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A B S T R A C T   

The microbial genome remains a huge treasure trove for the discovery of diverse natural products. Saccha-
ropolyspora erythraea NRRL23338, the industry producer of erythromycin, has a dozen of biosynthetic gene 
clusters whose encoding products are unidentified. Heterologous expression of one of the polyketide clusters pks7 
in Streptomyces albus B4 chassis resulted in the characterization of its function responsible for synthesizing both 
6-methylsalicyclic acid and 6-ethylsalicyclic acid. Meanwhile, two new 6-ethylsalicyclic acid ester derivatives 
were isolated as shunt metabolites. Their structures were identified by comprehensive analysis of MS and NMR 
experiments. Putative functions of genes within the pks7 BGC were also discussed.   

1. Introduction 

Actinomycetes have long been an important source of natural 
products aiming at clinical drug discovery [1,2]. Among them, the 
classical antibiotic-producing Streptomyces and Saccharopolyspora 
strains have not been fully explored and most of the secondary metab-
olites remain unknown. Genome sequencing and bioinformatics ana-
lyses have revealed that microbial genome is a huge treasure trove for 
finding novel natural products [3]. The genome mining approach has 
greatly enhanced the discovery of natural products from Actinomycetes. 
Genome sequencing of Saccharopolyspora erythraea NRRL23338, the 
producer of erythromycin, revealed the presence of a dozen of biosyn-
thetic gene clusters (BGCs) for secondary metabolites besides the 
erythromycin gene cluster (ery). The hypothetical products of these 
BGCs remained mostly unidentified [4]. 

In the current work, we focused on the pks7 BGC, which contains a 
core biosynthetic gene for encoding partial reduced type-I iterative 
polyketide synthase (PR-PKS). Herein, we have characterized the 

function of the pks7 BGC through heterologous expression using the 
Streptomyces albus B4 chassis (B4). The metabolic products including 6- 
methylsalicyclic acid, 6-ethylsalicyclic acid, and two new 6-ethylsalicy-
clic acid ester derivatives were identified. 

2. Materials and methods 

2.1. General experimental equipment 

The NMR spectra were recorded at 300 K on a Bruker AVANCE 600 
NMR spectrometer (Germany). Chemical shifts are reported in parts per 
million (δ), with use of the residual CDCl3 signals (δH = 7.26 ppm; δC =

77.16 ppm) as internal standard, and coupling constants (J) are in Hz; 
assignments are supported by COSY, HSQC, HMBC, and NOESY exper-
iments. HRMS data were obtained using a Bruker APEXIII 7.0 T FT-MS 
spectrometer in m/z, resolution 5000; an isopropyl alcohol solution of 
sodium iodide (2 mg/mL) was used as a reference. Semi-preparative 
HPLC was performed on an Agilent 1100 system (USA) equipped with 
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a UV detector using a YMC-Pack ODS-A column (5 μm, 250 × 10 mm; 
YMC, Japan) or a Shimadzu system (Japan) with a UV detector using a 
Positisil ODS-P column (5 μm, 250 × 10 mm; China). Silica gel 
(200− 300 mesh; Yantai) was used for column chromatography. Pre-
coated Silica gel plates (HSGF254; Yantai) were used for TLC. Com-
pounds were detected on TLC under UV light or by heating after 
spraying with anisaldehyde− sulfuric acid reagent. 

2.2. Bacterial strains, plasmids and fermentation conditions 

Escherichia coli Trans5α (TransGen Biotech, Beijing, China) was used 
as cloning host and E. coli ET12567 (pUZ8002) as donor strain for E. coli- 
S. albus conjugation [5]. The collection number of S. erythraea 
NRRL23338 is DSM 40517 [4]. S. albus B4 was used as the chassis for 
heterologous expression of pks7 [6]. The pSET152 plasmid was used to 
integrate the pks7 sequence into B4 genome [7]. Apramycin (50 mg/mL) 
was used for selection in E. coli. For E. coli ET12567 (pUZ8002), addi-
tional kanamycin (50 mg/mL) and chloramphenicol (25 mg/mL) were 
utilized. Apramycin (50 mg/mL) and nalidixic acid (25 mg/mL) were 
utilized for exconjugants selection. Antibiotics were added to the me-
dium at a ratio of 1:1000. E. coli strains were grown in LB liquid media 
(5 g/L yeast extract, 10 g/L tryptone, and 10 g/L NaCl) or maintained on 
LB agar plate containing corresponding antibiotics. S. erythraea 
NRRL23338 was grown in TSB (30 g/L tryptone soy broth) liquid media 
for the preparation of genomic DNA as PCR template. B4 and its re-
combinant strains were grown in TSB liquid media, while mannitol soy 
flour (MS) solid media (20 g/L soybean powder, 20 g/L mannitol, 20 g/L 
agar and pH adjusted to 7.5) was used to prepare spores. MS solid media 
and SFM liquid media (20 g/L glucose, 0.5 g/L K2HPO4⋅3H2O, 0.5 g/L 
MgSO4⋅7H2O, 4 g/L yeast powder, 4 g/L tryptone, 0.01 g/L FeSO4⋅7H2O, 
1 g/L KNO3 and pH adjusted to 7.2) were used for fermentation [8]. For 
liquid fermentation, the spores of B4 and its derivatives were activated 
in seed media (45 g/L tryptone soy broth, 10 g/L glucose, 9 g/L yeast 
extract and 2.2 g/L MgSO4⋅7H2O) at 30 ◦C for 36 h [8], and then 
transferred into SFM liquid media. All liquid fermentations were carried 
out at 220 rpm and 30 ◦C for 5 days. For solid fermentation, B4 and its 
derivatives were cultivated on MS agar plate at 30 ◦C for 5 days. 

2.3. DNA isolation, manipulation, and E. Coli-S. albus conjugation 

Purification of genomic DNA from S. erythraea employed a TIANamp 
Bacteria DNA kit (Tiangen Biotech, China). Plasmids were isolated from 
E. coli using Easy Pure Plasmid Miniprep Kit (TransGen Biotech, China). 
Using Phanta Max Super-Fidelity DNA polymerase (Vazyme Biotech, 
China), polymerase chain reaction (PCR) was carried out in a Master-
cycler Thermocycler (Eppendorf, Germany). Primers in this study were 
all synthesized by Sangon Biotech (China). DNA fragments were purified 
using a gel extraction kit (TransGen Biotech, China). Restriction endo-
nucleases were acquired from Thermo Fisher Scientific (USA). Hieff 
Clone Multi One Step Cloning Kit (Yeasen, China) was used to insert PCR 
amplicons into linear plasmid. Sequencing was performed by GENEWIZ 
(China). 

E. coli-S. albus conjugation was performed in accordance with the 
procedure described previously [9]. B4 spores were incubated at 37 ◦C 
in a shaker at 220 rpm for 3 h after undergoing heatshock treatment at 
50 ◦C for 10 min. The mixture of spores and E. coli ET12567 donors at 
various ratios was then cultured on MS plates with 20 mM MgCl2 added 
as an additive. The plates were covered with 1 mL of H2O holding 
apramycin and nalidixic acid after being incubated for 14–16 h at 30 ◦C. 
Following incubation lasting 3–5 days at 30 ◦C, the resultant exconju-
gants were detected and picked into TSB liquid medium with apramycin. 

2.4. Construction of recombinant strains 

pSET152 was digested with XbaI and BamHI for linearization. The 
pks7 coding sequence was amplified from S. erythraea genome as 

disassembled into three parts flanked by homologous sequences with 
adjacent DNA fragments (Fig. S1). Part 1 was obtained by two rounds of 
PCR by amplification successively using the primer pairs (forward 
primer 5′-CAGCTAGCTCAGTCCTAGGTATAATGCTAGCGTGCGTGCTTC 
CGAAACGTTC-3′ and reverse primer 5′-TTGATGGTCGCCATCGTGCCC 
TTGCCTTCAGCACGCCACA-3′) and (forward primer 5′-TTGGGCTGCA 
GGTCGACTCTAGATTGACAGCTAGCTCAGTCCTAGGTATAATGCT-3′ 
and reverse primer 5′-TTGATGGTCGCCATCGTGCCCTTGCCTTCAG-
CACGCCACA-3′) to make pks7 under the control of Pj23119. Part 2 was 
amplified using the primer pair (forward primer 5′-CGTGCTGAAGG-
CAAGGGCACGATGGCGACCATCAA-3′ and reverse primer 5′- TCGATC 
TCGTCTACGCGCACGTCAATTCCTCCTCATCTCAGAACCACGGGTACCT 
-3′), while Part 3 was amplified using the primer pair (forward primer 5′- 
CGTGGTTCTGAGATGAGGAGGAATTGACGTGCGCGTAGACGAGATCG 
A-3′ and reverse primer 5′- ATATCGCGCGCGGCCGCGGATCCCTATTT 
CGCTTCGCTCGACAGG-3′). The fragments were then inserted into 
linear plasmid. Correct colony with assembly of Pj23119 promoter and 
pks7 was confirmed by PCR using M13 primer pairs (forward primer 5′- 
GTAAAACGACGGCCAGT-3′ and reverse primer 5′-CAGGAAACAGCT 
ATGAC-3′) and sequencing (Fig. S2). Considering the rearrangement of 
genes within pks7, the ribosome-binding site sequence was inserted 
between SACE_5309 and SACE_5306 using homology arm primers (5′- 
TCGATCTCGTCTACGCGCACGTCAATTCCTCCTCATCTCAGAACCACGG 
GTACCT-3′ and 5′-CGTGGTTCTGAGATGAGGAGGAATTGACGTGCGCG 
TAGACGAGATCGA-3′). The resulting assembly was then transformed 
into B4 by intergeneric conjugation and the B4-pks7 strain was thus 
obtained. 

B4-pks7-5306KO, the SACE_5306 deletion mutant, was constructed in a 
similar way as B4-pks7. Part 4 was amplified using the primer pair (5′- 
CGTGCTGAAGGCAAGGGCACGATGGCGACCATCAA -3′ and 5′-ATATC 
GCGCGCGGCCGCGGATCCTCATCTCAGAACCACGGGTACCT -3′). Parts 1 
and 4 were then inserted into linear plasmid. PCR using M13 primer pairs 
and sequencing confirmed successful construction of the assembly of 
Pj23119 promoter and pks7-5306KO (Fig. S2). The resulting assembly was 
then transformed into B4 by intergeneric conjugation and the B4-pks7- 
5306KO strain was thus obtained. 

2.5. HPLC analysis of the metabolites of recombinant strains 

After cultivation for 5 days in SFM liquid media or on MS agar plate, 
the spores and freeze-dried fermentation broth were extracted with 
methanol under ultrasonic processing for 10–15 min. The mixture was 
centrifuged at 10,700×g, 10 min at room temperature and the super-
natant was then processed with a 0.22 μm syringe filter. For HPLC 
analysis, detections were carried out on Agilent 1260 system, using a 
Diamonsil Plus C18-A analytical column (5 μm, 180 × 4.6 mm; DiKMA, 
China) with a flow rate of 1.0 mL/min. The crude extract was injected 
into HPLC using a 20.0 μL volume and detected at wavelengths of 210, 
260, and 300 nm. Mobile phase A was water with 0.1 % trifluoroacetic 
acid and mobile phase B was acetonitrile with 0.1 % trifluoroacetic acid. 
Method 1: 0–20 min, 5–30 % B; 20–30 min, 30–100 % B; 30–34 min, 
100 % B; 34–35 min, 100-5% B and 35–40 min, 5 % B. Method 2: 0–15 
min, 5–50 % B; 15–20 min, 50–100 % B; 20–24 min, 100 % B; 24–25 
min, 100-5% B and 25–30 min, 5 % B. 

2.6. Isolation of compounds 1–4 

The culture broths of strain B4-pks7 with SFM liquid media (10 L) 
were extracted with EtOAc (3 × 5 L), and the organic extract was 
concentrated under reduced pressure to afford a residue (1.5 g). The 
residue was subjected to semi-preparative HPLC purification to give 
compounds 1 (1.5 mg, tR = 20.5 min) and 2 (1.0 mg, tR = 22.5 min). 
Semi-preparative HPLC was carried out on a Shimadzu system equipped 
with a UV detector using a Positisil ODS-P column (5 μm, 250 × 10 mm). 
Mobile phases A (water with 0.1 % trifluoroacetic acid) and B (aceto-
nitrile with 0.1 % trifluoroacetic acid) were used at a flow rate of 3.0 
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mL/min with the following gradient: 0–20 min, 5–30 % B; 20–30 min, 
30–100 % B; 30–34 min, 100 % B; 34–35 min, 100-5% B and 35–40 min, 
5 % B. 

The spores harvested from 300 MS plates were extracted with EtOAc 
(3 × 5 L), and the organic extract was concentrated under reduced 
pressure to afford a residue (0.8 g). The residue was subjected to HPLC 
purification (75 % MeOH, 2.5 mL/min) to give compounds 3 (1.6 mg, tR 
= 29 min) and 4 (1.0 mg, tR = 44 min). Semi-preparative HPLC was 
carried out on an Agilent 1100 system equipped with a UV detector 
using a YMC ODS-A column (5 μm, 250 × 10 mm). 

2.7. Physical and spectroscopic data of compounds 1–4 

Compound 1: white amorphous powder; HRESIMS m/z: 153.0607 
([M + H]+, calcd 153.0552 for C8H9O3, error 0.55 ppm); Rf 0.61 
(CH2Cl2/MeOH 15:1). 

Compound 2: white amorphous powder; HRESIMS m/z: 167.0697 
([M + H]+, calcd 167.0708 for C9H11O3, error − 0.11 ppm); Rf 0.63 
(CH2Cl2/MeOH 15:1). 

Compound 3: white amorphous powder; 1H and 13C NMR data see 
Table 1; HRESIMS m/z: 403.1158 [M + H]+ (calcd 403.1182 for 
C24H19O6, error − 0.24 ppm); Rf 0.45 (CH2Cl2/MeOH 15:1). 

Compound 4: white amorphous powder; 1H and 13C NMR data see 
Table 1; HRESIMS m/z: 419.1144 [M + H]+ (calcd 419.1131 for 
C24H19O7, error 0.11 ppm); Rf 0.40 (CH2Cl2/MeOH 15:1). 

3. Results and discussion 

3.1. Bioinformatic analysis of pks7 BGC from S. erythraea 

The S. erythraea genome possesses at least 25 BGCs for secondary 
metabolites biosynthesis including eleven polyketide genes [4]. Besides 
the identified BGCs of ery, rpp [10], and pks8 [11], the products of eight 
polyketide BGCs (pks1-pks7, and pke [12]) remains unknown [4]. The 
genome of S. erythraea (NCBI accession number AM420293) was 
re-analyzed bioinformatically using antiSMASH [13]. The pks7 gene 
cluster was found within a large BGC that contained 36 genes spanning 
~46 kb. Referencing to gene annotations from the KEGG database [14], 
we analyzed each gene in this cluster (Table S1). SACE_5308 is the core 
biosynthetic gene, and is annotated as 6-methylsalicyclic acid synthase. 

The rest genes can be classified as additional biosynthesis, transporters, 
regulators and others. Therefore, it is unlikely that this cluster can 
produce an antibiotic backbone that uses 6-methylsalicyclic acid as a 
moiety like chlorothricin [15], and we tentatively decided to focus on 
the four genes (SACE_5306-5309) in pks7, based on the analysis by 
Oliynyk et al. [4]. SACE_5306-5308 are conserved in some Streptomyces 
strains, although the gene arrangements differ (Fig. S3) [15–17]. 
SACE_5308 showed high sequence homology to ChlB1 and MdpB 
(Fig. 1A), which are responsible for production of 6-methylsalicyclic 
acid in chlorothricin and maduropeptin biosynthesis, respectively 
(Fig. 1B). The protein SACE_5306 was homologous to ChlB2, a putative 
discrete ACP protein while SACE_5307 was homologous to ChlB3, which 
was named 3-oxoacyl-ACP synthase. 

3.2. Heterologous expression of the pks7 BGC in B4 

To discover the function of pks7 BGC from S. erythraea, heterologous 
expression strategy was conducted with B4 by inserting of a strong 
constitutive promoter Pj23119 before the rearranged pks7 cluster 
(Fig. 1C) [18]. The recombinant strains B4-pks7, B4-pks7-5306KO and 
the host strain B4 were cultivated in SFM liquid medium and MS agar 
plate, respectively. The metabolite profiles of the three strains were 
compared (Fig. 2). Two additional metabolites (1 and 2) appeared in 
B4-pks7 and B4-pks7-5306KO fermented with SFM liquid media. The 
fermentation of strains B4-pks7 and B4-pks7-5306KO with MS agar plate 
media resulted in the production of another two compounds (3–4) 
(Fig. 3). The four compounds (1–4) were successfully isolated and pu-
rified by chromatographic separations. The above results indicated that 
pks7 was activated both in B4-pks7 and B4-pks7-5306KO strains. 

3.3. Structure elucidation of 1–4 

Compound 1, with a molecular formula C8H8O3, was determined 
using HRESIMS with a positive ion at m/z 153.0607 ([M + H]+, calcd 
153.0552 for C8H9O3) (Fig. S4). The structure of 1 was identified to be 6- 
methylsalicyclic acid by comparing its NMR spectroscopic data with 
those reported in literatures (Fig. S4) [19]. Compound 1 has previously 
been reported as an alarm or trail pheromone in ants [20] and as a 
bacterial metabolite [16]. Considering the sequence homology between 
SACE_5308 and the bacterial PKS responsible for synthesizing 6-methyl-
salicyclic acid, 1 was undoubtedly the direct product of SACE_5308 
(Fig. 1A and B). 

Compound 2 has a molecular formula of C9H10O3, which was 
determined by HRESIMS with a positive ion at m/z 167.0697 ([M + H]+, 
calcd 167.0708 for C9H11O3) (Fig. S5). Compound 2 was identified to be 
6-ethylsalicyclic acid by comparing its NMR spectroscopic data with 
those reported in early literature [21]. Previously, compound 2 was 
reported as a catalytic product of the 6-methylsalicyclic acid synthetase 
from Penicillium patulum [22] and as a bacterial metabolite from Myco-
bacterium phlei [21]. On the basis of the proposed function of 
SACE_5308, 2 was also the direct product of SACE_5308 (Fig. 1A and B). 

Compound 3 was obtained an amorphous powder. The molecular 
formula was assigned to be C24H18O6 on the basis of HRESIMS data (m/z 
obsd 403.1158 [M + H]+, calcd 403.1182 for C24H19O6) (Fig. S6). The 
1H NMR spectrum displayed the presence of a series of aromatic protons 
and an ethyl group (δH 1.21, t, J = 7.6 Hz, H-9’’; 2.26, q, J = 7.6 Hz, H- 
8″) (Table 1). The 13C NMR and distortionless enhancement by polari-
zation transfer (DEPT) spectra showed 24 carbon signals that corre-
sponded to 22 sp2 (11 CH and 11 C) and 2 sp3 carbon atoms (1 CH3 and 1 
CH2). These data were typical of a flavonoid skeleton. Comprehensive 
analysis of 1D and 2D NMR experiments allowed the structural assign-
ment of 3 (Fig. S6). A set of AMX type aromatic proton resonances at δH 
7.94 (1H, d, J = 8.7 Hz, H-5), 6.92 (1H, d, J = 8.7 Hz, H-6) and 6.84 (1H, 
s, H-8) were assigned to A ring, which was supported by the HMBC cross- 
peaks from H-5 to C-4 and C-7, and from H-6 to C-8 and C-10. The ar-
omatic singlet at δH 8.41 (1H, s, H-2) combined with the HMBC cross- 

Table 1 
The 1H NMR and 13C NMR data for compounds 3 and 4a.  

No. 3 4 

δC, type δH (J in Hz) δC, type δH (J in Hz) 

2 153.8, CH 8.41, s 154.9, CH 8.43, s 
3 122.7, C  121.4, C  
4 174.3, C  179.5, C  
5 127.1, CH 7.94, d (8.7) 159.1, C  
6 116.1, CH 6.92, d (8.7) 99.7, CH 6.19, s 
7 164.6, C  161.9, C  
8 102.2, CH 6.84, s 94.2, CH 6.36, s 
9 157.8, C  157.8, C  
10 115.7, C  103.7, C  
1′ 130.1, C  128.9, C  
2′, 6′ 130.3, CH 7.67, d (8.6) 130.4, CH 7.68, d (8.5) 
3′, 5′ 121.4, CH 7.27, d (8.6) 121.6,CH 7.28, d (8.5) 
4′ 150.1, C  150.2, C  
1″ 120.4, C  120.4,C  
2″ 155.0, C  154.8, C  
3″ 113.5, CH 6.85, d (8.0) 113.4, CH 6.82, d (8.0) 
4″ 131.1, CH 7.23, t (8.0) 131.1, CH 7.25, t (8.0) 
5″ 118.9, CH 6.77, d (8.0) 119.0, CH 6.79, d (8.0) 
6″ 142.2, C  142.3, C  
7″ 166.8, C  166.7, C  
8″ 26.2, CH2 2.66, q (7.6) 26.2, CH2 2.66, q (7.6) 
9″ 15.7, CH3 1.21, t (7.6) 15.7, CH3 1.20, t (7.6)  

a In DMSO-d6; 600 MHz for 1H and 150 MHz for 13C. 
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peaks from H-2 to C4, C-9, and C-1′ suggested an isoflavonoid type ring B 
structure. The 1H spectrum also displayed signals for AA’BB’ type aro-
matic proton resonances at δH 7.67 (2H, d, J = 8.6 Hz, H-2′,6′) and 7.27 
(2H, d, J = 8.6 Hz, H-3′,5′), indicating characteristics of p-substituted 
ring C structure. Additionally, a 1,2,3-trisubstituted benzene as ring D 
was determined by the 1H NMR spectrum δH 6.85 (1H, d, J = 8.0 Hz, H- 
3″), 7.23 (1H, t, J = 8.0 Hz, H-4″), and 6.77 (1H, d, J = 8.0 Hz, H-5″), and 
by 1H–1H COSY spectrum. The HMBC cross-peaks from H-3″ to C-1″ and 
C-7″, from H-4″ to C-2″ and C-6″, from H2-8″ to C-1″ and C-5″, and from 
H3-9″ to C-6″ established an 6″-ethylsalicyclic acid unit (Fig. 4). The 
structure of 3 shows a high similarity to daidzein, an isoflavonoids 
widely distributed in plant [23,24]. Careful comparison of NMR data of 
3 with those of daidzein revealed that the 13C resonance of C-4′ was 
shielded (δC 150.1 in 3 and 157.2 in daidzein), while those of C-3’/5′ was 
deshielded (δC 121.4 in 3 and 115.0 in daidzein). These results indicated 
the 6″-ethylsalicyclic acid unit was connected at the hydroxy group of 
C-4’. Therefore, 3 was determined to be daidzein-4’-(6″-ethylsalicylate). 

Compound 4, as an amorphous powder, has a molecular formula of 
C24H18O7 as determined by HRESIMS data (m/z obsd 419.1144 [M +
H]+, calcd 419.1131 for C24H19O7) (Fig. S7). The molecular weight of 4 
is 16 mass unit more than that of 3, suggesting the presence of an 
additional oxygen atom. The 1D NMR spectra of 4 were highly close to 
that of 3, indicating a similar conjugate of isoflavonoid and 6-ethylasli-
cylic acid. The difference in 1H spectrum was observed for the two 
singlets for aromatic proton resonances at δH 6.19 (1H, s, H-6) and 6.36 
(1H, s, H-8). The 13C and DEPT spectra revealed the presence of an 

additional oxygenated quaternary carbon (δC 159.1, C-5) and two 
shielded aromatic methines (δC 99.7, C-5; 94.2, C-8). These phenomena 
were consistent with a 5-OH in ring A, similar to the NMR data of 
genistein [24,25]. Full analysis of the 1D and 2D NMR experiments 
revealed that the remaining structure was the same as that of 3 (Fig. S7). 
The comparison of NMR data of 4 with those of genistein [24,25] 
confirmed the connection of 6″-ethylsalicyclic acid unit with the hy-
droxy group of C-4’. Compound 4 was then assigned to be 
genistein-4’-(6″-ethylsalicylate). 

In this work, pks7 from S. erythraea was successfully identified by 
heterologous expression, which is responsible for synthesizing 1 or 2. 
The core gene SACE_5308 acts as both 6-methylsalicyclic acid and 6-eth-
ylsalicyclic acid synthase. The proteins encoded by a pair of genes, 
SACE_5306 and SACE_5307, were annotated as putative discrete ACP 
protein and 3-oxoacyl-ACP synthase, respectively. It has been proposed 
that 1 underwent activation by SACE_5307 and then loaded onto 
SACE_5306 for further decoration. Removal of SACE_5306 did not in-
fluence the production of 1–4 in the B4-pks7-5306KO strain (Fig. 2). It 
was suggested that the P450 gene SACE_5309 might be involved in the 
online modification of 1 or 2. However, no related products were 
detected. The hidden function of SACE_5309 may require further 
experimental proof. 

The formation of 1 and 2 might be attributed to the robustness of AT 
domain of SACE_5308 for accepting either acetyl-CoA or propionyl-CoA 
as substrates. Further experiments, including in vitro biochemical as-
says, are required to elucidate the mechanism of the formation of 1 and 

Fig. 1. Comparisons of SACE_5308 with selected bacterial PR-PKSs and organization of pks7. A) Domain organization of SACE_5308 and comparisons of domains 
between SACE_5308 and homologous proteins. B) Proposed biosynthetic pathways catalyzed by MdpB/ChlB1 and SACE_5308. C) Genetic organization of native pks7 
in S. erythraea, artificial pks7 (SACE_5307-5309) in B4-pks7-5306KO, and artificial pks7 (SACE_5306-5309) in B4-pks7. 
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2. Component analysis showed that methyl esters of both 1 and 2 were 
present in the headspace extracts of S. erythraea [26]. These results 
designated pks7 as a common biosynthesis BGC for 1 and 2. The ho-
mologous enzyme which is experimentally validated for synthesizing 
both 6-methylsalicyclic acid and 6-ethylsalicyclic acid is a 6-methylsali-
cyclic acid synthetase from Penicillium patulum [22]. Our study provided 
a bacterial example. As shown in Fig. 2A, the yield of 2 was lower than 
that of 1, which almost led to a failure to detect its presence. The 
addition of 50 mM propionate to SFM liquid medium resulted in an 
obvious increase for 2. However, the yield of 2 was still lower than 1 
(Fig. S8). Previous studies have discovered that the relative abundance 
of intracellular acetyl-CoA (381.2 ± 21.1) was dramatically higher than 

that of propionyl-CoA (15.6 ± 0.6) when the recombinant S. albus strain 
was cultivated in liquid fermentation media [27]. Therefore, when 
cultured in SFM liquid media, the mere addition of exogenous propio-
nate could hardly offset the significant disparity between the intracel-
lular concentrations of acetyl- CoA and propionyl-CoA. 

Both 3 and 4 are esterification products of 2 with flavonoids. Fla-
vonoids are widely spread natural products mainly from plants and 
exhibit potentially pharmacological characteristics, including anti-
cancer, anti-oxidant, anti-inflammatory, and anti-infection [28,29]. 
Numerous kinds of flavonoids have also been extracted from actino-
mycetes and fungi [30]. However, the origin of flavonoids is unclear in 
microbes. The discovery of flavonoid derivatives including daidzein and 
genistein from actinomycetes and fungi is often accompanied by using 
malt extract or soybean flour as culture media [31]. Additionally, acti-
nomycetes and fungi can utilize the flavonoids as substrates via 
whole-cell biotransformation [30]. Recently, the biosynthetic origin of 
flavonoids has been characterized both in bacteria and fungi [32–35]. 
However, no homologous genes of reported flavonoid BGCs, whether 
bacterial or fungal origin, could be found in S. albus genome. Consid-
ering that 3 and 4 are only present in the fermentation extract with MS 
media but not with SFM media, they are supposed to be esterification 
products of 2 with daidzein and genistein in MS media. The esterifica-
tion may be realized through unknown biotransformation. 

4. Conclusion 

In summary, we have successfully characterized the function of pks7 
from S. erythraea for synthesizing both 6-methylsalicyclic acid and 6- 
ethylsalicyclic acid. Four compounds, including two new 6-ethylsalicy-
clic acid ester derivatives, were isolated and elucidated. Heterologous 
expression has been proven to be an efficient approach to mine the 

Fig. 2. HPLC analysis of secondary metabolites in B4 and its recombinant 
strains. A HPLC chromatograms, monitored at 300 nm, of B4, B4-pks7 and B4- 
pks7-5306KO cultivated in SFM liquid medium. B HPLC chromatograms, 
monitored at 300 nm, of B4, B4-pks7 and B4-pks7-5306KO cultivated on MS 
agar plate. 

Fig. 3. Structures of compounds 1–4.  

Fig. 4. Key COSY (bold bond) and HMBC (blue arrows) correlations of 3.  
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hidden BGCs in S. erythraea. Besides pks7, there are still numerous BGCs 
in S. erythraea that have not been identified. Also, considerable numbers 
of hidden BGCs exist in industrial Streptomyces, which await for further 
genome mining, metabolite identification, and enzymatic function 
characterization. 
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