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A two-component system gene
SACE_0101 regulates copper homeostasis
in Saccharopolyspora erythraea

Lijia Qiao, Xiaobo Li, Xiang Ke and Ju Chu’

Abstract

Background: Saccharopolyspora erythraea (S. erythraea) is a Gram-positive bacterium widely used for the production
of erythromycin, a potent macrolide antibiotic. However, the mechanism behind erythromycin production is poorly
understood. In the high erythromycin-producer strain S. erythraea HL3168 E3, the level of copper ions positively corre-
lates with erythromycin production. To explain this correlation, we performed a genome-based comparison between
the wild-type strain NRRL23338 and the mutant strain HL3168 E3, and further characterized the identified gene(s) by
targeted genome editing, mRNA transcript analysis, and functional analysis.

Results: The response regulator of the two-component system (TCS) encoded by the gene SACE_01017 in S. erythraea
showed high similarity with CopR of TCS CopRS in Streptomyces coelicolor, which is involved in the regulation of cop-
per metabolism. The deletion of SACE_07107 was beneficial for erythromycin synthesis most likely by causing changes
in the intracellular copper homeostasis, leading to enhanced erythromycin production. In addition, Cu?* supplemen-
tation and gene expression analysis suggested that SACE_0707 may be involved in the regulation of copper homeo-
stasis and erythromycin production.

Conclusions: The mutation of SACE_0101 gene increased the yield of erythromycin, especially upon the addition of
copper ions. Therefore, the two-component system gene SACE_0107 plays a crucial role in regulating copper homeo-

stasis and erythromycin synthesis in S. erythraea.
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Introduction

Saccharopolyspora erythraea is used mainly at an indus-
trial scale to produce erythromycin, an important broad-
spectrum macrolide antibiotic used for industrial and
clinical applications. The mechanism on how S. erythraea
produces high-yield erythromycin is poorly understood,
hindering its rational optimization. In 2007, the genome
of S. erythraea NRRL23338 was published providing the
necessary resources to fully understand the mechanism
of erythromycin synthesis. This development may also
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provide the basis for the analytical research related to
the directional modification of erythromycin-producing
strains (Oliynyk et al. 2007).

The development of the next-generation sequenc-
ing method facilitates the rational optimization of
industrial strains through pathway engineering or sig-
nal transduction analysis, such as reverse engineering.
Through genomic alignment, we can easily identify
point mutations, gene insertions or deletions, as well as
other genetic recombination events that directly lead
to genomic diversity (Couronne et al. 2003). Exten-
sive genetic studies on high erythromycin producers
are beneficial to elucidate the mechanism of high yield
production and to provide potential molecular targets.
Previous genome comparison between NRRL23338 and
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erythromycin-overexpressing strain Px revealed sev-
eral mutations in the coding regions of the latter strain,
especially in key enzyme genes that are involved in
central carbon metabolism, nitrogen metabolism, and
biosynthesis of secondary metabolites. Notably, several
mutations were also found in genes with transcriptional
and translational (global) regulatory functions that
might explain the overproduction of erythromycin in
Px strain (Peano et al. 2012).

Essentially, most genes involved in global regulations
belong to the family of two-component system (TCS).
In prokaryotes, TCS is the most important signal trans-
duction system that functions as sensing machinery
to environmental stimuli. TCS plays a significant role
in the growth and regulation of antibiotic synthesis
in Streptomyces (Bijlsma and Groisman 2003). Nor-
mally, TCS consisted mainly of histidine kinase (HK)
and response regulator (RR). While HK senses specific
environmental stimuli, the RR mediates the response
through transcriptional regulation of the correspond-
ing target genes (Mascher et al. 2016). For instance,
TCS CopRS is closely related to the regulation of
heavy metal copper ions in several bacteria. Gonzdlez-
Quinodnez et al. (2019) proposed a model describing
the relationship between cytosolic copper and Strep-
tomyces morphogenesis. The model suggests that cop-
per is restricted to the differentiation (aerial mycelium
and sporulation) and secondary metabolism while the
vegetative growth proceeds even under a strongly lim-
ited cytosolic copper concentration. When it comes to
erythromycin fermentation, the addition of copper ions
to the culture of a high erythromycin-producing strain
at the beginning of the fermentation process produces
a 24% increase in erythromycin yield (Liu et al. 2005).

The whole genome of S. erythraea HL3168 E3 (here-
after indicated as E3), a high erythromycin producer,
was sequenced to potentially explain the genome-level
mechanism behind the high yield production of erythro-
mycin (unpublished work). E3 was previously obtained
by performing multiple rounds of random mutagenesis
and screening based on the wild-type strain. In contrast
to the wild-type (WT) strain NRRL23338, the genome
of E3 presents 255 single-nucleotide variations, 2 inser-
tion sites, and 3 deletion sites. Among the non-synony-
mous mutations within the coding sequences (CDSs), the
majority of mutations are located in the genes involved
in central metabolism, followed by genes coding for
transcriptional regulatory factors and translational com-
ponents. In this study, we identified SACE_0101 as one
of the genes with point mutation in the E3 strain (Addi-
tional file 1: Figure S1), and its DNA sequence showed
high homology to CopR in S. coelicolor. We also found
that SACE_0101 plays a role in the regulation of copper
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homeostasis and that intracellular copper homeostasis is
crucial for high erythromycin yield in the E3 strain. To
the best of our knowledge, this is the first report that
demonstrates the role of a two-component system in
copper regulation and erythromycin production in S.
erythraea.

Materials and methods

Strains and media

Strains and plasmids used or constructed in this study
are listed in Table 1. The wild-type strain S. erythraea
NRRL23338 [purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ)] was used
as the parental strain for mutant strain construction.
YS medium was used for sporulation, and its prepara-
tion contained the following per liter: 3 g yeast extract,
5 g tryptone, 5 g sucrose, and 20 g agar. Escherichia coli
DHb5a was used for cloning. E. coli ET12567 was used for
obtaining unmethylated DNA for transformation into S.
erythraea. E. coli was grown at 37 °C on Luria—Bertani
(LB) medium supplemented with the required antibiotics
(50 pg/mL apramycin, 50 pg/mL kanamycin, 25 pg/mL
chloramphenicol). Conjugal transfer of S. erythraea was
performed on ISP4 solid medium (Hopwood 1985). Anti-
biotics (15 pg apramycin, 40 pg kanamycin, and 25 pg
nalidixic acid) were overlaid on ISP4 plates for conjuga-
tors’ screening. The modified minimal liquid medium
contained the following per liter: 20 g (NH,),SO,, 50 g
casamino acids (Difco”, BD), 0.6 g MgSO,-7H,0, 1 g
ZnSO,7H,0, 1 g FeSO,-7H,0, 1 g MnCl,-4H,0, 1 g
CaCl,, and 15 mL NaH,PO,/K,HPO, buffer (0.1 M,
pH=6.8) was added in 1 L liquid medium. After auto-
claving, 20 g glucose was added into 1 L medium as a sole
carbon source (Hodgson. 1982). Different concentrations
of CuSO, were also added in the medium as a growth
factor.

Table 1 Strains and plasmids used in this work

Strains or plasmids Characteristics Sources

S.erythraea

NRRL23338 (WT) The wild-type strain Deutsche Sammlung
von Mikroorganismen

und Zellkulturen

HL3168 E3 (E3) The high erythromycin  This study
producer
WT-A0101 SACE_0101-inactiva- This study
tion mutant strain
E. coli strains
DH5a Used for cloning This study
ET12567 Used for obtaining This study

unmethylated DNA
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Fig. 1 Construction of recombinant plasmid pOJ260-A0101. The upstream and downstream of the gene SACE_0101 are inserted into Hindlll and
EcoRl site of the pOJ260 vector, respectively

Construction of mutant in S. erythraea

The schematic of the generated plasmid is shown in
Fig. 1. The plasmid template pOJ260-A0101 was used
to replace the target gene SACE 010I. The upstream
(amplified with primers 0101UF and 0101UR) and down-
stream fragments (amplified with primers 0101DF and
0101DR) of the gene SACE 0101 were amplified starting
from the 5" homologous overlap sequences. The amplified
products were inserted into the pOJ260 plasmid through
HindIIl and EcoRI restriction sites [Gibson Assembly®
1-Step Kit (NEB)]. Diagnostic PCR was performed to
validate the correct insert (Additional file 1: Figure S2).
The recombinant plasmid pOJ260-A0101 was trans-
formed into E. coli ET12567 and then successfully intro-
duced into S. erythraea by intergeneric conjugation (Hou
et al. 2008). The pOJ260 is a suicide-type plasmid that
could not replicate in S. erythraea. When the plasmid is
integrated into the genome of the host, the kanamycin-
resistant gene (neo gene) integrated in the plasmid is
also expressed; hence, the successfully recombined strain
could be selected by the resistance marker. SACE_0101-
inactivation mutant strain (WT-A0101) was confirmed
by PCR with 4 pairs of primers (Fig. 2a). All the primers
used in this study are shown in Table 2.

Determination of growth parameter

All fermentation cultures were cultivated at 34 °C while
shaking (220 rpm). All experiments were performed in
3 replicates to normalize for sample variation. Growth
curve was determined by measuring the absorbance at
ODyg- A total of 1 mL culture was collected at different
time-points, washed three times with ultrapure water,
and resuspended to a final volume of 1 mL, except in the
case of high biomass where an appropriate dilution was
adapted accordingly. Diethyl pyrocarbonate (DEPC)-
treated water was used as a control, and the absorbance
at ODg,, was measured after shaking for 30 s. Erythromy-
cin production was determined using a phosphoric acid
colorimetry measurement (Zou et al. 2009).

Gene function prediction

The Basic Local Alignment Search Tool (BLAST)
was used to explore similarities of the DNA sequence
of interest with the available data from the National
Center for Biotechnology Information (NCBI; http://
www.ncbi.nlm.nih.gov/) (Hoshino et al. 1999; Altschul
et al. 1990). We performed a tblastn (protein-translated
nucloetide) analysis of the TCS SACE_0101/0102 using
the genome of S. coelicolor as a reference.
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Fig. 2 a Genotype verification primers. PCR product would be

650 bp by the primers 0101C1 and 5DC3 when genomic DNA of
WT-A0101 was used as the template while WT was 0 bp. PCR product
would be 470 bp by the primers 5DCF and 0101C2 when genomic
DNA of WT-A0101 was used as the template while WT was 0 bp. PCR
product would be 1250 bp by the primers 0101C1 and 0101C2 when
genomic DNA of WT-A0101 was used as the template while WT was
1120 bp. b Genotype verification for SACE_0101 gene inactivation in
mutant strain WT-A0101. Lane 1: PCR product (650 bp) by the primers
0101C1 and 5DC3 when genomic DNA of WT-A0101 was used as

the template. Lane 2: PCR product (0 bp) by the primers 0101C1

and 5DC3 when genomic DNA of wild type (WT) was used as the
template. Lane 3: PCR product (470 bp) by the primers 5DCF and
0101C2 when genomic DNA of WT-A0101 was used as the template.
Lane 4: PCR product (0 bp) by the primers 5DCF and 0101C2 when
genomic DNA of WT was used as the template. Lane 5: PCR product
(1250 bp) by the primers 0101C1 and 0101C2 when genomic DNA of
WT-A0101 was used as the template. Lane 6: PCR product (1120 bp)
by the primers 0101C1 and 0101C2 when genomic DNA of WT was
used as the template. Lane 7: DL 2000 marker. Lane 8: PCR product
(760 bp) by the primers neoF and neoR when genomic DNA of
WT-A0101 was used as the template. Lane 9: PCR product (0 bp) by
the primers neoF and neoR when genomic DNA of WT was used as
the template

Real-time quantitative polymerase chain reaction
(RT-gPCR)

RT-qPCR was used to analyze the relative transcript
levels of target genes. The 16srRNA gene in S. erythraea
was used as the positive internal control. RT-qPCR was
performed in 25 pL mixtures using a CEX96™ real-time
PCR detection system (Bio-Rad, Hercules, CA, USA)
(Lu et al. 2007; Rozas et al. 2012; Yu et al. 2012). After
optimizing the Tm value and Ct value, each sample was
analyzed in three replicates. The transcript levels of
target genes were expressed as fold change relative to
16srRNA transcript level (set to 1.0). The relative tran-
script levels were calculated using the 274¢T method
(Schmittgen and Livak 2007).

Results

Functional prediction of TCS SACE_0101/0102

We conducted a preliminary study on the function of
TCS gene SACE_0101, a point mutant gene found in
E3. After homologous alignment, the DNA sequence
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Table 2 Primers used in this study

Primers Sequence (5’-3’)

PCR amplification

0101UF ACGGCCAGTGCCAAGCTTTTGAGCTCCTGGTGCTTC
TTCA
0101UR TGCGGCAGCGTGAAGCTTATCAGGATCTTGCTCAAG
AGTC
0101DF ATGCGCGATATCGAATTCAAGATTGGCAGCACACGCAT
0101DR GGACATGATTACGAATTCTCGATGCCGATGTCGTAGCT
0101C1 GAGAAGATCTTCGAACGCTTCTC
0101C2 AGATACGGCTGTCGGCGAAC
5DCF ATGAGCAGTTCCTGGGCTTTC
5DC3 CCGATTGTCTGTTGTGCCCAGTC
RT-PCR
165rRNA-F AGATACCCTGGTAGTCCACG
165rRNA-R CGTTGCGCTTCTTGGAATGG
0528RT-F AGCTGGGTGTCACCGAGTTC
0528RT-R AGCGAGACGGCGTGGTTCCA
1321RT-F GTCATCGGGCAGAACTTCTAC
1321RTR CCAGCATGACCACGATCAG
2475RTF CTGGATGCCTACTTCGACAAG
2475RT-R ACCCGACCTTGTTCTTGC

Restriction sites are underlined (UF/UR: Hindlll, DF/DR: EcoRlI)

of SACE 0101 showed 64.22% similarity to a response
regulator TCS gene involved in the regulation of intracel-
lular heavy metal ions in S. coelicolor (Additional file 1:
Table S1). Simultaneously, we analyzed another TCS
gene (SACE_0102) that was mutated in another high-
yield S. erythraea strain called HL1075 E4. We observed
that SACE_0102 showed high homology (48.19%) with
histidine kinase (HK), a gene encoding for an enzyme
involved in S. coelicolor copper metabolism (Additional
file 1: Table S2). Based on these findings, we hypothe-
sized that SACE_0101 and SACE_0102 function as a TCS
involving copper homeostasis in S. erythraea.

Phenotypes and antibiotic production of WT-A0101

and the wild type (WT)

Diagnostic PCR showed that we successfully constructed
a SACE_0101-disrupted mutant of S. erythraea (hereafter
indicated as WT-A0101) (Fig. 2b). In comparison to the
wild-type (WT) strain, the WT-A0101 exhibited no vis-
ible morphological alteration (as the top side of the plate
showed) and displayed pigment production (as the bot-
tom side of the plate showed) when cultured for 5 days
on YS medium (Additional file 1: Figure S3).

The erythromycin production of the WT-A0101 was
higher than the WT throughout the whole fermenta-
tion process, although the growth of the two strains
showed no significant difference (Fig. 3a). The yield of
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Fig. 3 Time course of ODg, (a) and erythromycin production

(b) in wild-type strain WT (white square) and mutant strain
WT-A0101(square with upper right to lower left fill)

erythromycin in WT-A0101 (61.45 pg/mL) increased by
2.1-fold compared with that in WT strain (29.30 ug/mL),
indicating that the deletion of this gene was beneficial to
erythromycin synthesis (Fig. 3b).

Influence of Cu?* on erythromycin production of WT, E3,
and WT-A0101

In the previous comparison between WT and E3
genome, we found that the mutant gene SACE_0101 was
associated with copper homeostasis. To identify whether
Cu*" could affect the yield of erythromycin in WT, E3,
and WT-A0101, we added different Cu®*" concentra-
tions (0-2.0 mmol/L, final concentration) and moni-
tored the growth of these strains. The effect of Cu*" on
the cell growth of WT is shown in Fig. 4. The addition of
Cu*" showed no significant effect on the cell growth at
lag stage (10 h before); however, 0.4, 0.6, and 1.0 mmol/L
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while E3 and WT-A0101, respectively, increased 16.73% and 33.49%

could slightly promote the growth in the logarithmic
phase. Of note, the growth of WT was completely inhib-
ited when the concentration reached 2.0 mmol/L. Based
on the results, we selected 0.4 mmol/L concentration to
examine the effect of Cu®* on erythromycin synthesis.
The addition of 0.4 mmol/L Cu®* to the medium when
cells were grown to 36 h increased the yield of eryth-
romycin by 16.73% in the E3 strain (from 623.856 to
728.236 pg/mL), but not in WT (from 29.1 to 27.6 g/
mL). When 0.4 mmol/L Cu?>" was added to the medium
for 36 h, the erythromycin production in WT-A0101
increased by 33.49% (from 61.95 to 82.70 ug/mL) com-
pared to the control culture (no additional Cu®*) (Fig. 5).
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Table 3 Genes related to copper metabolism and their
functions in S. erythraea genome

Gene ID Function

SACE_0073 Probable copper resistance protein

SACE_0528 Putative copper homeostasis protein CutC
SACE_0677 Probable copper resistance transporter
SACE_1321 Probable copper resistance transporter
SACE_2475 Multicopper oxidase type 1

SACE_3010 Putative copper resistance protein partial match
SACE_3011 Probable copper resistance transporter
SACE_6621 Probable copper resistance transporter

Determination of the relative transcript levels

of copper-related genes in WT and WT-A0101

To maintain the copper homeostasis, cytosolic copper
is precisely regulated by resistance proteins. The two-
component system was previously confirmed as the key
regulatory system for the extra-cytoplasmic sensing of
elevated copper ion and can regulate the expression of
related genes to elicit adaptive responses to changes in
the concentration of copper (Chaplin et al. 2015; Singh
et al. 2014). Here, we found a total of 8 genes in the
genome of S. erythraea NRRL23338 that are potentially
involved in copper metabolism. The Gene IDs and gene
functions are listed in Table 3.

RT-qPCR was performed to determine the relative
transcript levels of these genes in WT and WT-A0101
with or without adding Cu?*. Results showed that the
relative transcript levels of 5 genes were extremely low;
these genes were SACE_0073, SACE_0677, SACE_3010,
SACE_3011, and SACE_6621. The other 3 genes, i.e.,
SACE_0528, SACE_1321, and SACE_2475, showed a sig-
nificant level of mRNA transcripts (Fig. 6).

The gene SACE_0528 putatively encodes a copper
homeostasis protein CutC. In WT, the relative transcript
level of this gene increased slightly after adding Cu*".
On the other hand, the inactivation of SACE_0101 dou-
bled the transcript level of SACE_0528, which was much
higher after the addition of Cu’*. In bacteria, there are
two separate systems responsible for maintaining intra-
cellular copper balance, i.e.,, Cop and Cut family pro-
teins (Mauricio et al. 2011). Indeed, our results indicate
that CutC (encoded by SACE_0528) may be involved in
regulating intracellular copper ions as CopR (encoded
by SACE_0101) in S. erythraea, and that SACE_0101
may act as a response regulator affecting the transcript
level of SACE_0528. The gene SACE_1321 is presumed
to encode a copper-resistant protein. The transcription
of SACE_1321 increased by 1.5-fold after the addition
of Cu*" to the medium of WT. As for WT-A0101, the
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Fig. 6 Evaluation of the transcript levels of three genes SACE_0528,
SACE_1321, and SACE_2475 by RT-qPCR of the control strain WT
(white square), WT cultured with 0.4 mmol/L Cu?* (square with upper
right to lower left fill), WT-A0101 (square with diagonal crosshatch
fill), and WT-A0101 cultured with 0.4 mmol/L Cu’* (square with
horizontal fill). Genes expression in each sample were calculated as
the fold expression ratio after normalization to the 16srRNA transcript
as a reference control. The values are averages of three independent

RT-gPCR experiments; error bars indicate standard deviation

transcription level of SACE_1321 hardly changed regard-
less of whether or not Cu®* was added to the medium.
Our results further showed that SACE 0101 partially
responded to extracellular copper concentration by
directly regulating the expression of gene SACE_1321.

The gene SACE_2475, which encodes a multicopper
oxidase that oxidizes Cu™ to Cu®*, showed an increase
level of mRNA transcripts in WT and WT-A0101 after
the addition of Cu?" to the medium. The required
amount of copper oxidase decreased with increasing
Cu?". As shown in Fig. 6, when SACE_0101 was disrupted
in WT-A0101, the transcriptional level of SACE 2475
decreased significantly in the presence of Cu*" due to its
noninvolvement in the regulation to Cu*".

The CopS in the CopRS two-component system could
detect copper ions in vitro and bind to it (Joaquin et al.
2012). CopS is activated to induce CopR and regulates
the expression of a series of genes on the genome. Based
on RT-qPCR results, we proposed a simple model of cop-
per homeostasis mechanism regulated by SACE 0101/
SACE_0102 in S. erythraea (Fig. 7). The protein encoded
by SACE_0102 (similar to CopS) recognizes the extra-
cellular Cu®*, then autophosphorylates and phospho-
rylates the response regulator (encoded by SACE_0101,
similar to CopR), thus affecting or regulating the tran-
scriptional level of three downstream genes SACE_0528,
SACE_1321, and SACE_2475.
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Fig. 7 Simple model of copper homeostasis mechanism in S. erythraea. SACE_0528 and SACE_1321 were up-regulated with the deletion of
SACE_0101, while SACE_2475 down-regulated. The protein encoded by SACE_0102 recognizes extracellular Cu?*, followed by autophosphorylation
and phosphotransfer to the response regulator (encoded by SACE_0101). Phosphorylated regulator affects or regulates the transcriptional level of
three downstream genes. This resulted in a transcriptional activation of SACE_0528 and SACE_1321 and inactivation of SACE_2475

Because of copper’s ability to cycle between Cu*"
and Cu' at biologically relevant redox potentials, it has
become a cofactor for over 30 known enzymes in organ-
isms. Prominent examples are cytochrome c oxidase
as a terminal electron acceptor of the respiratory chain,
and superoxide dismutase, which is required for defense
against oxidative damage (Worrall and Vijgenboom
2010). In this study, the transcriptional regulation of sev-
eral genes by Cu’>™ has been identified; however, its effect
on the relevant enzyme activity remains unknown.

Discussion

Saccharopolyspora erythraea is a significant industrial
producer of broad-spectrum macrolide antibiotic eryth-
romycin. In recent years, many efforts have been made
to explore the mechanism of high-yield erythromy-
cin producer (Carata et al. 2009; Marcellin et al. 2013;
Li et al. 2013). One of these mechanisms may include
the two-component system (TCS), which is one of the
most important signal transduction systems in Strepto-
myces. However, TCS is hardly investigated in S. eryth-
raea. There are 84 putative histidine kinase genes and 80
response regulator genes in the genome of S. coelicolor,
and 67 typical TCSs are known (Bentley et al. 2002).
Several of them have been identified to affect the regula-
tion of antibiotic biosynthesis, such as RapA1A2, PhoRP,
and AfsQ1Q2. Despite knowing that copper plays a

critical role in the developmental cycle of Streptomyces,
the detailed information remains lacking on the molec-
ular and genetic level, especially regarding the function
and regulation of copper (Solioz et al. 2010).

The availability of the whole genome sequence of S.
erythraea provided the opportunity to deeply investi-
gate the molecular mechanism that controls the produc-
tion of erythromycin. By comparing the mutant strain E3
with the parental strain NRRL23338, we found that their
genomes are highly conserved, including the GC content,
gene classification, and core gene types. Genes that code
for transcriptional regulatory factors accounted for a
large proportion of the mutant genes.

Since copper ions would increase the erythromycin
production in E3 and that SACE_0101 was identified as
one of the positive mutant TCS genes in this strain, we
hypothesized that the regulation of copper homeostasis
could be associated with erythromycin synthesis. Our
study on the function of SACE_0101 indicated that this
two-component system gene played a crucial role in reg-
ulating copper homeostasis in S. erythraea. Therefore,
deleting SACE_0101 would result in the dysregulation
of copper homeostasis, which then leads to the failure
of completely regulating Cu®*. This phenomenon might
lead to Cu®* overflow in other pathways that are related
to erythromycin synthesis. Cytochrome bcl-aa3 super-
complex, one of the terminal oxidases during aerobic
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respiration that transfers electrons from menaquinol to
oxygen, requires Cu’>" to enhance its activity (Fujimoto
et al. 2016). In the case of WT-A0101 strain, its system
most likely allows higher intracellular copper ion concen-
tration, making oxidative phosphorylation more active
thus generating more energy. Also, we observed a posi-
tive correlation between intracellular energy level and
erythromycin synthesis (unpublished work), explaining
the high erythromycin yield in WT-A0101 and E3 after
the addition of Cu®’". Therefore, future undertakings
should look into the details of the two-component regu-
lation system in S. erythraea.

Conclusion

In the E3 strain, the mutation in the TCS gene
SACE_0101 is involved in regulating copper homeo-
stasis. The mutation in SACE_0101 correlates with
high erythromycin yield, especially upon the addition
of copper ions. Therefore, the two-component system
gene SACE_0101 plays a crucial role in regulating cop-
per homeostasis and most likely affecting erythromycin
synthesis in S. erythraea.
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