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Introduction

Rapamycin is an important bioactive compound derived

from Streptomyces rapamycinicus, which was first iso-

lated from a soil sample in 1975 [1]. Rapamycin is a mac-

rolide antibiotic with antifungal and immunosuppressive

properties [2]. Also, recent reports indicated that rapa-

mycin has therapeutic value in managing Parkinson’s

disease [3], rheumatoid arthritis [4], cancer [5], and

AIDS [6]. Based on a sequence analysis and genetic engi-

neering study, the function of rapamycin’s synthetic

rapG gene was identified as an important positive regu-

latory gene in rapamycin biosynthesis. The sequence

analysis showed that rapG is similar to other positive

regulatory proteins, such as the SoxS and Rob proteins

of Escherichia coli [7]. The rapG overexpression under

ActII-ORF4/PactI promoter in S. rapamycinicus signifi-

cantly enhanced rapamycin production under specific

fermentation conditions [8]. 

Glycerol is not only abundant and inexpensive, but

can also facilitate maximum yield of antibiotics; there-

fore, the optimization of glycerol-based media seems to

be an economical means of rapamycin production [9, 10].

Rapamycin can be classified as a cyclohexane carboxylic

acid antibiotic. The biosynthesis of rapamycin begins

with a unique cyclohexane unit derived from the shi-

kimic acid pathway [11]. It has previously been reported

that shikimic acid enhances rapamycin production; how-

ever, it is strain-dependent [10]. 

Most efforts have focused on the optimization of physi-
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ological factors for better rapamycin production from

wild type strains of Streptomyces sp. [9, 12−15]. A few

articles have reported that the optimal fermentation

process for the production of rapamycin from mutant

strains can be obtained by UV mutagenesis [10]. In this

study, the effects of glycerol and shikimic acid on the

rapamycin biosynthesis of S. rapamycinicus wild type

and rapG overexpression mutant strains, in several rapa-

mycin fermentation media, were investigated. Moreover,

Illicium verum powder, used for obtaining shikimic acid,

was optimized for industrial-scale production of

rapamycin.

Materials and Methods

Bacterial strains
All strains and plasmids that were used in this study

were described in Table 1. Streptomyces rapamycinicus

DSM 41530 (WT strain) was used in the study. The WT

and its recombinant strains were cultured at 28℃ on

yeast extract-starch soluble (YS) agar plates. E. coli

DH5α was used for the propagation of plasmids using a

standard protocol [16]. The pGEM T-Easy vector system

(Promega, US) was used for the subcloning process. E.

coli ET12567, consisting of plasmid pUZ8002, was used

to conjugate and transfer the target plasmid to S. rapa-

mycinicus spores [17]. S. rapamycinicus mutant strain

was cultured in media containing 50 μg/ml apramycin.

E. coli ET12567/pUZ8002 strains were cultured in

Lysogeny Broth (LB) containing 50 μg/ml rapramycin,

50 μg/ml chloramphenicol, and 50 μg/ml kanamycin.

Construction of rapG overexpression mutant strain
The rapG overexpression mutant strain was con-

structed by using the method described by Kuscer with

some modifications [8]. Briefly, the rapG gene was ampli-

fied from the genomic DNA of S. rapamycinicus DSM

41530 by means of polymerase chain reaction (PCR)

method using the primers (Table S1). The PCR products

of rapG were purified and cloned into a pGEM T-Easy

vector to produce pGEM-rapG. The sequence-verified

fragments, which were obtained by digesting pGEM-

rapG with XbaI enzyme, were then joined with pSET152

to produce pRapG, which was then sequenced. Thereaf-

ter, pRapG was introduced into S. rapamycinicus by con-

jugation using E. coli ET12567/pUZ8002, as described by

Kurniawan [17], to yield the WT/rapG overexpression

mutant strain. The genotypes of WT and WT/rapG over-

expression mutant strain were verified using Southern

blot hybridization. For southern blot hybridization, rapG

was used as a probe and the genomic DNAs were digested

Table 1. Bacterial strains and plasmids used in this study.

Strain/plasmid Characteristics Reference/Source

Bacterial strains

Escherichia coli DHα F− recA lacZ∆M15 [16]

Escherichia coli ET12567/pUZ8002 Non-methylating ET12567 containing non-transmissible RP4 deriva-
tive plasmid
pUZ8002, Cmlr, Tetr, Kanr

[17]

Streptomyces rapamycinicus DSM 41530 Wild-type strain [1]

WT/rapG Wild-type with integrative plasmid pRapG04, Aparr This study

Plasmids

pGEM T-Easy Promega

pSET152 (ermEp*) Integrative plasmid containing ermEp*, oriT, attP, ΦC31 int and aac(3)IV [23]

pRapG pSET152 (ermEp*)-based integrative plasmid containing a single copy 
of rapG, Aparr

This study

Table S1. Primers used in this study.

Primer Sequence

For Mutagenesis 

rapGF GGTCTAGAACCAACGGCGCTGGAGCGGAG

rapGR GGTCTAGAGGTCAGCTGTCGGTCAGCCCGGTTG

For real-time PCR

rrsA1090F GGTCAACTCGGAGGAAGGTG

rrsA1306R ACGTATTCACCGCAGCAATG

rapG84F AGGATTCTTCCAGGCCTTCC

rapG293R TACATCCGTACCCGGTCCTC
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by BamHI and KpnI.

Analysis of gene expression
For the study of gene expression, cells harvested at 48 h

were subjected to total RNA extraction by using TRIzol™

reagent (ThermoFisher Scientific, USA). Genomic DNA

was digested with RNase-free DNase I (ThermoFisher

Scientific) and RNA concentration was measured by

using the NanoDrop 2000 Spectrophotometer (Thermo).

Reverse transcription to cDNA was conducted with a

Maxima First Strand cDNA Synthesis Kit for RT-qPCR

(ThermoFisher Scientific). The rrsA (16s rRNA) gene

was employed as a reference for the real-time PCR assay

[18]. Specific primers were listed in Table S1. Real-time

PCR was performed with a Mastercycler® RealPlex2

(Eppendorf, USA) by using GoTaq® qPCR Master Mix

(Promega, USA) under the following conditions: 2 min at

95℃, 40 cycles of 15 s at 95℃, and final extension for

1 min at 60℃. For each cDNA sample, a cycle threshold

value (Ct) of the reference gene was subtracted from that

of the target gene to obtain ∆Ct, and the expression of

each gene was quantified by 2-∆Ct.

Analysis of rapamycin production
The WT and WT/rapG overexpression mutant strains

were cultivated in YS medium. At first, seed cultures

were cultivated at 28℃ on an YS agar plate for 96 h,

thereafter 10 cubes of agar containing the mycelia were

transferred to 75 ml of fresh medium and shaken at 200

rpm for 72 h at 28℃. The media used for rapamycin pro-

duction were as follows: MD1 containing 40 g/l dextrin,

30 g/l soybean meal, 5 g/l NaCl, 3 g/l Na2HPO4, and 2 g/l

L-Lysine HCl and had a pH of 5.0 [10]; MD2 containing

20 g/l glucose, 5 g/l KH2PO4, and 20 g/l soybean meal

and had a pH of 6.0 [19]; MD3 containing 6 g/l glucose 6,

10 g/l soybean meal, 0.025 g/l K2HPO4, 8 g/l sorbitol,

and 0.2 g/l (NH4)2SO4 and had a pH of 6,5 [20]; and MD4

containing 22 g/l glucose, 10 g/l malt extract, 0.3 g/l

casein, 5.3 g/l (NH4)2SO4, 5 g/l NaCl, 0.3 g/l Na2SO4, 4 g/l

KH2PO4, 3 g/l CaCO3, 0.06 g/l ZnSO4·7H2O, 0.06 g/l

MgSO4·7H2O, 0.1 g/l FeSO4·7H2O, and 0.012 g/l MnSO4·

H2O and had a pH of 7.2 [21]. Either glycerol or I. verum

extract was then added into the fermentation media. To

obtain the extract, I. verum powder was placed in a tea-

bag, dipped into 50 ml reverse osmosis (RO) water and

autoclaved at 121℃. In order to analyse the rapamycin,

the culture broth was separated from the mycelia. The

mycelia were mixed with 7.5 ml methanol and then

shaken intensively for 4 h at 30℃. After centrifugation

at 4000 ×g for 20 min, the suspension was transferred to

a culture broth, which was extracted with an equal vol-

ume of ethyl acetate, and then filtered. A fraction of this

solution was then subjected to HPLC analysis. An Agi-

lent 1260 series HPLC system equipped with an Eclipse

XDB- C18 (4,6 × 150 mm, 5 µm) reversed phase analyti-

cal column was used. The mobile phase consisted of a

mixture of acetonitrile and water (Table 2) and the elu-

ate was monitored at 280 nm. At least three separate

cultivations and extractions were carried out to obtain

an average production yield of rapamycin.

Results and Discussion

Overexpression of rapG gene in S. rapamycinicus
To investigate the functions of rapG gene in the regu-

lation of rapamycin production in S. rapamycinicus, the

gene was introduced and overexpressed in the S. rapa-

mycinicus wild-type strain. The vector for overexpression

of rapG was constructed by employing the integration

vector pSET152 as described in Materials and Methods.

The ϕC31-based integrating plasmid pRapG, under the

control of a strong constitutive ermE* promoter, was

introduced into the wild-type S. rapamycinicus strain at

the bacteriophage ϕC31 attachment site (attB) generat-

ing WT/rapG. The pRapG plasmid can be maintained in

the chromosome of overexpression mutant strains at

integrated sites. A fragment of 993 bp of the rapG gene,

obtained by PCR, was digested by XbaI, after which it

was added to pSET152 to generate the pRapG plasmid

(Fig. 1A). The overexpression mutant was confirmed by

Southern blot hybridization (Fig. 1B). A hybridizing

band of approximately 4.0 kb was found for the WT

strain whereas in the rapG overexpression mutant, 2

Table 2. Mobile phase of the HPLC analysis.

Time (min) H2O (%) Acetonitrile (%)
0.00 85 15
3.00 85 15

25.00 15 85
29.00 15 85
32.00 85 15
35.00 85 15
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hybridizing bands of approximately 4.0 and 5.5 kb were

observed, indicating that pRapG was introduced at a site

different from that of the WT genome.

Enhanced production of rapamycin with glycerol and
Illicium verum powder extract

To evaluate the effect of overexpression of rapG on

rapamycin yield, fermentations using several media

were performed and the yield of rapamycin monitored to

evaluate the fermentation process. The fermentation

media MD1, MD2, MD3 and MD4 were selected from

previous studies. Both the WT and rapG overexpression

mutant strains produced the highest quantity of rapa-

mycin in the MD1 medium, compared to the other

media. The yield of rapamycin of the WT and rapG over-

expression mutant strains were 39.0 ± 4.0 and 54.5 ± 15.0

mg/l, respectively (Fig. 2A). However, there was no signif-

icant difference between the rapamycin yield of the WT

and WT/rapG strains cultured in the MD1 medium. 

Glycerol is an economical feedstock for fermentation

processes, and it is reported to increase the yield of rapa-

mycin biosynthesis. The addition of 36.2 g/l of glycerol

yielded the maximum rapamycin production of Strepto-

myces hygroscopicus wild-type strain [9]. In this study,

the effect of glycerol on rapamycin production was tested

using several fermentation media and the data were

shown in Fig. 2B. Our results confirmed that glycerol

facilitated rapamycin production of the WT strain. For

example, the rapamycin production of the WT strain in

the MD1-glycerol medium was slightly higher than that

Fig. 1. (A) Gel electrophoresis of the PCR of the rapG gene, pSET152 digested by XbaI, Marker 100 bp DNA ladder and pRapG
digested by XbaI, respectively. (B) Southern blot analysis of mutants with one or two rapG genes deleted. The DNA from the
WT strain and WT/rapG strain were digested by BamHI and KpnI and hybridized with the probe covering the rapG region.

Fig. 2. Variability of rapamycin yields from S. rapamycinicus WT (open column) and WT/rapG (closed column) cultured in fer-
mentation media (A), media containing 15 g/l glycerol (B) and media containing 10 g/l Illicium verum powder. The data are
the means of measurements obtained from at least three independent experiments. The statistical significance among the data sets
was assessed by Student’s t-test (* p < 0.05).
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in the original MD1 medium. Moreover, the rapamycin

production of the WT strain in the MD3-glycerol medium

was significantly higher than that in the original MD3

medium. For rapamycin production of the rapG overex-

pression mutant strain, the addition of 15 g/l glycerol

significantly enhanced the production of rapamycin in

MD1, MD2 and MD4 media compared to those media

without added glycerol. For example, the yield of rapa-

mycin in MD1-glycerol of the WT/rapG strain was 4.1

fold higher than that in the original MD1 medium.

Interestingly, overexpression of rapG increased rapamy-

cin production by approximately 4.9 fold to 211.4 mg/l in

MD1 containing 15 g/l glycerol compared to that of the

WT strain. Thus, the MD1-glycerol is chosen to use in

further experiments. 

The elucidation of rapamycin biosynthesis indicates

that intracellular supplies of shikimic acid [10−12] are

vital to the construction of the rapamycin scaffold. How-

ever, shikimic acid is an expensive material that cannot

be adopted in large-scale fermentation. It was reported

that shikimic acid could easily be extracted from I.

verum powder using hot water at 120℃ [22]. Thus, it was

hypothesized that the addition of I. verum extraction liq-

uid positively affects rapamycin production. The results

showed that both the WT and rapG overexpression

mutant strains produced plentiful rapamycin in the

MD1 and MD2 media which contained 10 g/l of I. verum

extraction (Fig. 2C). Moreover, the amount of rapamycin

produced by the WT/rapG strain was statistically higher

than that produced by the WT strain, especially in the

MD1-shikimic acid medium. 

In order to understand the effect of both glycerol and

shikimic acid on rapamycin production, extraction liquid

of 5, 10, and 15 g/l I. verum was added to the MD1-glycerol

media. For the WT strain, 130.5 ± 5.1, 120.0 ± 15.1, and

149.0 ± 24.1 mg/l rapamycin was produced in media con-

taining 5, 10, and 15 g/l I. verum powder, respectively

(Fig. 3). Our result revealed that the combination of glyc-

erol and shikimic acid, found in I. verum extraction liq-

uid, increased the rapamycin production of WT strain by

approximately 3 fold, compared to that in the original

medium. We observed an increase in the rapamycin pro-

duction of WT/rapG of by 1.3 to 1.4-fold compared to the

WT strain. Besides, the addition of 15 g/l glycerol and

15 g/l I. verum powder enhanced the rapamycin produc-

tion of WT/rapG compared to those in MD1-glycerol and

MD1-shikimic acid. 

In a previous study, under flask cultivation conditions,

76.2 ± 4.7 mg/l of rapamycin was obtained from the WT

strain in an optimized glycerol-based medium [9]. In our

study, WT strain produced 149.0 ± 24.1 mg/l in MD1-

glycerol containing 15 g/l I. verum powder. Moreover,

the real-time PCR showed that rapG expression in WT/

rapG was significantly higher than WT in MD1-glycerol

medium (Fig. 4). As the result, the overexpression of

rapG, under the control of the ermE* promoter, signifi-

cantly enhanced the biosynthesis of rapamycin com-

pared to the WT strain in the MD1-glycerol medium.

Also, the overexpression of rapG in WT/rapG strain

resulted in the higher rapamycin yield of the WT/rapG

strain in MD1-shikimic acid (Fig. 4). In the medium con-

taining 15 g/l glycerol and 15 g/l I. verum powder, the

rapG expression in WT/ rapG strain was 6.1-fold higher

than in WT strain. Thus, it was suggested that the MD1-

glycerol, MD1-shikimic acid and MD1-glycerol and shi-

kimic acid media, combined with rapG overexpression,

increased rapamycin production by 4.4, 4.3 and 6.3 fold,

respectively, compared to that of the WT strain in the

MD1 original medium. Therefore, it is evident that rapG

plays a role in rapamycin biosynthesis of both the glyc-

erol and the shikimic acid pathway. The I. verum pow-

der is abundant and economic, therefore, it is believed

Fig. 3. Variability of rapamycin yields from S. rapamycinicus
WT (open column) and WT/rapG (closed column) cultured
with MD1 containing 15 g/l glycerol and Illicium verum pow-
der. The data are the means of measurements obtained from at
least three independent experiments. The statistical significance
among the data sets was assessed by Student’s t-test (* p < 0.05).
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that I. verum powder could be used for obtaining shi-

kimic acid for industrial-scale production of rapamycin. 

In conclusion, rapG overexpression facilitated rapa-

mycin biosynthesis in presence of the glycerol and the

shikimic acid. This research provided information on the

systematic optimization of rapamycin production from

the WT and WT/rapG overexpression mutant strain.

The addition 15 g/l glycerol and 15 g/l I. verum powder

was the optimal condition for rapamycin production of

WT and WT/rapG strains. 
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