, the optimization
in this paper provided one promising strategy in erythromy-
cin fermentation by nitrogen combination in initial media.
The erythromycin titer was improved by more than 20%.
On the other hand, there was study about carbon source and
precursor combination regulation in erythromycin fermen-
tation in our lab. Chen et al. [19] explored the relationship
of glucose and n-propanol consumption by the strategy of
feeding the combination of glucose and n-propanol. The
glucose and n-propanol uptake by cells can be regulated
to promote the consumption of n-propanol and the flux of
n-propanol to erythromycin was also increased. The results
of this experiment revealed that glucose consumption by
cells was increased during available organic nitrogen sources
optimization process; consequently, the glycolysis pathway
and pentose phosphate pathway were promoted. They were

Table 3 Metabolic flux distribution of glucose and n-propanol in cell

Parameters Mode 1 Mode 2 Mode 3

Ratio of glucose to glycolytic pathway ~ 87.8 76.5 82.0
(%)

Ratio of glucose to PP pathway (%) 9.4 17.2 13.6
Ratio of glucose to erythromycin (%) 2.9 6.3 44
Ratio of n-propanol to TCA (%) 49.8 42.2 384

Ratio of n-propanol to erythromycin (%) 50.2 57.8 61.6
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indispensable for intracellular erythromycin synthesis path-
way. Guo et al. [34] optimized the feed rate of propanol
during erythromycin fermentation process to increase the
erythromycin titer to 10950 U/mL. Therefore, nitrogen
source or carbon source regulation influences erythromy-
cin synthesis in an effective way. In addition, Chen et al.
[35] found that glucose respiratory quotient (RQ)-feedback
control improved erythromycin titer and erythromycin A
concentration more effective than glucose pH-feedback
control strategy. From the above study about process tech-
nology optimization, nitrogen media optimization and car-
bon or precursor feed strategy optimization provided higher
selectivity and feasibility for erythromycin fermentation
improvement. Therefore, adding CSL and yeast powder in
basal media combined with the optimized feed strategy of
glucose and n-propanol in process was worth exploring in
erythromycin fermentation. Related to this experiment, Chen
et al. [6] improved the erythromycin output by the knockout
the coding gene mutB. It was different from nitrogen source
optimization that the erythromycin purity was improved
significantly. Chen et al. [36] constructed two engineered
strains by increasing the copy number of eryK and eryG,
which are responsible for encoding methylase and hydrox-
ylase, respectively. This led to the 25% improvement of
erythromycin yield and the elimination of by-products. The
process optimization of erythromycin recombinant strain
was important topic in the fermentation field. Systematic
erythromycin fermentation improvement can be achieved by
genetic modification combined with fermentation process
optimization when inheritance and expression stability of
strain is intensified.

Based on the previous studies, GInR, a global regulator
of nitrogen metabolism in S. erythraea, has a central role in
erythromycin synthesis [37]. Liao et al. [38] reported that
GInR also regulates the utilization of multiple types of car-
bohydrates in erythromycin producing strains by interacting
with the carbohydrate ATP-binding cassette (ABC) trans-
porter. ABC-transported carbohydrates include maltose, the
hydrolysis product of starch. These results identify a correla-
tion between nitrogen source and carbon source utilization
in S. erythraea. Therefore, nitrogen optimization in eryth-
romycin has a global impact on cellular metabolism. This
supports the development of organic nitrogen combination
strategies in industrial erythromycin fermentation.

Conclusion

The yield of erythromycin was improved by combining CSL
and yeast powder in basal medium. The erythromycin titer
was improved to 13672 U/mL, which is the highest value
ever reported. Metabolic flux analysis revealed that higher
n-propanol and NADPH fluxes flowing into erythromycin
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synthesis in optimal nitrogen source combinations contribute
to improved erythromycin production. In addition, n-pro-
panol flowing into the TCA cycle at the succinyl-CoA node
is an inefficient pathway in erythromycin fermentation which
could be improved by genetic engineering.
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