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Abstract
Candicidin is one of the frequent antibiotics for its high antifungal activity, but the productivity is still extremely low. Intro-
duction of adpA into Streptomyces ZYJ-6 could improve candicidin productivity significantly and achieved 9338 μg/mL, 
which was the highest value ever reported in the literature. Combined analyses of transcriptional levels, metabolic flux and 
metabolomics indicate that para-aminobenzoic acid and the first step of shikimic acid metabolism were not the bottleneck 
for the candicidin production in the control. However, methylmalonyl-CoA played a central role in the candicidin production 
and the gene methB responsible for the biosynthesis of methylmalonyl-CoA might be the candidate gene target for further 
improving the production of candicidin.
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Introduction

Candicidin, which was produced by Streptomyces griseus 
from the cow manure [1], is one of the heptaenes mac-
rolide antifungal antibiotics. Candicidin was named due to 
its high antifungal activity against Candida albicans [2]. 
Coincidently, a novel antibiotic of FR-008 was described to 
kill Saccharomyces cerevisiae [3] and, subsequently, it was 
verified that the candicidin and the FR-008 were the identi-
cal compounds in Streptomyces griseus and Streptomyces 
FR-008, respectively [4].

The candicidin/FR-008 production has become a major 
interest for both scientific research and industrial application. 
However, the highest titer of the candicidin was 4000 μg/mL 
[5]. Streptomyces ZYJ-6 was originated from Streptomyces 

FR-008 with the combined inactivation of KR21 and DH18 
and it could produce the most effective component of FR-
008-III with a C-3 ketone and a C-9 hydroxyl, and the titer 
was 450 μg/mL [6]. In our previous work, the titer of the 
FR-008 can reach 5161 μg/mL in Streptomyces ZYJ-6 based 
on the medium and process optimization (Liu et al. 2018).

AdpA is a central transcriptional regulator in the A-factor 
regulatory cascade. A-factor, as a microbial hormone, was 
first identified in S. griseus by Khokhlov et al. [7]. A-factor 
at a certain level would bind to the A-factor receptor pro-
tein (ArpA) and change the conformation of ArpA lead-
ing to the ArpA dissociation from the DNA. ArpA bound 
the adpA promoter so that the transcription of adpA was 
switched on. AdpA then activated a number of the genes, 
which was related to the mycelium formation and antibiotic 
biosynthesis [8].

Specifically, AdpA was able to bind the promoter of strR, 
a regulatory gene involved in the transcription of strepto-
mycin biosynthetic genes in S. griseus. It was found that the 
disruption of adpA would result in the cease of streptomy-
cin biosynthesis and the overexpression of adpA would lead 
to the significant enhancement of streptomycin production 
in the wild-type S. griseus strain [9]. Six AdpA-dependent 
genes involving in primary or secondary metabolism were 
identified and their expression was directly activated by this 
pleiotropic regulator AdpA in Streptomyces lividans [10]. 
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High transcriptional levels of adpA-H (the Streptomyces 
hygroscopicus ortholog of adpA) and validamycin biosyn-
thetic genes made the validamycin production increase by 
55% [11]. Streptomyces avermitilis also contains an ortholog 
of adpA (adpA-a) and no difference was found in avermectin 
production between the adpA-a mutant and the wild-type 
strain. However, adpA-a was involved in the regulation of 
the melanin production and the morphological differentia-
tion [12]. The mutation of adpA in Streptomyces coelicolor 
caused bald colonies and reduction of the actinorhodin, sug-
gesting that AdpA in S. coelicolor (designated as AdpA SC) 
also played an important role in the regulation of both mor-
phological differentiation and secondary metabolism [13].

In summary, adpA could transcriptionally multi-regulate 
the genes of morphological differentiation and secondary 
metabolism. An alignment of the AdpA sequences from 
Streptomyces FR-008 and Streptomyces coelicolor showed 
an ortholog similarity of about 87%, inferring that adpA 
from S. coelicolor might also function and enhance antibi-
otic candicidin production in Streptomyces FR-008-derived 
strain Streptomyces ZYJ-6. The adpA gene from S. coeli-
color was cloned into the integrating plasmid pIB139 with 
PermE* to give pFAdpA. This plasmid was integrated into 
the genome of strain Streptomyces ZYJ-6 by conjugation 
and named Streptomyces ZYJ-6 pFAdpA [14]. In this study, 
Streptomyces ZYJ-6 was taken as the control and the perfor-
mance of Streptomyces ZYJ-6 pFAdpA (mutant) was com-
pared through the analyses of the macroscopic metabolism, 
the metabolomics, flux balance analysis (FBA) and the tran-
scriptional analysis of candicidin biosynthesis gene cluster.

Methods and materials

Microorganism and cell growth conditions

Streptomyces ZYJ-6 and Streptomyces ZYJ-6 pFAdpA 
mutant were kindly donated by professor Delin You in 
Shanghai Jiao Tong University, China.

Spores were prepared by the slant culture on SFM 
medium (2% agar, 2% mannitol, 2% soybean powder, pH 
7.2) for 4 days at 30 °C. A 500-mL Erlenmeyer flask with 
100 mL TSBY medium (3% TSB, 1% yeast extract, 10.3% 
sucrose, pH 7.2) was inoculated with 107 spores and then 
cultivated for 30 h at 30 °C and 220 rpm. 300 mL mycelia 
suspension was inoculated in a 5-L fermenter for candicidin 
fermentation.

The fed-batch fermentation culture was carried out 
in a 5-L (3-L starting volume) turbine-stirred bioreac-
tor (Shanghai Guoqiang Bioengineering Equipment Co., 
Ltd. Shanghai, China). The chemically defined medium 
contained (1/L) glucose 55 g, KH2PO4 1.5 g, (NH4)2SO4 
1.8 g, EDTANa2 1.8 g, MgSO4·7H2O 8.6 g, ZnSO4·7H2O 

35.7 mg, CaCl2 50 mg, FeSO4·7H2O 28.7 mg, CuSO4·5H2O 
42 mg, MnSO4·H2O 9.1 mg, antifoam 0.3%, NaCl 9.0 g as 
an osmotic pressure regulator. The pH of the process was 
controlled at 6.8–7.8 by adding 10% ammonium hydrox-
ide solution (Liu et al. 2018). The bioreactor with medium 
was sterilized at 121 °C for 60 min. The agitation, tempera-
ture, aeration and overpressure were set at constant levels 
of 400 rpm, 30 °C, 1 vvm and 0.05 MPa, respectively. The 
feeding was initiated once the initial glucose was depleted 
and then the residual glucose concentration was controlled 
below 5 g/L. The glucose concentration in the feeding solu-
tion was 428 g/L and it was sterilized separately at 110 °C 
for 40 min.

Samples for macroscopic metabolism analysis

Regular sampling (per 12 h) contained 3 × 3 mL culture 
which was used for dry cell weight (DCW) measurement. 
Briefly, 3 mL culture was deposited on the pre-weighed filter 
paper and washed thrice with the distilled water. The filter 
paper with the cells was dried to constant weight in a 70 °C 
oven for 36 h and cooled to room temperature in a desicca-
tor and then the filter paper was weighed and the biomass 
was calculated. One milliliter culture was centrifuged, and 
the supernatant was used for the determination of residual 
glucose concentration. The glucose concentration was 
determined by a biosensor (SBA-40B, Shandong Science 
Academy, China). One milliliter culture was taken in 2 mL 
dimethylsulfoxide (DMSO) directly for FR-008-III/candi-
cidin D extraction and the mixed solution was subjected to 
ultra-sonication for 30 min. After the centrifugation, the 
extracted solution was filtered readily for HPLC injection for 
the quantification of candicidin. The candicidin was meas-
ured according to the procedures as described by Mao et al. 
[15]. Briefly, the column was SB-C18 from Agilent and the 
temperature was kept at 25 °C. The mobile phase was 40% 
acetonitrile and 60% 5 mM NH4Ac (pH = 4.5) with isocratic 
elution and the flow rate was 0.6 mL/min. The detection 
wavelength was 380 nm.

Samples for metabolomics study

The samples for metabolomic analyses were withdrawn at 
36 h, 46 h, 96 h and 156 h, respectively, which represented 
the time point in the exponential phase, in the initial syn-
thesis phase, in the high production phase of candicidin 
and in the late phase, respectively. About 1 mL culture was 
withdrawn into 8 mL isoamylol:base solution = 5:1 (v/v) and 
base solution was acetone:ethanol = 1:1 (mol/mol) by rapid 
sampling device within 0.2 s. The mixed solution was centri-
fuged for 1 min at − 13 °C and 7500 rpm and the supernatant 
was discarded. Adding internal standard (IS), the residual 
cell pellets were suspended in 50% (v/v) methanol and then 
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subjected to three cycles of freezing in liquid nitrogen for 
3 min and thawing at − 30 °C on cryostat. After the superna-
tant was centrifuged and filtered, the extracted solution was 
concentrated to 0.5 g for metabolomic detection by GC–MS 
and UPLC–MS/MS.

Quantitative analysis of amino acids, phosphate sugars, 
organic acids and sugar alcohols was carried out by GC–MS 
(Agilent, Santa Clara, CA, USA). The optimized determi-
nation conditions were referred to Jonge et al. [16] with 
some minor modifications in the column and temperature 
gradients. Briefly, the flow velocity of helium was set as 
1 mL/min during the analysis. 1 µL sample was injected into 
HP5-5% Phenyl Methicone column (30 m × 250 µm internal 
diameter, 0.25 µm film thickness) with a splitless mode at 
250 °C for injection. The GC column temperature for the 
amino acid analysis was incipiently set as 100 °C for 1 min 
and then increased with a speed of 10 °C/min up to 300 °C 
and held 10 min at 300 °C, while for the metabolites of 
the phosphate sugars, organic acids and sugar alcohols, the 
incipient temperature was set as 70 °C for 1 min and then 
raised up by the speed of 10 °C/min up to 300 °C and held 
10 min at 300 °C. Electron ionization was always operated 
with 70 eV and the temperatures of transfer line, MS source 
and quadrupole were set as 280 °C, 230 °C and 150 °C as 
described before by Jonge et al. [16]. The quantification 
of targeted metabolites was conducted by isotope dilution 
mass spectrometry (IDMS) in selected ion monitoring (SIM) 
mode [17].

The coenzymes were analyzed by ultrahigh-performance 
liquid chromatography–mass spectrometry/tandem isotope 
dilution mass spectrometry (UHPLC–MS/IDMS) (Thermal 
Ultimate 3000 UPLC system coupling to a Thermal TSQ 
Quantum Ultra mass spectrum system) as described by Hong 
et al. [18].

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)

The sampling time for qRT-PCR was set at 36 h, 46 h, 96 h 
and 156 h, respectively. Two milliliter culture was withdrawn 
into a 10-mL tube and then frozen into the liquid nitrogen 
immediately and stored at − 80 °C until the RNA extrac-
tion. Axygen® AxyPrep™ Multisource RNA Midiprep Kit 
was used for the total RNA extraction and PrimeScriptTM 
RT reagent Kit with gDNA Eraser (Perfect Real Time) for 
cDNA synthesis, following procedures recommended by the 
manufacturers.

Quantitative Real Time PCR (qRT-PCR) was performed 
in Bio-Rad CFX96 Real-Time PCR Detection System using 
SYBR® Premix Ex Taq™ GC (Perfect Real Time) and the 
following protocol: 30 s at 95 °C (initial template denatura-
tion), 39 cycles at 95 °C for 5 s (denaturation) and 60 °C 
for 30 s (primer annealing); melting curve 65–95 °C and 

increment 0.5 °C for 5 s. Samples were taken in triplicate, 
and each sample was run in triplicate.

The expression levels of target genes were normalized 
using hrdB gene as endogenous control and the abundance 
of hrdB gene did not vary under our experimental condi-
tions [19]. The critical threshold cycle (CT) was defined for 
each sample. The fold changes in the transcript levels were 
calculated using the following equations: ΔCT = CT (target 
gene) − CT (reference gene), ΔΔCT = ΔCT (treatment) − ΔCT 
(control), and the ratio = 2− ΔΔCT [20]. All primers used and 
the annotated functions of genes in this study are listed in 
Table 1.

Data processing

The calibration curve for the intracellular metabolites was 
established by IDMS method. The raw data from GC–IDMS 
and UHPLC–MS/IDMS were converted to concentration 
data by Chemstation in Agilent and Xcalibur in Ther-
moFisher, respectively. The unit of the intracellular metab-
olite concentration was converted into μmol per g dry cell 
weight. The statistical analysis was realized by the software 
of R language.

Metabolic flux analysis

The model of metabolic flux analysis was referenced from 
Chen et al. [21]. The consumption rates of glucose, oxy-
gen and ammonium hydroxide as well as the production 
rates of candicidin and carbon dioxide were involved in the 
metabolic flux analysis. The metabolic fluxes were calcu-
lated by MATLAB. The reactions list and the stoichiom-
etry coefficient matrix could be found in Tables S1 and S2, 
respectively.

Results and discussion

Comparison of the macroscopic metabolism 
in Streptomyces ZYJ‑6 and Streptomyces ZYJ‑6 
pFAdpA mutant

Physiological profiles of Streptomyces ZYJ-6 (control) and 
Streptomyces ZYJ-6 pFAdpA (mutant) are shown in Fig. 1. 
Except for the introduction of adpA in the mutant, other 
conditions were kept the same for the two strains, but their 
fermentation performances and kinetic parameters were 
obviously different (Fig. 1 and Table 2).

Surprisingly, the titer of candicidin reached 9338 μg/
mL in the mutant, which was the highest level in the lit-
erature ever reported and 1.8 times of 5161 μg/mL from 
the control (Fig. 1a). Interestingly, the onset of candicidin 
biosynthesis was at 40 h in the mutant, which was 4 h earlier 
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than that in the control. Moreover, compared to the can-
dicidin average synthesis rate (qP) of 22.48 mg/g.h in the 
control, the qP in the mutant was significantly enhanced to 
64.27 mg/g.h (Table 2). However, the tendencies of glucose 
consumption were almost coincident in the two strains and 
the glucose average consumption rate (qS) also presented 
same values (Table 2). On the other hand, the cell growth 
shown in Fig.  1c displayed distinct difference between 
the two strains. The highest biomass and the maximum 
specific growth rate (μmax) of the mutant achieved were 
25.15 gDCW/kg and 0.078 1/h, respectively; in contrast, 
they were only 15.08 gDCW/kg and 0.064 1/h in the control. 
These results indicated that the mutant seemed to be benefi-
cial in supporting cell growth (Fig. 1a). Simultaneously, the 

mutant had few impacts on the glucose utilization, while it 
could significantly improve the yield of candicidin based on 
glucose (Ysp) (Table 2). Additionally, through the oxygen 
uptake rate (OUR) profile (Fig. 1d), which was an important 
physiological parameter to represent cell activity, it could 
be observed that although curves were almost coincident 
in the earlier stage of two strains, the discrepancy appeared 
after 100 h which might be ascribed to the production of the 
candicidin (Fig. 1c).

The adpA was a gene involved in the morphological 
differentiation and secondary metabolism [22]. It was 
deduced that the adpA would regulate the cell growth and 
candicidin biosynthesis. As expected, under same cul-
ture condition, the mutant was favorable to enhancing the 

Table 1   Sequences of primers for quantitative real-time polymerase chain reaction (qRT-PCR) and annotated functions of genes

Number Genes and primers Sequence 5′–3′ Annotated functions

1 pabAB-F CTT​CTC​GTC​GAC​AAC​TAC​GA Biosynthesis of starter unit PABA
pabAB-R GAG​AGC​ACC​ACG​TTG​TCG​AA

2 pabC-F CTC​ACC​AAC​TAC​GGC​CAT​TT Biosynthesis of starter unit PABA
pabC-R GTC​GAA​GAC​GGT​GAC​ACG​GA

3 fscA-F ATG​AGG​CGG​AAC​AGC​TCC​TC Type I PKS loading module and module 1
fscA-R AGT​TGG​AGG​CGC​TGC​TCG​TCT​

4 fscB-F TGA​AGG​CGG​ATT​CCT​CCA​CGA​ Type I PKS modules 2–4
fscB-R ACG​AAG​ACA​CCG​GTG​GTG​CT

5 fscC-F ATG​GCA​AGC​TCC​GAA​GCC​AA Type I PKS modules 5–10
fscC-R AAC​CGG​CAG​GCC​ATG​CCG​AT

6 fscD-F ATG​GAC​AAG​GAA​CAG​AAG​C Type I PKS modules 11–16
fscD-R AGC​ATC​TTC​CAC​AGG​TCC​TC

7 fscE-F AAG​TTG​TCG​AAG​CTC​TCC​GG Type I PKS modules 17–20
fscE-R ACG​AGG​TGC​CAC​AGG​TCC​T

8 fscF-F ATG​ACA​AGA​AGC​TCG​TCG​AC Type I PKS modules 21 + TE
fscF-R AGG​AGC​CGC​CAG​TAC​TCC​T

9 fscR3-F TGG​TGA​CGG​TGA​CCG​GAG​AA Transcriptional regulator regulation
fscR3-R TGC​TCG​TCG​GTG​AGG​AAG​A

10 fscR4-F AAT​CGG​CAA​GAC​CGC​ACT​GCT​ Transcriptional regulator regulation
fscR4-R TCA​GGC​CGA​GTC​CGC​CGA​ACA​

11 fscM2-F CCG​GTG​ATG​TAC​TCC​TGG​T Mycosamine biosynthesis
fscM2-R TGT​TCT​TCA​AGC​CGA​TGA​G

12 fscM3-F ATG​TCC​AAG​CGT​GCA​CTC​AT Mycosamine biosynthesis
fscM3-R AGC​TTG​GCG​ATC​CGG​TCC​TT

13 fscTE-F ATC​TCC​GTG​TTG​ACC​GCG​T Type II thioesterase removal of aberrant intermediates
fscTE-R CAT​CGA​GAC​CTA​CAC​CTG​

14 skaK-F TTG​GAG​AGT​TCT​GTG​ATG​GT Biosynthesis of shikimic acid
skaK-R CGA​GGT​CGA​ACT​CAT​CTG​CT

15 methB-F TCA​TGC​GTG​CTT​CAA​CTC​CA Biosynthesis of methylmalonyl-CoA
methB-R AGT​GGC​GCG​AAC​TGA​TGG​A

16 adpA-F GCC​ACC​ACG​CAC​TGG​ATG​TA Pleiotropic regulator
adpA-R ACG​ATG​TGC​AGG​CAC​AGG​TC

17 hrdB-F GCG​GTG​GAG​AAG​TTC​GAC​TACA​ Reference gene
hrdB-R AGC​TTG​TTG​ATG​ACC​TCG​ACCAT​
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candicidin production and beneficial to supporting cell 
growth. However, it was difficult to understand the poten-
tial mechanism only through macroscopic analyses. To 
this end, the changes of the intracellular metabolomics, 
the expression of genes involved in candicidin biosynthe-
sis and the metabolic flux distributions were investigated 
to unravel the influencing mechanism of the adpA.

Comparison of the intracellular metabolomics 
in the control and mutant

The metabolites from the control and mutant with differ-
ent capabilities of candicidin production were analyzed by a 
combination of GC–IDMS and UHPLC–MS/IDMS. A total 
of 39 intracellular metabolites were identified and quantified 

Fig. 1   Physiological profiles of the control (Streptomyces ZYJ-6, 
hollow circle) and the mutant (Streptomyces ZYJ-6 pFAdpA, solid 
diamond) in fed-batch cultivations. The parameters including candi-
cidin a, glucose b, biomass c and OUR (oxygen uptake rate, d). All 

the parameters were measured based on at least triplicate measure-
ments. The sudden increase of glucose concentration in b represents 
the pulsed addition of glucose

Table 2   Kinetic parameters for the control (Streptomyces ZYJ-6) and the mutant (Streptomyces ZYJ-6 pFAdpA)

μmax the maximum specific growth rate, qS glucose average consumption rate, the unit is g glucose per g biomass per hour, qP candicidin average 
synthesis rate, the unit is mg candicidin per g biomass per hour, qO oxygen average consumption rate, the unit is mmol oxygen per g biomass per 
hour, Ysp the yield of candicidin based on glucose, equal to qP/qS, the unit is mg candicidin per g glucose, Yxp the yield of candicidin based on 
biomass, equal to qP/μ, the unit is mg candicidin per g biomass; Yop the yield of candicidin based on oxygen, equal to qP/qO, the unit is mg can-
dicidin per mmol oxygen

Terms μmax qS qP qO Ysp Yxp Yop
[−] [1/h] [g/g.h] [mg/g.h] [mmol/g.h] [mg/g] [mg/g] [mg/mmol]

Control 0.064 ± 0.004 0.31 ± 0.028 22.48 ± 1.53 3.25 ± 0.26 72.52 ± 5.32 702.5 ± 26.47 6.92 ± 0.39
Mutant 0.078 ± 0.004 0.31 ± 0.031 64.27 ± 5.11 2.41 ± 0.19 207.32 ± 15.24 1647.95 ± 60.01 26.67 ± 1.34
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Table 3   Intracellular metabolites concentration in the control and mutant at different time points: 36, 46, 96 and 156 h

The values represent the means of three independent experiments and the error bars represent standard deviations of three values. The unit was 
μmol/gDCW

Metabolites 36 h 46 h 96 h 156 h

Control Mutant Control Mutant Control Mutant Control Mutant

Precursors
 Shikimate 0.22 ± 0.02 0.45 ± 0.05 0.74 ± 0.12 1.54 ± 0.25 0.85 ± 0.02 1.24 ± 0.07 0.09 ± 0.01 0.70 ± 0.00
 PABA 1.63 ± 0.20 2.08 ± 0.02 7.31 ± 0.41 5.90 ± 0.95 6.40 ± 0.43 7.10 ± 0.08 6.39 ± 0.42 6.58 ± 0.37
 CoA 0.16 ± 0.02 0.42 ± 0.04 0.15 ± 0.02 0.48 ± 0.12 0.10 ± 0.03 0.39 ± 0.07 0.21 ± 0.02 0.49 ± 0.09
 Malonyl-CoA 4.92 ± 1.10 4.56 ± 0.85 0.71 ± 0.12 4.34 ± 1.29 0.62 ± 0.05 26.42 ± 11.15 29.8 ± 6.37 57.48 ± 7.82
 Methylmalonyl-

CoA
3.06 ± 0.74 0.05 ± 0.01 0.04 ± 0.01 0.04 ± 0.00 0.07 ± 0.01 4.87 ± 1.37 23.63 ± 1.37 24.12 ± 0.16

 Acetyl-CoA 1.52 ± 0.25 0.61 ± 0.08 0.10 ± 0.02 0.46 ± 0.02 0.31 ± 0.03 4.37 ± 0.69 1.84 ± 0.28 1.46 ± 0.27
 Propionyl-CoA 0.97 ± 0.15 0.51 ± 0.14 0.02 ± 0.00 0.40 ± 0.01 0.04 ± 0.00 20.52 ± 3.23 0.6 ± 0.09 19.38 ± 3.10

Amino acid metabolism
 Alanine 51.24 ± 3.71 46.04 ± 9.76 11.06 ± 2.01 102.63 ± 30.52 165.89 ± 33.24 365.95 ± 15.93 169.87 ± 24.28 376.59 ± 25.13
 Glycine 2.55 ± 0.15 1.74 ± 0.29 0.75 ± 0.17 2.87 ± 0.68 6.08 ± 0.63 6.48 ± 0.49 4.22 ± 0.56 6.18 ± 0.07
 Valine 6.27 ± 0.47 1.77 ± 0.18 0.93 ± 0.14 1.98 ± 0.36 11.15 ± 2.36 26.44 ± 1.88 6.22 ± 0.87 33.74 ± 0.77
 Leucine 5.42 ± 0.23 0.55 ± 0.07 1.21 ± 0.14 0.86 ± 0.24 6.54 ± 1.29 2.91 ± 0.31 3.56 ± 0.49 7.80 ± 0.30
 Isoleucine 1.25 ± 0.15 0.28 ± 0.01 0.30 ± 0.05 0.33 ± 0.05 2.31 ± 0.38 3.42 ± 0.44 1.72 ± 0.20 6.92 ± 0.21
 Proline 2.05 ± 0.17 0.56 ± 0.08 0.40 ± 0.08 0.54 ± 0.02 2.38 ± 0.54 16.18 ± 1.09 1.82 ± 0.30 13.27 ± 0.22
 Methionine 1.09 ± 0.04 0.25 ± 0.03 0.76 ± 0.08 0.51 ± 0.06 1.09 ± 0.15 2.05 ± 0.21 0.80 ± 0.16 2.14 ± 0.19
 Serine 2.78 ± 0.18 0.59 ± 0.10 0.81 ± 0.17 0.87 ± 0.09 5.25 ± 1.11 8.60 ± 0.69 3.79 ± 0.6 5.86 ± 0.06
 Threonine 3.42 ± 0.24 1.92 ± 0.43 0.77 ± 0.16 2.49 ± 0.20 13.37 ± 0.12 49.10 ± 3.19 10.08 ± 1.47 53.57 ± 0.38
 Phenylalanine 4.9 ± 0.19 0.93 ± 0.18 4.33 ± 0.42 1.53 ± 0.02 5.41 ± 0.75 2.00 ± 0.54 4.19 ± 0.64 1.40 ± 0.16
 Aspartate 7.24 ± 0.23 4.34 ± 0.94 3.45 ± 0.84 5.36 ± 0.50 3.97 ± 1.25 7.23 ± 0.52 5.82 ± 1.02 10.28 ± 0.46
 Glutamate 154.83 ± 18.24 637.44 ± 19.83 36.14 ± 6.75 254.44 ± 60.14 65.07 ± 16.42 789.88 ± 34.26 139.27 ± 22.98 174.15 ± 3.69
 Ornithine 1.01 ± 0.15 0.77 ± 0.17 0.46 ± 0.07 0.77 ± 0.11 0.62 ± 0.07 2.00 ± 0.39 0.73 ± 0.07 1.29 ± 0.21
 Asparagine 0.88 ± 0.12 0.41 ± 0.11 0.59 ± 0.19 0.89 ± 0.10 4.69 ± 0.95 3.49 ± 0.21 3.59 ± 0.42 4.69 ± 0.63
 Glutamine 18.09 ± 0.74 17.52 ± 4.8 4.28 ± 1.11 23.08 ± 3.45 12.65 ± 3.06 119.72 ± 6.77 25.19 ± 4.38 38.74 ± 1.59
 Tyrosine 1.7 ± 0.32 0.13 ± 0.01 0.57 ± 0.09 0.35 ± 0.05 0.99 ± 0.11 0.28 ± 0.06 0.46 ± 0.06 1.59 ± 0.34

Central carbon metabolism
 Pyruvate 0.61 ± 0.01 1.94 ± 0.13 0.75 ± 0.10 1.99 ± 0.26 0.62 ± 0.04 0.67 ± 0.06 0.59 ± 0.00 0.78 ± 0.02
 Succinate 0.61 ± 0.04 0.55 ± 0.08 0.23 ± 0.06 0.92 ± 0.07 0.39 ± 0.10 1.84 ± 0.47 0.57 ± 0.11 0.03 ± 0.01
 Fumarate 0.19 ± 0.01 0.32 ± 0.03 0.16 ± 0.03 0.38 ± 0.06 0.18 ± 0.03 0.32 ± 0.05 0.18 ± 0.04 0.26 ± 0.01
 Malate 0.20 ± 0.04 0.66 ± 0.16 0.15 ± 0.04 1.11 ± 0.30 0.16 ± 0.04 0.55 ± 0.05 0.27 ± 0.03 0.29 ± 0.03
 α-Ketoglutarate 0.14 ± 0.01 1.33 ± 0.36 0.11 ± 0.01 1.92 ± 0.21 0.12 ± 0.00 2.32 ± 0.16 0.08 ± 0.01 0.74 ± 0.06
 Citrate 3.62 ± 0.46 0.28 ± 0.01 5.66 ± 0.09 0.84 ± 0.22 2.26 ± 0.02 0.98 ± 0.04 4.67 ± 0.07 1.80 ± 0.03
 Ribose 5-phos-

phate
1.28 ± 0.11 1.08 ± 0.19 3.75 ± 0.85 1.02 ± 0.29 1.07 ± 0.24 1.38 ± 0.06 0.74 ± 0.01 1.20 ± 0.27

 Glyceraldehyde 
3-phosphate

14.83 ± 1.71 0.25 ± 0.03 18.33 ± 1.2 0.19 ± 0.04 8.44 ± 1.02 0.27 ± 0.03 14.75 ± 1.24 0.26 ± 0.03

 6-Phospho-
gluconate

0.75 ± 0.02 0.55 ± 0.03 5.08 ± 0.84 1.01 ± 0.09 3.03 ± 0.39 1.71 ± 0.14 1.09 ± 0.13 1.49 ± 0.06

 Sedoheptulose 
7-phosphate

3.39 ± 0.47 0.85 ± 0.05 1.42 ± 0.30 1.28 ± 0.27 1.37 ± 0.19 3.41 ± 0.22 22.55 ± 1.44 4.12 ± 0.02

 3-Phosphoglyc-
erate

2.90 ± 0.44 0.79 ± 0.02 2.43 ± 0.10 0.91 ± 0.04 2.68 ± 0.24 1.38 ± 0.11 2.42 ± 0.29 0.79 ± 0.02

 Fructose 
6-phosphate

2.8 0± 0.12 1.15 ± 0.25 4.58 ± 0.47 1.78 ± 0.31 3.16 ± 0.48 1.88 ± 0.12 2.20 ± 0.31 1.84 ± 0.01

 Glucose 6-phos-
phate

12.52 ± 0.66 4.81 ± 0.88 22.19 ± 3.42 7.18 ± 1.62 12.22 ± 1.79 3.72 ± 0.26 9.36 ± 1.64 8.10 ± 0.10

Sugar alcohols
 Erythritol 1.87 ± 0.08 0.95 ± 0.13 3.09 ± 0.42 1.45 ± 0.16 1.91 ± 0.17 1.27 ± 0.18 1.70 ± 0.20 2.23 ± 0.63
 Xylitol 0.18 ± 0.01 0.13 ± 0.00 0.32 ± 0.07 0.24 ± 0.03 0.19 ± 0.04 0.39 ± 0.11 0.25 ± 0.02 0.34 ± 0.03
 Arabitol 0.66 ± 0.15 0.37 ± 0.01 0.29 ± 0.08 1.47 ± 0.24 1.69 ± 0.03 1.81 ± 0.40 0.24 ± 0.04 0.15 ± 0.01
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by standards, including amino acids from the amino acids 
metabolism, organic acids and phosphate sugars from the 
central carbon metabolism, coenzymes from the precursors 
and sugar alcohols (Table 3).

First, the quality of data was assessed by the heatmap 
combining with the cluster analysis (CA) (Fig. 2a). The 
metabolites from the control (C1–C4) and mutant (M1–M4) 
were separated into two groups clearly indicating the dis-
crepancy between the control and mutant was statistically 
significant. Interestingly, aspartate (Asp), methionine (Met), 
isoleucine (Ile), threonine (Thr), valine (Val), alanine (Ala), 
and proline (Pro) were assigned to one subgroup with the 
candicidin and would be discussed in more detail later. 
After that, the principal component analysis (PCA) (Fig. 2b) 
reconfirmed the statistical significance between the control 
and mutant. The four time points in the control (red) were 
separated clearly from those in the mutant (green). On the 
basis of these results from the CA and PCA, it was reason-
able to conclude that the intracellular metabolite data of the 
control and mutant were statistically significant and suitable 
for further analyses.

Moreover, by the partial least squares (PLS) analysis, the 
variable importance of the projection (VIP) was gained. The 
higher the VIP score, the closer the candicidin biosynthesis. 
Total of 14 metabolites closely associated with the candici-
din production were selected (VIP score > 1) for further dis-
cussion (Fig. 2c). They were Ile, Ala, Thr, Val, Asp, glycine 
(Gly), asparagine (Asn), Propionyl-CoA, Met, Pro, serine 
(Ser), xylitol (Xyl), leucine (Leu) and para-aminobenzoic 
acid (PABA). Most of them belong to amino acids and pre-
cursors. Subsequently, the metabolites highly correlating 
with the candicidin biosynthesis were classified into dif-
ferent categories and mapped onto the metabolic pathways 
(Fig. 3).

Amino acids were important not only in supporting cell 
growth but also for polyketide precursors [23]. There were 
12 amino acids out of 14 metabolites, which were closely 
associated with the candicidin biosynthesis by PLS, i.e., 
Ile [VIP score = 1.75], Ala [VIP score = 1.71], Thr [VIP 
score = 1.63], Val [VIP score = 1.63], Asp [VIP score = 1.51], 
Gly [VIP score = 1.48], Asn [VIP score = 1.48], Met [VIP 
score = 1.43], Pro [VIP score = 1.40], Ser [VIP score = 1.26], 
Leu [VIP score = 1.10], and PABA [VIP score = 1.08] 
(Fig. 2c).

Ile, Thr, Asp, Asn and Met belong to the Asp family 
generated from the oxaloacetate (Oxa) in TCA. Clearly, 
the above five amino acids had significant uptrend in the 
mutant (Table 3). Before 46 h (growth period), the levels 
were lower, but after 46 h (production period), their levels 
were increased rapidly and kept higher levels till 156 h. The 
concentrations of Ile and Thr were 3.42 μmol/gDCW and 
49.1 μmol/gDCW, respectively, at 96 h, which were almost 
10 times and 20 times higher than those at 46 h (0.33 μmol/

gDCW and 2.49 μmol/gDCW) (Table 3). Transitional period 
(from 46–96 h) was the key period for the cell growth and 
candicidin production (Fig. 1a, c). Notably, in the control, 
the concentrations of these five amino acids were lowest 
at 46 h, at which time the candicidin began to synthesize. 
After 46 h, the levels of these five amino acids fluctuated and 
reached the highest level at 96 h but still lower than those of 
the mutant. The amino acids from Asp family were the direct 
sources of Propionyl-CoA biosynthesis [VIP score = 1.45] 
(Fig. 2c) and Propionyl-CoA could be further converted to 
methylmalonyl-CoA which was one of the direct precursors 
for the candicidin biosynthesis. Thus, it was speculated that 
the supply of precursors was the main reason for significant 
difference between the control and mutant on the candicidin 
biosynthesis.

Ala, Val and Leu belong to the pyruvate (Pyr) family 
generated from Pyr in EMP. Surprisingly, the above three 
amino acids had the same uptrend with the five amino acids 
from the Asp family in the mutant. And the concentrations 
of these three amino acids were also lowest at 46 h and 
then fluctuated and reached the highest levels at 96 h in the 
control (Table 3). The concentration of Val was 1.98 μmol/
gDCW at 46  h and 26.44  μmol/gDCW at 96  h, which 
increased by 13.35 times. As same to the amino acids from 
Asp family, Val was also the direct source for Propionyl-
CoA biosynthesis. Therefore, the amino acids from Pyr 
family might play a similar role to supply precursors for the 
candicidin biosynthesis as that of Asp family.

Although Gly, Pro, Ser and PABA belong to different 
families, they performed same trends. Before 46 h (growth 
period), the levels were lower, but after 46 h (production 
period), their levels were increased rapidly and kept higher 
till 156 h (except for PABA). It was suggested that Gly, Pro 
and Ser were beneficial for the production of candicidin. 
PABA was the starter unit for candicidin production but 
its concentrations were very close between the control and 
mutant (Table 3), indicating that PABA seemed not the lim-
iting factor for candicidin production in the control.

Additionally, Ala, Gly, Ser and Thr could be converted to 
AceCoA by Pyr; Asp and Asn could be converted to Oxa; 
Leu could be converted to AceCoA by acetoacetyl-CoA and 
Pro could be converted to αKG by glutamate (Glu). All these 
metabolites could enter into TCA to supply energy for the 
candicidin biosynthesis and cell growth. Met, Ile and Val 
could be converted to succinyl-CoA (SucCoA) which is iso-
meride of Methylmalonyl-CoA and could be transformed to 
Methylmalonyl-CoA easily.

As a result, although the control and mutant were cul-
tivated under the same condition, the adpA caused differ-
ent pool sizes of precursor amino acids and brought big 
differences in the candicidin biosynthesis. Amino acids 
were crucial not only for the cell growth but also for the 
secondary metabolism. In summary, the amino acids from 
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Asp and Pyr families were insufficient in the control lead-
ing to the low levels of intracellular Propionyl-CoA and 
Methylmalonyl-CoA which subsequently resulted in slower 
candicidin production rate during 46–96 h, compared to the 
mutant. Indeed, the concentrations of Propionyl-CoA and 

Methylmalonyl-CoA (Fig. 3 and Table 3) further proved the 
above assumption. Particularly, at 96 h, the concentrations 
of Propionyl-CoA and Methylmalonyl-CoA were 0.04 and 
0.07 μmol/gDCW in the control, whereas those were 20.52 
and 4.87 μmol/gDCW in the mutant, which were 513 and 70 
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times as high as the control, respectively. Thus, it could be 
inferred that the AdpA might upregulate the genes involved 
in Propionyl-CoA and Methylmalonyl-CoA biosynthesis, 
which was identified later by transcriptional analysis of 
methB responsible for biosynthesis of Methylmalonyl-CoA.

Transcriptional analysis based on Streptomyces 
ZYJ‑6 and the mutant Streptomyces ZYJ‑6 pFAdpA

The genome of Streptomyces FR-008 has been completely 
sequenced in 2016 [24]. Generally, the genes required for 
antibiotic biosynthesis are clustered and co-regulated [25]. 
In Streptomyces ZYJ-6, the biosynthetic gene cluster of 
polyene antibiotic FR-008 (candicidin) consists of 21 genes 
(Fig. 4), including pabAB and pabC encoding ADC syn-
thase and lyase, which are responsible for the biosynthesis of 
starter unit PABA; fscA–fscF encoding the type I polyketide 
synthase subunits constituting 21 modules; fscTE encoding 
the type II thioesterase for removing aberrant intermedi-
ates; fscR1–fscR4 encoding four transcriptional regulators; 
fscM1– fscM3 responsible for the biosynthesis of mycosa-
mine and so on [26]. Moreover, skaK and methB were also 
taken into account due to their deduced functions of the bio-
synthesis of shikimic acid and Methylmalonyl-CoA, since 
shikimic acid and Methylmalonyl-CoA were important pre-
cursors of the candicidin biosynthesis (Fig. 3).

As the mutant had positive effect on the candicidin pro-
duction, it was hypothesized that some genes in candici-
din biosynthetic gene cluster would be regulated by adpA. 
Therefore, qRT-PCR verification was conducted to further 
explore the possible target genes.

The fold changes of these relative genes by qRT-PCR 
were calculated by the method of 2− ΔΔCT. As shown in 
Fig. 5, firstly, the transcription level of adpA exhibited obvi-
ous advantage (fold change = 22.14 > > 2) in the mutant after 
46 h, demonstrating that the pleiotropic regulator adpA was 
transcribed successfully in the mutant. Under same cul-
ture conditions, the big difference in candicidin production 

between the control and mutant was likely to be caused by 
the expression of adpA. The transcription of adpA in the 
mutant started at 46 h which coincided with the literature 
reported that the concentration of A-factor (2-isocapry-
loyl-3-R-hydroxymethyl-g-butyrolactone) needs to reach 
certain threshold to trigger both secondary metabolism and 
morphological differentiation [27]. In this study, 46 h was 
the possible key point for the accumulation of A-factor. 
Therefore, to explore the regulatory mechanism of adpA, 
46 h, 96 h and 156 h should be brought to the forefront.

As a result, the pleiotropic regulator adpA was not only 
transcribed successfully but also brought differential expres-
sions of series of genes involved in candicidin biosynthesis. 
This study focused on the gene cluster of candicidin produc-
tion and several genes encoding precursor biosynthesis.

As shown in Fig. 5, the fold change of the gene methB 
encoding biosynthesis of Methylmalonyl-CoA was improved 
by 7.09-fold in the mutant strain compared to the control 
strain. It was suggested that the gene expression of methB 
was significantly up-regulated by the presence of adpA. 
The result reconfirmed that Methylmalonyl-CoA played a 
vital role in the candicidin production due to the increased 
gene expression of methB as well as the metabolic flux and 
concentration of Methylmalonyl-CoA (Fig. 3, Table 3). 
In the whole process, no significant expression difference 
(0.5 < fold change < 2) of skaK was observed, indicating that 
the biosynthesis of shikimic acid, the first step of shikimic 
acid metabolism (Fig. 3), was not the bottleneck for the can-
dicidin production in the control strain.

Particularly, in the mutant strain, the fold changes of the 
genes pabAB, pabC and fscA involved in the biosynthesis 
and loading of PABA, the first unit of the candicidin pro-
duction (Table 1), were 1.96-, 2.31- and 3.84-fold higher 
than that in the control strain (Fig. 5). Except for the fold 
change of pabAB was less than two, other fold changes were 
more than two, suggesting that the genes pabAB, pabC and 
fscA involved in the biosynthesis and loading of PABA were 
strongly activated by adpA. Meanwhile, the concentration 
of PABA was almost same between the control and mutant 
strains (Table 3, Fig. 3). Although the correlative genes 
were strongly activated, the metabolic fluxes of PABA were 
76.9 and 82.3 in the control and mutant, respectively. As a 
result, PABA was not the primary reason for the discrepancy 
between the control and mutant strain which is consistent 
with the result of metabolomics analysis.

The fold changes of the genes fscB–fscF and fscTE, which 
were mainly responsible for the carbon chain elongation of 
the candicidin (Table 1) in the mutant strain were about 
5.32-, 5.77-, 5.51-, 1.59-, 1.63- and 2.08-fold improvement 
on the basis of that in the control strain. The fold changes 
were greater than two (except fscE and fscF were greater 
than 1.5), implying that adpA upregulated all the genes after 
the onset of the candicidin production (Fig. 4). This result 

Fig. 2   Cluster analysis, PCA and PLS (VIP) of intracellular metabo-
lites from the control (C1–C4) and mutant (M1–M4). Samples were 
rapidly withdrawn from the cultivations at 36, 46, 96, and 156 h. a 
Cluster-derived heatmap; b PCA-derived score plots; c PLS-derived 
the variable importance of the projection (VIP) histogram. C1/M1 
was the first time points of the control or mutant. Pyr, pyruvate; 
Fum, fumarate; Mal, malate; Orn, ornithine; AceCoA, acetyl-CoA; 
Gln, glutamine; MalCoA, malonyl-CoA; Suc, succinate; Glu, gluta-
mate; αKG, α-ketoglutarate; Xyl, xylitol; PABA, para-aminobenzoic 
acid; Aral, arabitol; Ska, shikimic acid; Eryl, erythritol; F6P, fructose 
6-phosphate; G6P, glucose 6-phosphate; R5P, ribose 6-phosphate; 
6PG, 6-phosphate gluconate; Phe, phenylalanine; 3PG, 3-phospho-
glycerate; Cit, citrate; G3P, glyceraldehyde 3-phosphate; MethCoA, 
methylmalmonyl-CoA; S7P, sedoheptulose 6-phosphate; Leu, leu-
cine; Tyr, tyrosine; Asn, asparagine; Gly, glycine; Ser, serine; Pro, 
proline; ProCoA, propionyl-CoA; Ala, alanine; Val, valine Thr, threo-
nine; Ile, isoleucine; Met, methionine; Asp, aspartate

◂
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could account for the difference of the candicidin production 
between the control and mutant strains. fscM2 and fscM3 
were responsible for the biosynthesis of mycosamine (part 
of the candicidin) (Table 1). In the mutant, their fold changes 

were 3.86- and 1.4-fold over the control strain, suggesting 
that adpA upregulated fscM2 and fscM3, which were help-
ful for the candicidin production. fscR3 and fscR4 encoded 
transcriptional regulators and regulated the candicidin 

Fig. 3   The relative flux (mmol/100  mmol glucose) of the Con-
trol (Streptomyces ZYJ-6, upper) and Mutant (Streptomyces ZYJ-6 
pFAdpA, lower) from 46 to 96 h. The reactions and coefficient matrix 
can be found in supplementary files (Tables S1, S2). The histograms 
of propionyl-CoA, methylmalonyl-CoA and PABA were presented 
here. The black column was from the control and grey column was 
from the mutant. G6P, glucose 6-phosphate; F6P, fructose 6-phos-

phate; G3P, glyceraldehyde 3-phosphate; 3PG, 3-phospho-glycerate; 
PEP, phosphoenolpyruvate; Pyr, pyruvate; AceCoA, acetyl-CoA; Cit, 
citrate; αKG, α-ketoglutarate; Glu, glutamate; Gln, glutamine; Suc-
CoA, succinyl-CoA; Suc, succinate; Oxa, oxaloacetate; Val, valine; 
Ru5P, ribulose 5-phosphate; E4P, erythrose 4-phosphate; Ska, shi-
kimic acid; PABA, para-aminobenzoic acid

Fig. 4   The gene cluster of candicidin biosynthesis. The red arrows mean relevant genes were strongly upregulated (fold change > 2) by adpA in 
Streptomyces ZYJ-6 pFAdpA (Mutant) at 96 h
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production (Table 1). In this study, the fold changes of the 
genes fscR3 and fscR4 in the mutant were 1.22- and 2.08-
fold of those in the control strain. The activation had no 
significant differences, meaning that the regulation was 
not the main reason for the discrepancy of the candicidin 
production.

Altogether, by the analysis of transcriptional levels, the 
pleiotropic regulator adpA was introduced into the mutant 
strain and transcribed successfully and caused the differential 
expression of many genes involved in candicidin biosynthesis, 
especially methB which is responsible for Methylmalonyl-CoA 
synthesis. This was the direct evidence from transcriptional 
levels on the big difference in candicidin production between 

the control and mutant. However, the shikimic acid pathway 
and PABA were not the primary limiting factor for the candi-
cidin production during the early phase (46–96 h). Moreover, 
fscA–fscD, fscTE, fscM2 and methB involved in the biosynthe-
sis of candicidin and its precursor, were significantly upregu-
lated by the presence of adpA after 46 h (Fig. 4), which might 
result in the increased candicidin production in the mutant.

Flux balance analysis between the control 
and mutant strain

Based on the analyses of metabolomics and transcriptional 
levels, some conclusions were drawn. However, the pool 

Fig. 5   Transcriptional levels of key genes between the control and mutant strain. Each value represents the average of three independent experi-
ments and the error bars represent standard deviations
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sizes and fold changes were relatively static description. 
To verify the reliability of the conclusions, the metabolic 
flux distributions were investigated (Fig. 3).

First, the flux from Propionyl-CoA to Methylmalonyl-
CoA was nearly three times (42.7/14.8) higher in the 
mutant than in the control (Fig. 3). In metabolomics analy-
sis, the pool sizes of Propionyl-CoA and Methylmalonyl-
CoA were 513 and 70 times in the mutant than in the con-
trol (Table 3). In transcriptional level analysis, the methB 
was upregulated significantly. All these results indicated 
that although the two strains were cultivated in same con-
dition, the adpA resulted in the upregulation of the gene 
methB responsible for biosynthesis of Methylmalonyl-CoA 
and afterwards the flux of the reaction was enhanced and 
the pool size of Methylmalonyl-CoA showed big differ-
ence and finally, the titer of candicidin was varied con-
siderably from 46 to 96 h. The methB gene might be the 
candidate gene target for further improving the production 
of candicidin.

Besides, the flux for biosynthesis of PABA was very close 
(82.3/76.9) in the mutant and control (Fig. 3). In the metabo-
lomics analysis, pool sizes of PABA were barely changed in 
the mutant and control (Table 3, Fig. 3). In transcriptional 
analyses, the genes pabAB, pabC and fscA responsible for 
the biosynthesis and utilization of PABA were upregulated 
after 96 h and the expression level of skaK encoding the 
shikimate kinase was nearly unchanged, indicating that 
PABA and the first step of shikimic acid metabolism (Fig. 3) 
were not the bottleneck for the candicidin production in the 
control.

In summary, the highest level 9338 μg/mL of candicidin 
production was ever reported. Based on the combined anal-
yses of transcriptional levels, metabolic flux and metabo-
lomics, it was explained how did the pleiotropic regulator 
AdpA enhance the candicidin production and cell growth 
and found methylmalonyl-CoA played important role in can-
dicidin production.

Conclusions

Under the same culture condition, the mutant strain was 
more favorable to enhancing the candicidin production and 
cell growth. Due to the introduction of adpA, the expression 
of some genes (fscA–fscD, fscTE, fscM2 and methB) involved 
in candicidin biosynthesis was up-regulated greatly and 
enhanced the candicidin production to the titer of 9338 μg/
mL, which is the highest candicidin level ever reported in 
the literature. Besides, para-aminobenzoic acid and the first 
step of shikimic acid metabolism were not the bottleneck and 
methylmalonyl-CoA played a central role in the candicidin 
production in the presence of adpA.
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