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Abstract 
The Streptomyces genus comprises Gram-positive bacteria known to produce over two-thirds of the antibiotics used in 
medical practice. The biosynthesis of these secondary metabolites is highly regulated and influenced by a range of nutri-
ents present in the growth medium. In Streptomyces coelicolor, glucose inhibits the production of actinorhodin (ACT) and 
undecylprodigiosin (RED) by a process known as carbon catabolite repression (CCR). However, the mechanism mediated 
by this carbon source still needs to be understood. It has been observed that glucose alters the transcriptomic profile of this 
actinobacteria, modifying different transcriptional regulators, including some of the one- and two-component systems (TCSs). 
Under glucose repression, the expression of one of these TCSs SCO6162/SCO6163 was negatively affected. We aimed to 
study the role of this TCS on secondary metabolite formation to define its influence in this general regulatory process and 
likely establish its relationship with other transcriptional regulators affecting antibiotic biosynthesis in the Streptomyces 
genus. In this work, in silico predictions suggested that this TCS can regulate the production of the secondary metabolites 
ACT and RED by transcriptional regulation and protein–protein interactions of the transcriptional factors (TFs) with other 
TCSs. These predictions were supported by experimental procedures such as deletion and complementation of the TFs and 
qPCR experiments. Our results suggest that in the presence of glucose, the TCS SCO6162/SCO6163, named GarR/GarS, is 
an important negative regulator of the ACT and RED production in S. coelicolor.

Key points
• GarR/GarS is a TCS with domains for signal transduction and response regulation
• GarR/GarS is an essential negative regulator of the ACT and RED production
• GarR/GarS putatively interacts with and regulates activators of ACT and RED
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Introduction

The Actinobacteria phylum includes the Streptomyces genus 
(Oren and Garrity 2021), a Gram-positive bacteria with a 
linear chromosome ranging from 6.7 to 12.3 Mb and a high 

GC DNA content (Chater 2016). These microorganisms can 
be found in various terrestrial and aquatic environments, 
including extreme habitats, and are known to produce many 
secondary metabolites, including over two-thirds of the 
antibiotics used in medical practice (Donald et al. 2022). 
Under laboratory conditions, Streptomyces coelicolor has 
been adopted as one of the models for regulatory studies on 
antibiotic biosynthesis because of its amenability to genetic 
analysis and rapid response detection due to its ability to 
produce two pigmented secondary metabolites known 
as actinorhodin (ACT) (Wright and Hopwood 1976) and 
undecylprodigiosin (RED) (Rudd and Hopwood 1980). 
The production of these and other secondary metabolites 
is influenced by environmental nutrients like carbon, 
nitrogen, and phosphate when available in the culture media 
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(Romero-Rodríguez et al. 2016a; Krysenko 2023; Barreiro 
and Martínez-Castro 2019). The effect of the carbon 
source on the synthesis of secondary metabolites has been 
extensively studied in Streptomyces (Romero-Rodríguez et al. 
2016a; Guzmán  et al. 2005; Gubbens et al. 2012; Magdalena 
et al. 2012; Tierrafría et al. 2016), which is regulated by a 
mechanism known as carbon catabolite repression (CCR) 
(Ruiz-Villafán et al. 2021). Although glucose and the glucose 
kinase (Glk) are the most studied factors influencing this 
regulatory process in S. coelicolor, nowadays, its precise 
mechanism is still poorly understood (Ruiz-Villafán et al. 
2021; Angell et  al. 1994; Rocha-Mendoza et  al. 2021). 
Glucose, a carbon source commonly used under laboratory 
conditions, promotes the rapid growth of Streptomyces 
and, at the same time, represses the synthesis of secondary 
metabolites (Romero-Rodríguez et  al. 2018; Guzmán 
et al. 2005; Tierrafría et al. 2016). Environmental stimuli 
highly regulate these compounds through transcriptional 
factors (TFs) and protein systems in prokaryotes and lower 
eukaryotes, allowing cells to sense and respond to chemical 
or physical signals (Buschiazzo and Trajtenberg 2019). The 
two-component systems (TCSs) represent the most relevant 
signal transduction mechanism operating in Streptomyces 
(Cruz-Bautista et  al. 2023). They comprise a sensor 
histidine kinase (SHK) and a cognate response regulator 
(RR). The regulatory mechanism begins when the SHK 
senses an environmental stimulus and transmits the signal 
by transferring a phosphate group from a conserved histidine 
to a conserved aspartate in the RR, which commonly binds to 
DNA and triggers a physiological response (Jacob-Dubuisson 
et al. 2018). Among bacteria, the Streptomyces genus holds 
the highest number of TCSs, reflecting their need to adapt 
rapidly to highly variable environmental changes and survive 
within their ecological niche (Jacob-Dubuisson et al. 2018). 
To date, 34 predicted TCSs in S. coelicolor have been studied 
and associated with different processes, including physiology, 
secondary metabolism, morphological differentiation, and 
some cellular processes (Jin et al. 2023). The interest in 
understanding the regulatory pathways in Streptomyces lies 
firstly in unveiling the mechanisms for antibiotic biosynthesis 
in this genus. Secondly, to understand the likely participation 
of various silent cryptic biosynthetic gene clusters (BGCs) 
in the regulation of secondary metabolite biosynthesis and 
their potential as targets for overproduction purposes (Cruz-
Bautista et al. 2023; Sánchez de la Nieta et al. 2022).

The combination of bioinformatic tools and different 
experimental techniques has become a valuable tool in the 
study and understanding of the TCSs, allowing the gen-
eration of the necessary data to elucidate the role of these 
proteins in the regulatory mechanisms (Cruz-Bautista et al. 
2023; van der Heul et al. 2018).

In this work, we focused on the S. coelicolor 
TCS SCO6162/SCO6163, which was observed to be 

downregulated under glucose-repressive conditions 
(Romero-Rodríguez et al. 2016b) and was renamed here as 
GarR/GarS (Glucose-responsive antibiotic regulator) due to 
its relationship with antibiotic production in response to glu-
cose. By using bioinformatic methods complemented with 
experimental analysis on deleted S. coelicolor TCS mutants, 
we found that GarR/GarS putatively interact with and regu-
late activators of ACT (actII-ORF4) and RED (redD and 
redZ) at the transcriptional level. These estimations were 
supported by experimental procedures such as the deletion 
and complementation of the GarR/GarS and were tested by 
means of qPCR experiments. Our results suggest that GarR/
GarS is an essential negative regulator of the ACT and RED 
production in S. coelicolor in the presence of glucose.

Materials and methods

Strains, plasmids, primers, and growth conditions

Streptomyces coelicolor M145 was used as a wild-type 
(WT) strain to generate TCS mutants. The WT strain and 
its derived mutants are available at the UNAM-48/WFCC 
(Mexico City). All Streptomyces strains were stored as spore 
suspensions in 20% (v/v) glycerol at − 20 °C as previously 
described (Rocha-Mendoza et al. 2021). Gene disruption 
was performed by PCR-targeting with the cosmid St1A9, 
E. coli BW25113 containing the vector pIJ790, and E. coli 
ET12567 containing the vector pUZ8002 (Gust et al. 2003). 
The pGEM®-T Easy Vector (Promega) was used for garR 
cloning, and the pKU1021 integrative vector was used as the 
backbone for mutant strain complementation. Minimal liquid 
medium (NMMP)  (NH4)2SO4 0.2%, Casamino acids 0.5%, 
 MgSO4•72O 0.06%, and PEG 6000 (5%) supplemented 
with minor elements (Kieser et al. 2000) were used to grow 
the Streptomyces strains; glucose, mannose, or lactose was 
added at a final concentration of 0.5% to evaluate antibiotic 
production, residual glucose, growth, and pH values. E. coli 
DH5α and LB broth (tryptone 10 g, yeast extract 5 g, NaCl 
5 g/l) were used for standard cloning procedures, and the E. 
coli JM110 strain was used to obtain non-methylated DNA 
for transformation of the Streptomyces strains. E. coli and 
Streptomyces strains were generally incubated at 37 °C and 
200 rpm and 29 °C and 300 rpm, respectively. Mannitol Soy 
flour Agar (MS) medium (mannitol 2%, soy flour 2%, agar 
2%,  MgCl2 10 mM) was used for strain sporulation. For pro-
toplast recovery and antibiotic production, R2 medium plates 
(sucrose 10.3%,  K2SO4 0.025%,  MgCl2•6H2O 1.012%, glu-
cose 1%, Casamino acids 0.01%, agar 0.01%) supplemented 
as described in Kieser et al. (2000) were used. The 2 × YT 
medium (tryptone 1.6%, yeast extract 1%, NaCl 0.5%) was 
used for spore pre-germination. Apramycin (50 µg/ml), kan-
amycin (50 µg/ml), and chloramphenicol (25 µg/ml) were 
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used as selection antibiotics when necessary. All strains and 
plasmids used and generated in this work are summarized in 
Table S1, and primers previously reported from other works 
and those designed here are listed in Table S2.

In silico analysis

The nucleotide and amino acid sequences of GarR/GarS from 
S. coelicolor were obtained from StrepDB (https:// strep db. 
strep tomyc es. org. uk). The operon prediction was performed 
by introducing the nucleotide sequence of the S. coelicolor 
M145 genome into the Operon-mapper (https:// bioco mputo. 
ibt. unam. mx/ operon_ mapper/) web server (Taboada et al. 
2018). The SnapGene Viewer software was used to create 
and edit gene maps. InterPro EMBL-EBI (Paysan-Lafosse 
et al. 2022) and ScanProsite (De Castro et al. 2006) web 
tools (https:// www. ebi. ac. uk/ inter pro/ and https:// prosi 
te. expasy. org) were used to predict protein domains. To 
predict the transmembrane domains for the SHK GarS the 
DeepTMHMM—1.0.24 (https:// dtu. biolib. com/ app/ DeepT 
MHMM/ run) platform was used (Hallgren et al. 2022). 
A reciprocal BLAST was performed in the Actinoblast 
web server (https:// strep tomyc es. org. uk/ actin oblast/) 
(Chandra and Chater 2014). The intrinsically disordered 
region (IDR) structure was predicted using the IntFOLD 
Integrated Protein Structure and Function Prediction Server 
version 7.0 (McGuffinet al. 2023). The proteins GarR/
GarS models were generated using AlphaFold (Jumper 
et al. 2021) and edited using ChimeraX 1.6.1 software for 
MacOS (Pettersen et al. 2021). STRING version 12 was used 
(https:// string- db. org) for protein–protein interaction (PPI) 
prediction (Szklarczyk et al. 2023); all were default settings, 
and the minimum interaction score was set to 0.700. The 
motif prediction was performed according to the method 
described by Anderssen et al. (2022), obtaining the sequence 
from − 400 to + 50 pb length upstream of the sco6163 gene 
from S. coelicolor M145 and from 25 orthologous species 
of the Kyoto Encyclopedia of Genes and Genomes (KEGG), 
with a minimum SW score of 1500 and an identity above 
0.78 (Table S3). These were submitted to the MEME Suite 
5.5.2 (https:// meme- suite. org/ meme/) (Bailey et al. 2015) to 
find common motifs within the sequences using the default 
parameters and modify the model of sequences to 1st order 
and the maximum width of the motif to 30 nucleotides. Next, 
the three best-scoring motifs were compared to − 400 to + 50 
pb upstream sequences of each of the genes within the 
complete S. coelicolor M145 genome uploaded to the MAST 
(Motif Alignment & Search Tool) to identify all genes 
containing similar motifs utilizing the default parameters. 
The description and function for each gene were assigned 
according to the Clusters of Orthologous Groups of Proteins 
(COGs) database.

Generation of mutant strains

The standard procedures were performed as described in 
Gust et al. (2003). The primers were designed to amplify 
the apramycin resistance cassette by adding 39 nucleotides 
of the target genes to the ends (Table S2). These products 
were transformed into E. coli BW25113/pIJ790 with the cos-
mid St1A9 for homologous recombination. The recombinant 
cosmid was transformed into E. coli ET12567/pUZ8002 and 
conjugated into S. coelicolor M145 to disrupt the respective 
genes. Clones were selected with MS plates supplemented 
with apramycin (50 µg/ml). Two single and double mutant 
strains were generated: ∆garR, ∆garS, and ∆garR/∆garS. 
To verify the correct deletion, the mutants were sequenced 
and probed by PCR with a set of primers (fwd6162shIn, 
rv6162shOut, fwd6163shIn, and fwd616shOut) that hybrid-
ized within the apramycin resistance cassette and an adjacent 
chromosomal region (Fig. S1).

Complementation of mutant strains

The garR and garS genes were amplified by PCR using 
S. coelicolor DNA as a template with the XbaIgarR_F—
HindIIIgarR_R and XbaIgarS_F—HindIIIgarS_R primers, 
respectively. The product of each set was cloned into the 
pKU1021 vector with the restriction enzymes HindIII and 
XbaI (NEB®). PCR-synthesized 3xFLAG gene sequence 
with the self-hybridization of the primer set 3xFLAG_F 
and 3xFLAG_R designed to contain the optimized codon 
sequence for Streptomyces was cloned in frame with the 
garR and garS genes at the N-terminal region using NdeI and 
XbaI (NEB®) restriction enzymes. Finally, since the cloning 
of the 3xFLAG sequence was done in the N-terminal region 
of each gene and to have these genes under the control of 
their promoter, a region located 400 bp upstream of the garS 
gene was amplified with the F_Prom and R_Prom prim-
ers and cloned into EcoRV and NdeI sites to replace the S. 
avermitilis promoter PrpsJ and to eliminate the kanamycin 
resistance cassette of the pKU1021 backbone. The resulting 
constructions, named pKU-P3X-garR and pKU-P3X-garS, 
were transformed into non-methylating E. coli JM110 for 
subsequent plasmid isolation and PEG-mediated transforma-
tion into mutant strains (Kieser et al. 2000). Transformants 
were selected by recovering protoplasts in R2 medium and 
re-culturing them in MS medium for sporulation, both with 
the addition of kanamycin (50 µg/ml). Complementation was 
verified by PCR detection of vector integration, sequencing, 
and expression detection of the tagged proteins by western 
blot analysis using a primary anti-DDDDK tag monoclo-
nal antibody [FG4R] (GeneTex) and a secondary alkaline-
phosphate-labeled anti-mouse immunoglobulin G antibody 
(rabbit ZyMAX™ ThermoScientific®).

https://strepdb.streptomyces.org.uk
https://strepdb.streptomyces.org.uk
https://biocomputo.ibt.unam.mx/operon_mapper/
https://biocomputo.ibt.unam.mx/operon_mapper/
https://www.ebi.ac.uk/interpro/
https://prosite.expasy.org
https://prosite.expasy.org
https://dtu.biolib.com/app/DeepTMHMM/run
https://dtu.biolib.com/app/DeepTMHMM/run
https://streptomyces.org.uk/actinoblast/
https://string-db.org
https://meme-suite.org/meme/
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Evaluation of residual glucose, dry weight, 
and production of ACT and RED

The WT, mutants, and complemented strains were evaluated 
using standard procedures for growth (dry weight), residual 
glucose, ACT, and RED production. Dry weight was measured 
by vacuum-filtering 10 ml of mycelium onto a WhatmanTM 
1 circular filter paper, which had been previously dried and 
weighed. The filter was dried with the sample to calculate the 
weight. The D-glucose GOD-POD (Spinreact) colorimetric 
method was used to determine residual glucose according 
to the manufacturer’s recommendations. ACT and RED 
were measured spectrophotometrically. For ACT, 0.5 ml 
of mycelium was collected, 0.5 ml of 3N KOH was added 
and incubated overnight at 4 °C with gentle agitation, and 
the absorbance was measured with a spectrophotometer at 
a wavelength of 640 nm. For RED, 1 ml of mycelium was 
collected and centrifuged, and the pellet was resuspended 
in 1 ml of 1 N acidified methanol (pH 2.1). After overnight 
incubation at 4 °C with gentle agitation, the absorbance was 
measured at a wavelength of 530 nm. All experimental data 
were obtained from triplicates simultaneously at each time 
point and from two independent experiments.

RNA extraction and RT‑qPCR assays

Samples from bacteria growth on NMMP supplemented 
with 0.5% glucose were harvested (at 24, 48, 72, 96, and 
120 h). The extraction protocol was performed according 
to the Qiagen RNeasy mini kit instructions adapted from 
ActinoBase (Feeney et al. 2022) with some modifications.A 
total of 300 mg of mycelia were harvested, and 200 µl of 
TE buffer (20  µg/ml of proteinase K and 25  mg/ml of 
lysozyme) were added and mixed vigorously by vortexing. 
Immediately thereafter, 2.5 volumes of RNA Protect (Qia-
gen®) were added, mixed by vortexing, and incubated for 
10 min at room temperature with constant agitation. Cells 
were lysed by the addition of 700 µl of RLT buffer supple-
mented with 1% mercaptoethanol and centrifuged at room 
temperature (10,000 rpm/10 min). The supernatant was rec-
ollected, purified with phenol/chloroform (1:1) centrifugated 
at 10,000 rpm/10 min, and finally precipitated with 50% 
volume of absolute ethanol. The RNeasy Mini Kit protocol 
was then followed, from transferring the samples to a col-
umn provided with the kit to elution with RNAse-free water. 
RNA sample integrity was assessed by quantification in 
Nanodrop One (ThermoScietific®) and visualized by elec-
trophoresis on denaturing agarose gels. The samples were 
stored at − 80 °C until used. RNA samples were treated to 
remove DNA according to the manufacturer’s recommenda-
tions for Ambion™ DNase I (Thermo Scientific™). cDNA 
was prepared from 500 ng of RNA using random hexamer 
primers, dNTPs, RiboLock RNase inhibitor from Thermo 

Scientific™, and reverse transcriptase SuperScript II (Inv-
itrogen). The primers for detection of actII-ORF4, redZ, 
redD, garR, and hrdB transcripts by qPCR experiments are 
listed in Table S4 and were performed using Maxima SYBR 
Green/ROX qPCR Master Mix (Thermo Scientific™) with 
the cycling parameters recommended by the manufacturer 
(initial denaturation 95 °C for 10 min, 40 cycles of dena-
turation 95 °C for 15 s, and annealing/extension for 60 s) 
in the Rotor-Gene Q real-time cycler (Qiagen®). For each 
reaction of 25 µl, 50 ng of retrotranscribed RNA was used 
as a template with 0.5 µM of the final concentration of each 
primer. The relative number of times gene expression of 
the samples was determined by comparing the mutant strain 
∆garR with the M145 strain as control and calculated using 
the  2−∆∆Ct method. Transcript levels were normalized to the 
sigma factor hrdB gene (Romero-Rodríguez et al. 2016b). 
For absolute quantification, a standard curve was generated 
using the pGEM-garR vector. Data from all qPCR experi-
ments were obtained from two biological samples and three 
technical replicates. To detect the garR/garS gene transcript, 
RNA was treated with DNAse I, cDNA was generated as 
described above, and the target DNA was amplified by PCR 
using F transcript and R transcript primers.

Results

Genetic context of the TCS genes

We analyzed the synteny conservation of both genes to 
investigate the potential role of the TCS. Both genes of the 
TCS are encoded in the negative strand and located on the 
left arm of the chromosome of S. coelicolor. These genes 
are not in phase being in a different open-reading frame and 
separated by 8 bp; the garR gene (sco6162) of 783 bp is 
located at genomic coordinates 6,765,623–6,766,405 and 
is annotated as a putative LuxR family member. The garS 
gene (sco6163) of 912 bp is located at genomic coordinates 
6,766,414–6,767,325 and is predicted to be a probable 
SHK. The TCS genes are located between a downstream-
encoded putative-secreted protein (sco6161) at 104 bp and 
an upstream intergenic region of 379 bp containing the 
putative promoter region followed by a hypothetical protein 
(sco6164) encoded in the positive strand. However, despite 
their proximity, only the garR/garS genes are predicted to be 
co-transcribed by the Operon-mapper web server with only 
an 8 bp separation in between (Fig. 1a). This prediction was 
confirmed by an RT-PCR assay using a total RNA sample 
from the WT strain of S. coelicolor M145. A pair of prim-
ers were designed and used to detect a 300 pb, including the 
8-bp intergenic region between both genes (Fig. 1a). The 
amplified PCR product was sequenced, confirming the pres-
ence of a transcript containing both genes (Fig. S2).
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A search with the reciprocal BLASTP available in the 
Actinoblast database suggested that the garR/garS TCS 
is not widespread in the suborder Streptomycineae. The 
orthologs of both genes are reported only in Streptomy-
ces lividans TK24, Streptomyces viridochromogenes DSM 
40736, Streptomyces scabies 87.22, and Streptomyces pris-
tinaespiralis ATCC 25486. Orthologs of the RR alone exist 
only in Streptomyces griseus subsp. griseus NBRC, Strepto-
myces hygroscopicus ATCC 56356, and Streptomyces rose-
osporus NRRL 15998. In contrast, the gene encoding the 
SHK alone is present only in S. griseoflavus Tu4000.

Protein modeling

To identify if the TCS proteins had the elements to sense and 
transduce signals to elicit a response, we performed a pro-
tein-folding prediction with Alphafold and a protein domain 
prediction with InterPro, ScanProsite, DeepTMHMM, and 
IntFOLD tools. The 260-amino-acid (aa) GarR sequence 
(28.31 kDa) is predicted to have an N-terminal REC domain 
(48–165 residues) which receives the phosphate from the 
SHK in a conserved aspartate and a C-terminal LuxR fam-
ily domain (191–256 residues) that has a helix-turn-helix 

Fig. 1  Genomic context of the 
two-component system coded in 
minus strand of the S. coelicolor 
chromosome. a The response 
regulator (RR) encoded by 
garR and the sensor histidine 
kinase (SHK) encoded by garS 
are represented with yellow 
arrows. Chromosome down- 
and upstream-located genes are 
gray-colored arrows, and the 
length of each gene, name, and 
probably coded proteins are pre-
sented. The length of the inter-
genic regions, operon predic-
tion, putative promoter region, 
and the experimental mRNA 
transcript detected by RT-PCR 
are delimited by solid black 
lines. Dotted lines indicate the 
chromosome continuation. In 
silico monomer prediction of 
the two-component system 
proteins. b GarR (response 
regulator) presents an N-ter-
minal receiver domain (REC) 
and a classical helix-turn-helix 
(HTH) DNA-binding domain 
in the C-terminal. The probable 
phospho-acceptor aspartate resi-
dues are in the 54, 55, and 100 
positions (Asp 54, 55, and 100). 
c GarS (sensor histidine kinase) 
presents the classical periplas-
mic domain (PD), the trans-
membrane domain (TMD), the 
transmitter domain of confor-
mational changes (HAMP), the 
signal transduction (HisKA), 
and phosphorylating (HATPase) 
domains. Histidine on the 119 
position (His 119) is predicted 
as the phosphorylated con-
served residue. d and e Lineal 
representation of the domain 
arrangement in GarR and GarS 
proteins



 Applied Microbiology and Biotechnology         (2024) 108:306   306  Page 6 of 16

(HTH) arrangement for DNA-binding activity. The phos-
phoryl aspartate was predicted to be at the aa position 100 
(Fig. 1b and d). In the generated model, a long amino acid 
tail of 48 residues was analyzed, and an IDR of 44 residues 
was predicted. These IDRs have been associated with pro-
miscuous interactions when present in proteins with DNA 
regulatory activity, but they may also be necessary to local-
ize the DNA-binding domains (Ferrie et al. 2022). On the 
other hand, the 303-amino-acid GarS protein (32.83 kDa) 
was analyzed by InterPro Scan (Fig. 1c and e) and pre-
dicted to have a classical HAMP domain (45–97 residues) 
that transmits the conformational changes from the sensor 
domain to the cytoplasm. A HATPase domain between the 
residues 175 and 300 is responsible for phosphorylating a 
conserved histidine residue in the HisKA signal transduc-
tion domain of residues 110–173. Amino acid 119 was pre-
dicted to be the conserved phospho-histidine residue. The 
TMHMM tool predicts a topology that contains two trans-
membrane domains (TMD) in regions 2–13 and 23–39 and 
a periplasmic domain (PD) of 9 aa between the two TMD 
(Fig. 1c and e), which is unlikely to be a sensor domain. 
Interestingly, an aa sequence alignment of the GarR/GarS 
and SCO5784/SCO5785 TCSs showed a high percentage 
of identity between them—78% for GarR and SCO5785 
and 59% for GarS and SCO5784. The sco5784/sco5785 
genes are located on the positive chromosome strand of S. 
coelicolor. This TCS has been shown to affect antibiotic 
biosynthesis and enhance the production of some secretory 
proteins (Uguru et al. 2005), and both proteins have a simi-
lar domain organization (not shown). Similarly, GarS and 
SCO6424 share 59% identity (not shown).

In silico protein interaction of GarR/GarS suggests 
a role in antibiotic biosynthesis

To assess the potential involvement of the TCS in antibi-
otic biosynthesis and regulation, we constructed two PPI 
networks with the STRING server. The individual and 

combined confidence values for each interaction in the 
network are listed in Tables S5 and S6. The PPI network 
for GarR resulted in 7 nodes, 12 edges, an average node 
degree of 3.43, a PPI enrichment p-value of 0.0208, and a 
confidence score average of 0.820 between GarR and other 
proteins. Here, in addition to the interaction with GarS, 
the RR interacts with three other TCS-SHKs (SCO5454, 
SCO5784, SCO6424). It also appears to be associated 
with two other putative proteins, a proline-rich membrane 
protein (SCO6167) and an unknown hypothetical protein 
(SCO6164) (Fig. 2a). The PPI network for GarS resulted in 
11 nodes, 20 edges, an average node degree of 3.64, a PPI 
enrichment p-value of 0.00392, and an average confidence 
score of 0.805 between GarS and other proteins. As with 
the previous prediction, the interaction with GarR appeared 
and was also predicted to interact with four RRs belonging 
to different TCSs. This is the case for SCO1370, SCO5785, 
SCO5455, and SCO2216. Interestingly, the interaction with 
RedZ (SCO5881), considered an atypical RR positive regu-
lator of the RedD cluster biosynthesis (Sánchez de la Nieta 
et al. 2022), was also predicted (Fig. 2b).

Putative genes regulated by GarR suggest 
the interaction with other TCSs and transcriptional 
regulators

An in silico analysis was performed to infer the possi-
ble target genes of GarR. For this purpose, the region 
from − 400 to + 50 upstream was used as a probe to search 
for other similar promoter regions. We searched for con-
served motifs postulated as possible GarR binding sites 
from the sequences identical to the above region. We 
selected three predicted motifs (Fig. 3) that were analyzed 
for likely genes in the chromosome that would share those 
sequences in their upstream − 400 to + 50 regions. In the 
resulting predictions and from the COGs classification 
(Table S7 and Fig. S3), we observed that the three motifs 
were found in the upstream areas of genes that are involved 

Fig. 2  Predicted interactomes 
by STRING of the proteins 
of the two-component system 
GarR (a) and GarS (b). The 
colored circles represent pro-
teins with predicted interaction, 
and the line intensity is directly 
related to the confidence in the 
prediction
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in the signal transduction mechanisms (TCSs). Motif 2 
was found in the upstream region of the sco1370 gene 
and motif 3 was in the upstream region of the sco6424 
and sco5784 genes, encoding one RR and two SHKs, 
respectively (Table 1). sco6424 and sco5784 appeared in 
both interactome predictions, but sco1370 only appeared 
in the GarS interactome, supporting the likely interaction 
between these TCSs.

On the other hand, sequences of motifs 1 and 2 were 
found in the upstream regions of genes encoding for addi-
tional regulatory proteins. For motif 1, sco0132 (LuxR 
family), sco1353, sco3587, and sco3919 (LysR family). 
For motif 2, sco1186 (LacI family), sco2815, sco4118, 
and sco7794 (TetR family) (Table 1). Notably, the sco4118 
gene encodes for AtrA, a positive regulator of ACT target-
ing actII-ORF4 (Uguru et al. 2005). For motif 3, the puta-
tive DNA-binding protein encoded by sco3537 contains an 
HTH domain and a putative RNA polymerase sigma factor 
encoded by sco7341 (Table 1). Other putative-regulated 
genes by GarR in each motif are related to carbohydrate 
transport and metabolism, which are typically involved in 
regulating growth, development, and secondary metabolite 
production (Ruiz-Villafán et al. 2021). Despite that only 
motif 1 was found in the upstream region of one gene 
involved in secondary metabolite biosynthesis (sco6998), 
and that none of the genes within the biosynthetic clusters 
of ACT or RED were predicted as targets, the regulation 
of other TCSs and TFs, including a regulator of ACT, may 
indicate that secondary metabolites regulation is exerted 
indirectly through other pathways.

GarR/GarS affects ACT and RED production

We had previously observed that GarR/GarS was transcrip-
tionally repressed by glucose in the medium compared to 
a strain grown under non-repressive conditions (Romero-
Rodríguez et al. 2016b). Knowing that in S. coelicolor, the 
pigmented antibiotics ACT and RED are repressed by glu-
cose in a minimal liquid medium (NMMP) supplemented 
with this carbon source (Romero-Rodríguez et al. 2016a), 
and with the information obtained from the in silico pro-
tein and gene interactions previously shown, we decided to 
evaluate the influence of GarR/GarS under these conditions. 
For this purpose, we generated two single- and one double-
deleted mutant strains (∆garR, ∆garS, and ∆garR/∆garS). 
PCR and DNA sequencing confirmed the deletions by 
detecting the presence of the apramycin resistance cassette 
and the absence of the corresponding genes. These null 
mutants were evaluated in the R2 solid medium (Fig. 4), 
exhibiting a clear overproduction of pigmented antibiotics 
compared to the WT M145 strain. This result was corrobo-
rated when the mutants were grown in an NMMP medium 
supplemented with glucose. As shown in Figs. 5 and 6c 
and d, the production of both pigmented antibiotics was 
derepressed even in the presence of glucose when one or 
both genes of the TCS were absent compared to the WT 
M145 strain. To determine if this effect was due to the pres-
ence of glucose in the medium, all strains were evaluated 
in NMMP supplemented with mannose or lactose (0.5%) 
as the sole carbon source, and no significant differences 
in ACT and RED production were observed between all 

Fig. 3  a The three 30-pb-long 
motifs generated by the MEME 
Suite 5.5.2. The statistical 
significance of each motive is 
presented in the right column. 
b Graphical distribution of the 
three motifs in the upstream 
region of garR/garS. All three 
motifs are in the coding strand
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mutant strains and the control WT M145 strain (Fig. S4). 
To confirm that the TCS was responsible for the observed 
phenotype, the two single mutant strains were comple-
mented by reintegrating the respective genes (both with 
the 3xFLAG tag sequence fused at the N-terminus) into a 
vector containing the ΦC31 integrase system (pKU1021). 
Complementation was verified by PCR, sequencing, and 
Western blot analysis to detect the presence of the 3xFLAG-
tagged proteins (Fig. S5), with predicted molecular weights 
of 31.3 kDa (GarR) and 35.81 kDa (GarS) when fused with 
the tag. These two strains were also evaluated for residual 
glucose, growth, and production of ACT and RED. Here, 
we observed that the production of ACT and RED was 
repressed upon restoration of TCS proteins (Fig. 4) and 

in the presence of glucose (Figs. 5 and 6c and d) without 
affecting growth and residual glucose concentration in the 
culture medium (Figs. 5 and 6a and b) The above results 
were obtained with no variations in the pH levels of the 
culture media of strains that were tested.

GarR affects the transcription of ACT and RED 
regulators

To gain insight into the likely regulation of both antibiotics, we 
assessed the relative mRNA expression of the master regulators 
for ACT (actII-ORF4) and RED (redD and redZ) using qPCR 
analysis of the mutant lacking the RR GarR under repressive 

Table 1  List of the putative-
regulated genes involved 
in signal transduction and 
regulation

Putative-regulated genes involved in signal transduction and regulation

Gene Annotation or function Motif found

Moti
f 1

sco0
132

LuxR putative transcriptional regulator. TGTTCCGTCCCTGGCGGAA
CTTCGACCCAA

sco1
353

LysR putative transcriptional regulator. TGTCGTCGTTCGAGCGGAC
CTTGAGGTTGC

sco3
587

LysR putative transcriptional regulator. TGACGTTGTAGTGCCGCAT
CCACCGGATGA

sco3
919

LysR putative transcriptional regulator. CGCGCGCGAAGAACCGCGC
GCACAAGGCTA

Moti
f 2

sco1
370

Putative two-component system response regulator. CCCGCCCACCGAGCCCGAG
GCCCACCCGTG

sco1
186

Probable lacI-family transcriptional regulator. GCCGCGGAACGGGCGCGCG
ACCCCTTCGGC

sco2
815

Putative TetR-family transcriptional regulator. GCGGTCCTGGTTGCGCGCC
CAGTGGGCTCC

sco4
118

AtrA - TetR-family transcriptional regulator of 

actII-ORF4 (Urem et al. 2016).

GGGGCACATCCGGGGCGGG
CGCCATCCGTG

sco7
794

Putative TetR-family transcriptional regulator. GCGGCGCATCGGGCGCGGT
GACGATTGCAG

Moti
f 3

sco5
784

Putative two-component sensor protein. TGGCGATATGGGTGTCGTG
ACGGATATACG

sco6
424

Putative two-component sensor protein. GCCGGAAATGGGTGTGCGA
ACCGATGGACG

sco3
537

Putative DNA-binding protein. GCGGGATCTCCGTCGTGTC
GCCCATCGACC

sco7
341

Putative RNA polymerase secondary sigma factor. CTGTCAAATGAGCGGAATG
CGCCATGGCCA

Sequences of motifs 1, 2, and 3 were found in the putative promoter regions of the listed regulatory genes
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conditions. As shown in Fig. 7, increased transcription of all 
three regulators was observed in the mutant compared to strain 
M145. This was consistent with the production of ACT and 
RED by the ∆garR and WT M145 strains. Thus, the relative 
expression of actII-ORF4 was increased by up to 80%, and the 
increase of redZ was even more pronounced with up to almost 
200% compared to strain M145 (Fig. 7).

Discussion

Streptomyces spp. is notable for producing many secondary 
metabolites, including more than 2/3 of clinically used 
antibiotics (Donald et  al. 2022). The mechanisms these 
microorganisms utilize to regulate the production of those 
metabolites are complex and still not fully understood 

Fig. 4  Front (a and b) and back 
(c and d) of the growth spores 
of the wild-type S. coelicolor 
M145, its derived mutants 
∆garR (a and c) and ∆garS (b 
and d), and their respective 
complemented strains (∆garR-
pKU-P3X-garR and ∆garS-
pKU-P3X-garS) in NMMP 
media supplemented with 0.5% 
of glucose after 48 h at 29 °C

Fig. 5  Evaluation of the wild-
type S. coelicolor M145 (•), 
the mutant complemented with 
the pKU-P3X-garR vector 
integrated (◼), and the ∆garR 
mutant (▲) Streptomyces 
strains grown in NMMP supple-
mented with 0.5% glucose dur-
ing 120 h (horizontal axis). The 
vertical axis indicates a concen-
tration of the residual glucose in 
the medium, b growth measured 
by dry cell weight, c specific 
actinorhodin (ACT) production, 
and d specific undecylprodigi-
osin (RED) production
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(Ruiz-Villafán et  al. 2021). It is well-known that the 
mechanisms involved in the regulation are mediated by 
proteins capable of sensing and responding to different 
stimuli in the media, such as nitrogen, carbon, and phosphate 
sources, among others (Romero-Rodríguez et  al. 2018). 
These mechanisms include the TCSs, which are integrated 
by two proteins, one capable of sensing a stimulus and the 
other capable of emitting the response according to the signal 
generally at the DNA level (Buschiazzo and Trajtenberg 
2019). Streptomyces contain the highest number of TCSs, 
reflecting their need to adapt to the environment by tunning 

primary and secondary metabolism (Romero-Rodríguez et al. 
2015; Arroyo-Pérez et al. 2019). Approaches to studying these 
proteins range from using bioinformatic tools to various 
experimental techniques that allow an understanding of the 
molecular mechanisms by which the TCS senses and responds 
to the stimulus (Cruz-Bautista et al. 2023).

In the present work, we carry out a general analysis 
of the TCS SCO6162/SCO6163, here renamed as GarR/
GarS (Glucose-responsive antibiotic regulator), due to the 
observation that this TCS regulates antibiotic production 
in response to glucose. By in silico prediction analysis of 

Fig. 6  Evaluation of the wild-
type S. coelicolor M145 (•), 
the mutant complemented 
with pKU-P3X-garS vector inte-
grated (◼), and ∆garS mutant 
(▲) Streptomyces strains grown 
in NMMP supplemented with 
0.5% of glucose during 120 h 
(horizontal axis). The vertical 
axis indicates a concentration 
of the residual glucose in the 
medium, b growth measured by 
dry weight, c specific actinorho-
din (ACT) production, and d 
specific undecylprodigiosin 
(RED) production

Fig. 7  Relative expression (RT-
qPCR) of actII-ORF4 mRNA, 
redZ, and redD in wild-type 
strain S. coelicolor (M145) 
and mutant strain lacking the 
RR (∆garR) growth in NMMP 
supplemented with glucose 
(0.5%) harvested every 24 h 
during 120 h. Relative expres-
sion was normalized to the hrdB 
sigma factor gene. Data was 
obtained from two independent 
experimental samples with three 
technical replicates each, and 
the  2−∆∆Ct method was applied 
to calculate the relative fold 
gene expression of the samples. 
Error bars represent the stand-
ard deviation
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protein interaction and transcriptional regulation, combined 
with qPCR studies of deleted and complemented GarR/GarS 
mutants, we had an insight into the negative regulation of 
ACT and RED production by GarR/GarS. We first applied 
a genomic context approach to obtain information about 
the likely role of GarR/GarS by predicting PPIs and visu-
alizing their possible functional roles (Botas et al. 2022). 
We observed that two genes encoded in the downstream 
region of garR/garS (sco6160 and sco6161) are a putative 
SecDF export protein (SCO6160) and a secreted protein 
(SCO6161), respectively (Fig. 1a). These genes appear unre-
lated to garR/garS at the transcriptional level. Furthermore, 
using the Operon Mapper tool, sco6160 and sco6161 do not 
seem to be part of the operon. However, these genes, includ-
ing garR/garS, have been observed to be associated with 
cell envelope maintenance in an S. coelicolor mutant strain 
M145sco5282-D125G, which exhibits a dispersed growth 
phenotype when grown in liquid media (Arroyo-Pérez et al. 
2019). A TraR/DksA C4-type zinc finger protein is puta-
tively encoded by the gene located 379 bp upstream of garR/
garS in the positive strand (sco6164) (Fig. 1a). However, this 
gene also seems unrelated to garR/garS at the transcriptional 
level. On the other hand, using RT-PCR assays, we experi-
mentally confirmed that garR/garS genes are co-transcribed 
(Fig. S2).

Bioinformatic analysis of the gene products confirmed 
that GarR is an RR protein of 28.34-kDa size, and GarS 
is a SHK protein of 32.83 kDa. GarR is annotated as part 
of the LuxR family, identified as regulators of the second-
ary metabolism in Streptomyces, which interact with other 
regulators involved in BGC transcription (Zhang et  al. 
2022). GarR has two domains—a conserved N-terminal 
REC domain, responsible for receiving a phosphate group 
from SHK and presenting the classical five α-helices around 
five central ß-sheets (Gao et al. 2019). A conserved aspar-
tate of the REC domain at the 100 amino acid position is 
responsible for receiving the signal from SHK (Fig. 1b and 
d). The second, less conserved C-terminal region presents 
a DNA-binding domain in a helix-turn-helix arrangement, 
classified as part of the NarL subfamily (Brunet et al. 2022). 
This domain interacts with the target DNA to develop the 
appropriate response. The generated model for the RR pre-
dicted an IDR of 44 amino acids in length; these structures 
are well-studied in eukaryotic cells, where they facilitate 
DNA-binding and PPIs, among other chemical processes 
(Ferrie et al. 2022). In prokaryotes, their function is less 
clear, and only a few IDRs function as cytoplasmic inter-
action sites with FtsZ and PopZ proteins. More recently, a 
sensing function responding to cell wall defects by RsgI–σI 
in B. subtilis has been reported for IDRs (Brunet et al. 2022). 
The presence of this IDR in the RR is attractive since it 
could play a role for GarR as a pathway regulator. The SHK 
is predicted to have the classical TM, HAMP, HisKA, and 

HATPase domain architecture (Fig. 1c and e). The two 
TMDs are interrupted by a short periplasmic domain of 9 
amino acids, which is unlikely to contain a sensor domain 
and, therefore, may sense through the transmembrane seg-
ments (Cheung and Hendrickson 2010). A similar example 
occurs with proteins like DesK from Bacillus subtilis, which 
senses membrane fluidity in a temperature-dependent man-
ner (Abriata et al. 2017), or SenS from S. reticuli and S. 
coelicolor which is a three-component system that senses by 
interacting with the HbpS protein that modulates autophos-
phorylation (Busche et al. 2016). The predicted conserved 
histidine, responsible for transducing the signal into the RR, 
was predicted to be at position 119 (Fig. 1c and e). These 
data predicted that the GarR/GarS is a classical TCS con-
taining all the necessary domains to perform signal transduc-
tion and elicit a response at the transcriptional level.

The bacterial process, including the formation of sec-
ondary metabolites, is a highly regulated mechanism 
supported by various essential steps, including transcrip-
tion and PPIs (Carro 2018; Bervoets and Charlier 2018). 
With this in mind, we performed two in silico predic-
tions of the GarR and GarS PPIs with STRING and one 
of the putative genes regulated by GarR. The first result 
shows that this TCS will likely interact with other TCSs 
(Fig. 2), suggesting crosstalk between them. This phe-
nomenon, where an SHK can activate a non-cognate RR 
and vice versa, is well-described. An RR can be phos-
phorylated by a non-cognate SHK, allowing the com-
munication of different pathways with this redundancy 
(Agrawal et al. 2016). This explanation may be the case 
for the TCS SCO5784/SCO5785, which shows a high 
identity with GarR/GarS (SHKs, 58.86%; RRs, 77.52%) 
(Fig. 2). SCO5784/SCO5785 has been shown to affect the 
production of ACT and RED (Rozas et al. 2012). GarS 
and the SCO6424 SHK also show high identity (59.08%) 
and appear in both interactomes (Fig. 2). Together with 
the experimental data observed here, we can suggest a 
redundancy and/or a crosstalk interaction between them 
that could link ACT and RED regulation. Likewise, GarR 
was predicted to interact with the SCO5454 SHK, and 
GarS SHK with SCO1370, SCO5455, and SCO2216 RRs 
(Fig. 2), which have not yet been studied. The putative 
interaction between GarS and SCO5881 (RedZ) caught our 
attention since the latter is a positive regulator of RED by 
directly regulating the positive regulator RedD (Sánchez 
de la Nieta et al. 2022). In this context, RedZ is consid-
ered an atypical RR, which is not encoded next to a cog-
nate SHK, and lacks the conserved structure required for 
phosphorylation, and its regulation is mediated by its end-
product RED (Liu et al. 2013). STRING has been widely 
used to understand and predict PPIs; these interactions 
stem from computational prediction, knowledge transfer 
between organisms, and interactions aggregated from 
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other (primary) databases. The interactions in STRING are 
derived from five main sources as follows: genomic con-
text predictions, high-throughput laboratory experiments, 
conserved co-expression data, automated data mining, and 
previously deposited knowledge in databases (Szklarczyk 
et al. 2023). Predictions obtained here have, in general, a 
high confidence value and low p-values, indicating that 
the protein nodes are not random and that the observed 
edges are significant. These are solid predictions that can 
conduct future experiments to understand the pathways 
by which this TCS regulates antibiotics. The success in 
using these types of predictions has been widely reported 
(Fridlich et al. 2009; Thakur and Gauba 2024; Yan et al. 
2023; Hanes et al. 2023). Since the interactome predic-
tions made by STRING include functional and physical 
associations and coupled with the observed modification 
of both transcripts (redZ and redD) by qPCR, we can sug-
gest that the regulation of RED production by GarR/GarS 
may be due to the involvement of the RedZ-RedD mini 
cascade pathway. It is worth mentioning that the TCS 
SCO5784/SCO5785 and the orphan SCO6424 SHK were 
also reported to be downregulated in transcriptomic exper-
iments under repressive conditions (Romero-Rodríguez 
et al. 2016b), strengthening their likely relation.

To complement the likely regulatory pathways at the 
transcriptional level, we aim to predict the likely genes 
regulated by GarR. Motif prediction was based on the 
assumption that the TFs can be autoregulated (cis-acting) 
by a motif upstream of their coding region, an approach 
successfully used with other regulatory family proteins 
(Anderssen et al. 2022). Based on this methodology, we 
made some modifications. We selected three motifs with 

the highest E-values that were searched in all the upstream 
regions (− 400 to + 50) of each gene in the S. coelicolor 
chromosome (Fig. 3). Among all predicted genes in the 
three motifs, we observed that their functionality includes 
important processes like transport and metabolism of 
amino acids and carbohydrates, transcription, regulatory 
proteins, and signal transduction mechanisms among oth-
ers (Fig. S3). As in the PPI predictions, the genes for the 
SHKs sco5784 and sco6424 appeared as likely regulated 
genes, as well as an RR encoded by sco1370 which only 
appears in the SHK GarS interactome (Table 1). Of the 
remaining predicted genes, it is important to note that 
some were annotated to encode for regulatory proteins of 
different families, and among these, sco4118 was high-
lighted for being reported as the positive regulator of ACT 
(AtrA), which directly regulates the inner cluster regulator 
actII-ORF4 (Uguru et al. 2005). Orthologs of AtrA also 
directly impact the biosynthesis of other antibiotics, like 
avermectin in S. avermitilis (Liu et al. 2019) and lincomy-
cin in S. lincolnensis (Wu et al. 2023). All these data for 
the in silico predictions let us conclude that GarR/GarS 
plays an important role in ACT and RED biosynthesis. 
Therefore, we decided to support it with some experimen-
tal data.

Since GarR/GarS is overexpressed in the presence of 
glucose (Romero-Rodríguez et al. 2016b) and considering 
its likely relationship with the biosynthesis of the two pig-
mented antibiotics predicted here, we aimed to study the 
effect of the TCS on the ACT and RED production under 
repressive conditions (glucose 0.5%). Therefore, we con-
structed three mutants lacking one or both TCS genes that 
were successfully probed by PCR and sequencing (Fig. S1). 

Fig. 8  Presumptive model of the possible regulatory pathways of 
actinorhodin (ACT) and undecylprodigiosin (RED) by GarR/GarS 
and their interaction with other two-component systems. Black 
dashed lines ending in diamonds indicate inferred functional asso-
ciations as predicted by STRING. Dashed black lines ending in a 

circle show their possible transcriptional targets as predicted by the 
MEME suite. Solid-colored lines ending in an arrow display known 
regulatory pathways. The other putative two-component genes 
are sco5454/sco5455 (SHK/RR), sco5784/sco5785 (SHK/RR), 
sco1369/sco1370 (SHK/RR), and sco6424 (SHK)
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These strains showed an increased production of both anti-
biotics compared to the WT M145 strain, even under repres-
sive conditions, suggesting a repressive effect on ACT and 
RED production (Figs. 5 and 6c and d). Later, we evaluated 
all strains in the presence of mannose or lactose (0.5%), 
where we observed no difference in antibiotic production 
between all strains (Fig. S4), suggesting that this effect is due 
to the presence of glucose in the medium. To gain more evi-
dence for the impact of GarR/GarS, we later complemented 
the single mutant strains with the respective genes fused to 
an optimized sequence of the 3xFLAG gene for Streptomyces 
under the control of its promoter. The reversion of ACT and 
RED production to the WT M145 levels was shown to be 
due to the presence of GarR/GarS (Figs. 5 and 6c and d). In 
all evaluations of both complemented strains, growth (dry 
weight), residual glucose (Figs. 5 and 6a and b), and pH 
were not affected, suggesting again that this TCS is involved 
in the biosynthesis of the ACT and RED. With this result, we 
also demonstrated that the fusion of the 3xFLAG tag protein 
to the N-terminal of both TCS proteins (Fig. S5) did not 
interfere with their expression and function. Since ΔgarR 
and ΔgarS mutants overproduced ACT and RED, we evalu-
ated whether the inner cluster regulators of both antibiotics 
were modified at the transcriptional level when these strains 
were grown under repressive conditions compared to the WT 
M145 strain. As expected, the three regulators, actII-ORF4 
(ACT), redZ, and redD (RED), were upregulated (Fig. 7). 
The overexpression of the redZ gene, which in turn acti-
vates the redD gene to initiate RED biosynthesis, was an 
anticipated result since redZ is expressed earlier than the 
other RED cluster genes to initiate the RED biosynthesis, 
just at the beginning of the exponential growth phase (Huang 
et al. 2001). These results coincide with those observed in 
the spectrophotometric antibiotic determinations, supporting 
the idea that the regulation of ACT and RED is affected at 
the transcriptional level and, at some point, involves these 
pathways.

TCSs in Streptomyces are abundant and essential for 
adaptation, yet, only a few have been characterized. It is 
important to continue their study, as this knowledge would 
allow metabolic engineering strategies to improve the pro-
duction of secondary metabolites and discover new ones 
(Cruz-Bautista et al. 2023). This work provides an overview 
of the TCS GarR/GarS from S. coelicolor by combining bio-
informatic tools and experimental methods. Combining all 
these data, we can conclude that GarR/GarS is a negative 
regulator of the ACT and RED production under repres-
sive conditions with 0.5% glucose in the medium. Also, this 
regulation is at some point mediated by modifying the tran-
scription of the internal master regulators of both antibiot-
ics, likely AtrA for ACT and RedZ for RED. With the in 
silico predictions, we generated a putative model (Fig. 8) to 

understand and guide the search for the antibiotic pathways 
regulated by GarR/GarS.

The performance of bioinformatic studies on the pro-
tein structure and conserved residues would give valuable 
information for future experiments to explain the molecular 
mechanisms by which GarR/GarS senses and transmits the 
signal to the putative-regulated genes. Finally, even though 
this work focused on the regulation of the two pigmented 
antibiotics produced by the S. coelicolor model and the pre-
dictions carried out here did not detect the direct regulation 
of other BGCs, the indirect regulation by other TCSs and/
or TFs cannot be discarded.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00253- 024- 13136-z.

Acknowledgements We are grateful to Marco A. Ortíz-Jiménez for 
strain-preservation studies and Betsabe Linares-Ferrer for her support 
in this manuscript edition.

Author contribution RCB, AZA, and SS conceived and designed the 
study. RCB and AZA carried out the main experiments. RCB per-
formed in silico studies and docking analysis. The data was analyzed 
by RCB, AZA, RRS, BRV, AEL, and SS. RCB, RRS, AEL, BRV, 
and SS contributed with reagents/materials and wrote and revised the 
manuscript.

Funding This work was supported by the CONAHCyT, México (pro-
ject: A1-S-9143). As a doctoral student of the Programa de Doctorado 
en Ciencias Bioquímicas, RCB received the fellowship number 748162 
from CONAHCyT, México. As a master’s Science student of the Pro-
grama en Ciencias Bioquímicas, AZA received a fellowship from 
CONAHCyT, Mexico.

Data availability All data generated or analyzed during this study are 
included in this manuscript and its supplementary information files. 
Requests for any additional information can be made to the correspond-
ing author.

Declarations 

Ethics approval Not applicable.

Consent to participate All authors have their consent to participate.

Consent for publication All authors have their consent to publish their 
work.

Competing interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

https://doi.org/10.1007/s00253-024-13136-z
http://creativecommons.org/licenses/by/4.0/


 Applied Microbiology and Biotechnology         (2024) 108:306   306  Page 14 of 16

References

Abriata LA, Albanesi D, Dal Peraro M, de Mendoza D (2017) Signal 
sensing and transduction by histidine kinases as unveiled through 
studies on a temperature sensor. Acc Chem Res 50(6):1359–1366. 
https:// doi. org/ 10. 1021/ acs. accou nts. 6b005 93

Agrawal R, Sahoo BK, Saini DK (2016) Cross-talk and specificity in 
two-component signal transduction pathways. Future Microbiol 
11(5) https:// doi. org/ 10. 2217/ fmb- 2016- 0001

Anderssen S, Naômé A, Jadot C, Brans A, Tocquin P, Rigali S (2022) 
Autoregulation of transcription factors as facilitator of cis-
acting element discovery. Biochim Biophys Acta - Gene Regul 
Mech 5:194847. https:// doi. org/ 10. 1016/j. bbagrm. 2022. 194847

Angell S, Lewis CG, Buttner MJ, Bibb MJ (1994) Glucose repres-
sion in Streptomyces coelicolor A3(2): a likely regulatory role 
for glucose kinase. Mol Gen Genet 244:135–143. https:// doi. org/ 
10. 1007/ bf002 83514

Arroyo-Pérez EE, González-Cerón G, Soberón-Chávez G, Georgellis 
D, Servín-González L (2019) A novel two-component system, 
encoded by the sco5282/sco5283 genes, affects Streptomyces coe-
licolor morphology in liquid culture. Front Microbiol 10:1568. 
https:// doi. org/ 10. 3389/ 2Ffmi cb. 2019. 01568

Bailey TL, Johnson J, Grant CE, Noble WS (2015) The MEME suite. 
Nucleic Acids Res 43(W1):W39–W49. https:// doi. org/ 10. 1093/ 
2Fnar/ 2Fgkv 416

Barreiro C, Martínez-Castro M (2019) Regulation of the phosphate 
metabolism in Streptomyces genus: impact on the secondary 
metabolites. Appl Microbiol Biotechnol 103:1643–1658. https:// 
doi. org/ 10. 1007/ s00253- 018- 09600-2

Bervoets I, Charlier D (2018) Diversity, versatility and complexity of 
bacterial gene regulation mechanisms: opportunities and draw-
backs for applications in synthetic biology. FEMS Microbiol Rev 
43(3):304–339. https:// doi. org/ 10. 1093/ femsre/ fuz001

Botas J, Rodríguez Del Río Á, Giner-Lamia J, Huerta-Cepas J (2022) 
GeCoViz: genomic context visualization of prokaryotic genes 
from a functional and evolutionary perspective. Nucleic Acids 
Res 50(W1):W352–W357. https:// doi. org/ 10. 1093/ nar/ gkac3 67

Brunet YR, Habib C, Brogan AP, Artzi L, Rudner DZ (2022) Intrinsi-
cally disordered protein regions are required for cell wall homeo-
stasis in Bacillus subtilis. Genes Dev 36(17–18):970–984. https:// 
doi. org/ 10. 1101/ gad. 349895. 122

Busche T, Winkler A, Wedderhoff I, Rückert C, Kalinowski J, Ortiz de 
Orué LD (2016) Deciphering the transcriptional response medi-
ated by the redox-sensing system HbpS-SenS-SenR from strep-
tomycetes. PLoS ONE 11(8):e0159873. https:// doi. org/ 10. 1371/ 
journ al. pone. 01598 73

Buschiazzo A, Trajtenberg F (2019) Two-component sensing and regu-
lation: how do histidine kinases talk with response regulators at 
the molecular level? Ann Rev Microbiol 73:507–528. https:// doi. 
org/ 10. 1146/ annur ev- micro- 091018- 05462

Carro L (2018) Protein-protein interactions in bacteria: a promising 
and challenging avenue towards the discovery of new antibiot-
ics. Beilstein J Org Chem 14:2881–2896. https:// doi. org/ 10. 3762/ 
2Fbjoc. 14. 267

Chandra G, Chater KF (2014) Developmental biology of Streptomyces 
from the perspective of 100 actinobacterial genome sequences. 
FEMS Microbiol Rev 38:345–379. https:// doi. org/ 10. 1111/ 1574- 
6976. 12047

Chater KF (2016) Recent advances in understanding Streptomyces. 
F1000Research 5:2795. https:// doi. org/ 10. 12688/ 2Ff10 00res 
earch. 9534.1

Cheung J, Hendrickson WA (2010) Sensor domains of two-component 
regulatory systems. Curr Opin Microbiol 13(2):116–123. https:// 
doi. org/ 10. 1016/j. mib. 2010. 01. 016

Cruz-Bautista R, Ruiz-Villafán B, Romero-Rodríguez A, Rodríguez-
Sanoja R, Sánchez S (2023) Trends in the two-component sys-
tem’s role in the synthesis of antibiotics by Streptomyces. Appl 
Microbiol Biotechnol 107:4727–4743. https:// doi. org/ 10. 1007/ 
s00253- 023- 12623-z

De Castro E, Sigrist CJA, Gattiker A, Bulliard V, Langendijk-Genevaux 
PS, Gasteiger E, Bairoch A, Hulo N (2006) ScanProsite: detection 
of PROSITE signature matches and ProRule-associated functional 
and structural residues in proteins. Nucleic Acids Res 34:W362-
365. https:// doi. org/ 10. 1093/ nar/ gkl124

Donald L, Pipite A, Subramani R, Owen J, Keyzers RA, Taufa T (2022) 
Streptomyces: still the biggest producer of new natural secondary 
metabolites, a current perspective. Microbiol Res 13(3):418–465. 
https:// doi. org/ 10. 3390/ micro biolr es130 30031

Feeney MA, Newitt JT, Addington E, Algora-Gallardo L, Allan C, 
Balis L, Birke AS, Castaño-Espriu L, Charkoudian LK, Devine R, 
Gayrard D, Hamilton J, Hennrich O, Hoskisson PA, Keith-Baker 
M, Klein JG, Kruasuwan W, Mark DR, Mast Y, McHugh RE, 
McLean TC, Mohit E, Munnoch JT, Murray J, Noble K, Otani 
H, Parra J, Pereira CF, Perry L, Pintor-Escobar L, Pritchard L, 
Prudence SMM, Russell AH, Schniete JK, Seipke RF, Sélem-
Mojica N, Undabarrena A, Vind K, van Wezel GP, Wilkinson B, 
Worsley SF, Duncan KR, Fernández-Martínez LT, Hutchings MI 
(2022) ActinoBase: tools and protocols for researchers working 
on Streptomyces and other filamentous actinobacteria. Microb Res 
8:000824. https:// doi. org/ 10. 1099/ mgen.0. 000824

Ferrie JJ, Karr JP, Tjian R, Darzacq X (2022) “Structure”-function 
relationships in eukaryotic transcription factors: the role of intrin-
sically disordered regions in gene regulation. Mol Cell 82:3970–
3984. https:// doi. org/ 10. 1016/j. molcel. 2022. 09. 021

Fridlich R, Delalande F, Jaillard C, Lu J, Poidevin L, Cronin T, Per-
rocheau L, Millet-Puel G, Niepon ML, Poch O, Holmgren A, Van 
Dorsselaer A, Sahel JA, Léveillard T (2009) The thioredoxin-
like protein rod-derived cone viability factor (RdCVFL) interacts 
with TAU and inhibits its phosphorylation in the retina. Mol Cell 
Proteomics 8(6):1206–1218. https:// doi. org/ 10. 1074/ mcp. M8004 
06- MCP200

Gao R, Bouillet S, Stock AM (2019) Structural basis of response regu-
lator function. Ann Rev Microbiol 73:175–197. https:// doi. org/ 10. 
1146/ annur ev- micro- 020518- 115931

Gubbens J, Janus M, Florea BI, Overkleeft HS, Van Wezel GP (2012) 
Identification of glucose kinase-dependent and -independent path-
ways for carbon control of primary metabolism, development and 
antibiotic production in Streptomyces coelicolor by quantitative 
proteomics. Mol Microbiol 86:1490–1507. https:// doi. org/ 10. 
1111/ mmi. 12072

Gust B, Challis GL, Fowler K, Kieser T, Chater KF (2003) PCR-tar-
geted Streptomyces gene replacement identifies a protein domain 
needed for biosynthesis of the sesquiterpene soil odor geosmin. 
Proc Natl Acad Sci USA 100(4):1541–1546. https:// doi. org/ 10. 
1073/ pnas. 03375 42100

Guzmán S, Ramos I, Moreno E, Ruiz B, Rodríguez-Sanoja R, Escal-
ante L, Langley E, Sánchez S (2005) Sugar uptake and sensitiv-
ity to carbon catabolite repression in Streptomyces peucetius var. 
caesius. Appl Microbiol Biotechnol 69:200–206. https:// doi. org/ 
10. 1007/ s00253- 005- 1965-7

Hallgren J, Tsirigos KD, Pedersen MD, Almagro AJJ, Marcatili P, 
Nielsen H, Krogh A, Winther O (2022) DeepTMHMM predicts 
alpha and beta transmembrane proteins using deep neural net-
works. bioRxiv 487609. https:// doi. org/ 10. 1101/ 2022. 04. 08. 
487609

Hanes R, Zhang F, Huang Z (2023) Protein interaction network analy-
sis to investigate stress response, virulence, and antibiotic resist-
ance mechanisms in Listeria monocytogenes. Microorganisms 
11(4):930. https:// doi. org/ 10. 3390/ micro organ isms1 10409 30

https://doi.org/10.1021/acs.accounts.6b00593
https://doi.org/10.2217/fmb-2016-0001
https://doi.org/10.1016/j.bbagrm.2022.194847
https://doi.org/10.1007/bf00283514
https://doi.org/10.1007/bf00283514
https://doi.org/10.3389/2Ffmicb.2019.01568
https://doi.org/10.1093/2Fnar/2Fgkv416
https://doi.org/10.1093/2Fnar/2Fgkv416
https://doi.org/10.1007/s00253-018-09600-2
https://doi.org/10.1007/s00253-018-09600-2
https://doi.org/10.1093/femsre/fuz001
https://doi.org/10.1093/nar/gkac367
https://doi.org/10.1101/gad.349895.122
https://doi.org/10.1101/gad.349895.122
https://doi.org/10.1371/journal.pone.0159873
https://doi.org/10.1371/journal.pone.0159873
https://doi.org/10.1146/annurev-micro-091018-05462
https://doi.org/10.1146/annurev-micro-091018-05462
https://doi.org/10.3762/2Fbjoc.14.267
https://doi.org/10.3762/2Fbjoc.14.267
https://doi.org/10.1111/1574-6976.12047
https://doi.org/10.1111/1574-6976.12047
https://doi.org/10.12688/2Ff1000research.9534.1
https://doi.org/10.12688/2Ff1000research.9534.1
https://doi.org/10.1016/j.mib.2010.01.016
https://doi.org/10.1016/j.mib.2010.01.016
https://doi.org/10.1007/s00253-023-12623-z
https://doi.org/10.1007/s00253-023-12623-z
https://doi.org/10.1093/nar/gkl124
https://doi.org/10.3390/microbiolres13030031
https://doi.org/10.1099/mgen.0.000824
https://doi.org/10.1016/j.molcel.2022.09.021
https://doi.org/10.1074/mcp.M800406-MCP200
https://doi.org/10.1074/mcp.M800406-MCP200
https://doi.org/10.1146/annurev-micro-020518-115931
https://doi.org/10.1146/annurev-micro-020518-115931
https://doi.org/10.1111/mmi.12072
https://doi.org/10.1111/mmi.12072
https://doi.org/10.1073/pnas.0337542100
https://doi.org/10.1073/pnas.0337542100
https://doi.org/10.1007/s00253-005-1965-7
https://doi.org/10.1007/s00253-005-1965-7
https://doi.org/10.1101/2022.04.08.487609
https://doi.org/10.1101/2022.04.08.487609
https://doi.org/10.3390/microorganisms11040930


Applied Microbiology and Biotechnology         (2024) 108:306  Page 15 of 16   306 

Huang J, Lih CJ, Pan KH, Cohen SN (2001) Global analysis of growth 
phase responsive gene expression and regulation of antibiotic 
biosynthetic pathways in Streptomyces coelicolor using DNA 
microarrays. Genes Dev 15(23):3183–3192. https:// doi. org/ 10. 
1101/ 2Fgad. 943401

Jacob-Dubuisson F, Mechaly A, Betton JM, Antoine R (2018) Struc-
tural insights into the signaling mechanisms of two-component 
systems. Sci Signal 16:585–593. https:// doi. org/ 10. 1126/ scisi gnal. 
aaz29 70

Jin S, Hui M, Lu Y, Zhao Y (2023) An overview on the two-component 
systems of Streptomyces coelicolor. World J Microbiol Biotechnol 
39:78. https:// doi. org/ 10. 1007/ s11274- 023- 03522-6

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, 
Tunyasuvunakool K, Bates R, Žídek A, Potapenko A, Bridgland 
A, Meyer C, Kohl SAA, Ballard AJ, Cowie A, Romera-Paredes 
B, Nikolov S, Jain R, Adler J, Back T, Petersen S, Reiman D, 
Clancy E, Zielinski M, Steinegger M, Pacholska M, Berghammer 
T, Bodenstein S, Silver D, Vinyals O, Senior AW, Kavukcuoglu 
K, Kohli P, Hassabis D (2021) Highly accurate protein structure 
prediction with AlphaFold. Nature 596:583–589. https:// doi. org/ 
10. 1038/ s41586- 021- 03819-2

Kieser T, Hopwood DA, Bibb JM, Chater KF, Buttner MJ (2000) Prac-
tical Streptomyces Genetics. John Innes Foundation. Norwich

Krysenko S (2023) Impact of nitrogen-containing compounds on sec-
ondary metabolism in Streptomyces spp. A source of metabolic 
engineering strategies. SynBio 1(3):204–225. https:// doi. org/ 10. 
3390/ synbi o1030 015

Liu G, Chater KF, Chandra G, Niu G, Tan H (2013) Molecular regula-
tion of antibiotic biosynthesis in Streptomyces. Microbiol Mol 
Biol Rev 77(1):112–143. https:// doi. org/ 10. 1128/ mmbr. 00054- 12

Liu L, Cheng Y, Lyu M, Zhao X, Wen Y, Li J, Chen Z (2019) AveI, an 
AtrA homolog of Streptomyces avermitilis, controls avermectin and 
oligomycin production, melanogenesis, and morphological differen-
tiation. Appl Microbiol Biotechnol 103(20):8459–8472. https:// doi. 
org/ 10. 1007/ s00253- 019- 10062-3

Magdalena Ś, Tenconi E, Rigali S, Van Wezel GP (2012) Functional 
analysis of the N-acetylglucosamine metabolic genes of Strepto-
myces coelicolor and role in control of development and antibiotic 
production. J Bacteriol 194:1136–1144. https:// doi. org/ 10. 1128/ 
2FJB. 06370- 11

McGuffin LJ, Edmunds NS, Genc AG, Alharbi SMA, Salehe BR, Adi-
yaman R (2023) Prediction of protein structures, functions and 
interactions using the IntFOLD7, MultiFOLD and ModFOLD-
dock servers. Nucleic Acids Res 51(W1):W274–W280. https:// 
doi. org/ 10. 1093/ nar/ gkad2 97

Oren A, Garrity GM (2021) Valid publication of the names of forty-two 
phyla of prokaryotes. Int J Syst Evol Microbiol 71(10). https:// doi. 
org/ 10. 1099/ ijsem.0. 005056

Paysan-Lafosse T, Blum M, Chuguransky S, Grego T, Pinto BL, Sala-
zar GA, Bileschi ML, Bork P, Bridge A, Colwell L, Gough J, Haft 
DH, Letunić I, Marchler-Bauer A, Mi H, Natale DA, Orengo CA, 
Pandurangan AP, Rivoire C, Sigrist CJA, Sillitoe I, Thanki N, 
Thomas PD, Tosatto SCE, Wu CH, Bateman A (2022) InterPro 
in 2022. Nucleic Acids Res 51(D1):D418–D427. https:// doi. org/ 
10. 1093/ nar/ gkac9 93

Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll 
TI, Morris JH, Ferrin TE (2021) UCSF ChimeraX: structure 
visualization for researchers, educators, and developers. Protein 
Sci 30:70–82. https:// doi. org/ 10. 1002/ pro. 3943

Rocha-Mendoza D, Manzo-Ruiz M, Romero-Rodríguez A, Ruiz-
Villafán B, Rodríguez-Sanoja R, Sánchez S (2021) Dissecting 
the role of the two Streptomyces peucetius var. caesius glu-
cokinases in the sensitivity to carbon catabolite repression. J 
Ind Microbiol Biotechnol 48(9–10):kuab047. https:// doi. org/ 
10. 1093/ jimb/ kuab0 47

Romero-Rodríguez A, Robledo-Casados I, Sánchez S (2015) An 
overview on transcriptional regulators in Streptomyces. Bio-
chim Biophys Acta 1849:1017–1039. https:// doi. org/ 10. 1016/j. 
bbagrm. 2015. 06. 007

Romero-Rodríguez A, Ruiz-Villafán B, Tierrafría VH, Rodríguez-
Sanoja R, Sánchez S (2016a) Carbon catabolite regulation of 
secondary metabolite formation and morphological differen-
tiation in Streptomyces coelicolor. Appl Biochem Biotechnol 
180:1152–1166. https:// doi. org/ 10. 1007/ s12010- 016- 2158-9

Romero-Rodríguez A, Rocha D, Ruiz-Villafán B, Tierrafría V, Rod-
ríguez-Sanoja R, Segura-González D, Sánchez S (2016b) Tran-
scriptomic analysis of a classical model of carbon catabolite 
regulation in Streptomyces coelicolor. BMC Microbiol 16:1–16. 
https:// doi. org/ 10. 1186/ s12866- 016- 0690-y

Romero-Rodríguez A, Maldonado-Carmona N, Ruiz-Villafán B, 
Koirala N, Rocha D, Sánchez S (2018) Interplay between car-
bon, nitrogen and phosphate utilization in the control of sec-
ondary metabolite production in Streptomyces. Anton Leeuw 
Int J Gen Mol Microbiol 111:761–781. https:// doi. org/ 10. 1007/ 
s10482- 018- 1073-1

Rozas D, Gullón S, Mellado RP (2012) A novel two-component 
system involved in the transition to secondary metabolism in 
Streptomyces coelicolor. PLoS ONE 7(2):e31760. https:// doi. 
org/ 10. 1371/ journ al. pone. 00317 60

Rudd BAM, Hopwood DA (1980) A pigmented mycelial antibiotic in 
Streptomyces coelicolor: control by a chromosomal gene cluster. 
J Gen Microbiol 119:333–340. https:// doi. org/ 10. 1099/ 00221 
287- 119-2- 333

Ruiz-Villafán B, Cruz-Bautista R, Manzo-Ruiz M, Passari AK, 
Villarreal-Gómez K, Rodríguez-Sanoja R, Sánchez S (2021) 
Carbon catabolite regulation of secondary metabolite forma-
tion, an old but not well-established regulatory system. Microb 
Biotechnol 0:1–15. https:// doi. org/ 10. 1111/ 1751- 7915. 13791

Sánchez de la Nieta R, Santamaría RI, Díaz M (2022) Two-compo-
nent systems of Streptomyces coelicolor: an intricate network 
to be unraveled. Int J Mol Sci 23(23):15085. https:// doi. org/ 10. 
3390/ ijms2 32315 085

Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachi-
lif R, Annika GL, Fang T, Doncheva NT, Pyysalo S, Bork P, 
Jensen LJ, von Mering C (2023) The STRING database in 2023: 
protein–protein association networks and functional enrichment 
analyses for any sequenced genome of interest. Nucleic Acids 
Res 51(D1):D638-646. https:// doi. org/ 10. 1093/ nar/ gkac1 000

Taboada B, EstradaK CR, Merino E (2018) Operon-mapper: a web 
server for precise operon identification in bacterial and archaeal 
genomes. Bioinf 34:4118–4120. https:// doi. org/ 10. 1093/ bioin 
forma tics/ bty496

Thakur P, Gauba P (2024) Expression analysis of nitrogen metabo-
lism genes in Lelliottia amnigena PTJIIT1005, comparison with 
Escherichia coli K12 and validation of nitrogen metabolism genes. 
Biochem Genet. https:// doi. org/ 10. 1007/ s10528- 024- 10677-w

Tierrafría V, Licona-Cassani C, Maldonado-Carmona N, Romero-
Rodríguez A, Centeno-Leija S, Marcellin E, Rodríguez-Sanoja 
R, Ruiz B, Nielsen L, Sánchez S (2016) Deletion of the hypo-
thetical protein SCO2127 of Streptomyces coelicolor allowed 
identification of a new regulator of actinorhodin production. 
Appl Microbiol Biotechnol 100(21):9229–9237. https:// doi. org/ 
10. 1007/ s00253- 016- 7811-2

Uguru GC, Stephens KE, Stead JA, Towle JE, Baumberg S, McDowall 
KJ (2005) Transcriptional activation of the pathway-specific regu-
lator of the actinorhodin biosynthetic genes in Streptomyces coe-
licolor. Mol Microbiol 58(1):131–150. https:// doi. org/ 10. 1111/j. 
1365- 2958. 2005. 04817.x

van der Heul HU, Bilyk BL, McDowall KJ, Seipke RF, van Wezel GP 
(2018) Regulation of antibiotic production in Actinobacteria: new 

https://doi.org/10.1101/2Fgad.943401
https://doi.org/10.1101/2Fgad.943401
https://doi.org/10.1126/scisignal.aaz2970
https://doi.org/10.1126/scisignal.aaz2970
https://doi.org/10.1007/s11274-023-03522-6
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.3390/synbio1030015
https://doi.org/10.3390/synbio1030015
https://doi.org/10.1128/mmbr.00054-12
https://doi.org/10.1007/s00253-019-10062-3
https://doi.org/10.1007/s00253-019-10062-3
https://doi.org/10.1128/2FJB.06370-11
https://doi.org/10.1128/2FJB.06370-11
https://doi.org/10.1093/nar/gkad297
https://doi.org/10.1093/nar/gkad297
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.1093/nar/gkac993
https://doi.org/10.1093/nar/gkac993
https://doi.org/10.1002/pro.3943
https://doi.org/10.1093/jimb/kuab047
https://doi.org/10.1093/jimb/kuab047
https://doi.org/10.1016/j.bbagrm.2015.06.007
https://doi.org/10.1016/j.bbagrm.2015.06.007
https://doi.org/10.1007/s12010-016-2158-9
https://doi.org/10.1186/s12866-016-0690-y
https://doi.org/10.1007/s10482-018-1073-1
https://doi.org/10.1007/s10482-018-1073-1
https://doi.org/10.1371/journal.pone.0031760
https://doi.org/10.1371/journal.pone.0031760
https://doi.org/10.1099/00221287-119-2-333
https://doi.org/10.1099/00221287-119-2-333
https://doi.org/10.1111/1751-7915.13791
https://doi.org/10.3390/ijms232315085
https://doi.org/10.3390/ijms232315085
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1093/bioinformatics/bty496
https://doi.org/10.1093/bioinformatics/bty496
https://doi.org/10.1007/s10528-024-10677-w
https://doi.org/10.1007/s00253-016-7811-2
https://doi.org/10.1007/s00253-016-7811-2
https://doi.org/10.1111/j.1365-2958.2005.04817.x
https://doi.org/10.1111/j.1365-2958.2005.04817.x


 Applied Microbiology and Biotechnology         (2024) 108:306   306  Page 16 of 16

perspectives from the post-genomic era. Nat Prod Rep 35(6):575–
604. https:// doi. org/ 10. 1039/ c8np0 0012c

Wright LF, Hopwood DA (1976) Actinorhodin is a chromosomally deter-
mined antibiotic in Streptomyces coelicolorA3(2). J Gen Microbiol 
96:289–329. https:// doi. org/ 10. 1099/ 00221 287- 96-2- 289

Wu W, Kang Y, Hou B, Ye J, Wang R, Wu H, Zhang H (2023) Charac-
terization of a TetR-type positive regulator AtrA for lincomycin 
production in Streptomyces lincolnensis. Biosci Biotechnol Bio-
chem 87:786–795. https:// doi. org/ 10. 1093/ bbb/ zbad0 46

Yan Z, Xia L, Xu X, Ma B, Yuan X, Yang K, Li K, Ye X, Zhang L, 
Chen T (2023) Exploring calcium channel blocker as a candidate 
drug for Pseudomonas aeruginosa through network pharmacology 

and experimental validation. Chem Biol Drug Des 102(6):1353–
1366. https:// doi. org/ 10. 1111/ cbdd. 14322

Zhang N, Dong Y, Zhou H, Cui H (2022) Effect of PAS-LuxR family 
regulators on the secondary metabolism of Streptomyces. Anti-
biotics (Basel) 11:1783. https:// doi. org/ 10. 3389/ 2Ffmi cb. 2019. 
01568

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1039/c8np00012c
https://doi.org/10.1099/00221287-96-2-289
https://doi.org/10.1093/bbb/zbad046
https://doi.org/10.1111/cbdd.14322
https://doi.org/10.3389/2Ffmicb.2019.01568
https://doi.org/10.3389/2Ffmicb.2019.01568

	An overview of the two-component system GarRGarS role on antibiotic production in Streptomyces coelicolor
	Abstract 
	Key points
	Introduction
	Materials and methods
	Strains, plasmids, primers, and growth conditions
	In silico analysis
	Generation of mutant strains
	Complementation of mutant strains
	Evaluation of residual glucose, dry weight, and production of ACT and RED
	RNA extraction and RT-qPCR assays

	Results
	Genetic context of the TCS genes
	Protein modeling
	In silico protein interaction of GarRGarS suggests a role in antibiotic biosynthesis
	Putative genes regulated by GarR suggest the interaction with other TCSs and transcriptional regulators
	GarRGarS affects ACT and RED production
	GarR affects the transcription of ACT and RED regulators

	Discussion
	Acknowledgements 
	References


