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ARTICLE INFO ABSTRACT

Keywords: Guvermectin, a purine nucleoside natural product produced by the genus Streptomyces, has recently been
Guvermectin registered as a new biopesticide to boost rice yield. Despite its economic and agricultural significance, the
Biopesticide

regulatory mechanisms of guvermectin biosynthesis remain essentially unknown, hindering industrial produc-
tion and widespread agricultural application. Here, we examined the roles of two LacI family regulators, ggmR
and gvmR2, located within and adjacent to the guvermectin biosynthesis cluster, respectively, in guvermectin
production in Streptomyces caniferus NEAU6. GvmR activated the expression of the guvermectin cluster by
binding to the promoters of gymR, gvmA, and O1, while GvmR2 repressed the guvermectin cluster via competitive
binding to promoters containing GvmR-binding sites, specifically, a 14-bp palindromic sequences: 5'-
RTCATWCGYATGAY-3' (R = G/A, W = A/T, Y = T/C). Moreover, GvmR indirectly activates the expression of
gvmR2 while GvmR2 feedback inhibits gmR transcription, suggesting a functional interaction between the two
regulators for coordinating guvermectin production. Overexpression of ggmR via the T7 RNA polymerase-T7
promoter system in the gvmR2 mutant significantly elevated guvermectin production by 125 % (from 631 mg
L7 to 1422 mg L™1), compared to the parental strain NEAU6. This suggested that combinatorial manipulation of
gvmR and gvmR2 is useful for improving guvermectin production. These findings enrich our knowledge of the
regulatory network for guvermectin biosynthesis, and offer key targets and effective strategies for high-titer
guvermectin production.

Regulatory mechanisms
Functional interaction
High-yield strategy

1. Introduction

Guvermectin is a purine nucleoside natural product (NP) that is
produced by several Streptomyces species, including Streptomyces
angustmyceticus, Streptomyces decoyicus, and Streptomyces caniferus
[1-4]. This product possesses potent plant growth-promotion activities.
In a study involving 28 rice varieties, soaking seed in guvermectin
significantly promoted root and coleoptile growth, increased tillering,
shortened the maturation period, and increased yield by 6.2-19.6 %.
Notably, this yield-increasing effect surpassed that of commercial
growth-promoting biopesticides, including cytokinins (CKs), brassinos-
teroids (BRs), and gibberellin-auxin-BR mixtures [4,5]. Due to its su-
perior effects on rice growth and yield, guvermectin was registered in
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2021 as a new biochemical pesticide in China (registration number
PD20212929) and is considered a valuable asset for increasing global
crop yields.

To meet the anticipated agricultural demand for guvermectin, it will
be necessary to optimize production of this NP. Over the past four years,
the biosynthetic gene cluster (BGC) controlling guvermectin production
has been identified in S. angustmyceticus NBRC 3934, S. decoyicus NRRL
2666, and S. caniferus NEAU6 [6-8]. The guvermectin gene clusters in
these three strains share strong similarities. Each contains nine genes: six
key biosynthetic enzymes genes (gvmA, ggmB, gvmC, gyvmD, gvmE, and
gvmF), one regulatory gene (gvmR), and two major facilitator super-
family (MFS) transporter genes (gvmT1 and gymT2). In-depth genetic
and biochemical studies have previously been conducted to delineate
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the guvermectin biosynthetic pathway, which proceeds through multi-
ple steps utilizing the six biosynthetic enzymes with p-fructose 6-phos-
phate and ATP as precursors [6,8]. The MFS transporters GvmT1 and
GvmT2 are hypothesized to export guvermectin from the cytoplasm to
the external environment, but the specific functions of the two trans-
porter genes remain unknown [7]. Inactivation of gvmR leads to almost
no production of guvermectin, suggesting an essential role of gymR in
guvermectin biosynthesis [7]. However, the corresponding regulatory
mechanism has not yet been demonstrated.

NPs derived from Streptomyces are often produced at relatively low
levels due to stringent control of their biosynthesis through sophisti-
cated intracellular regulatory networks [9]. DNA-binding transcrip-
tional regulators are primary components of such regulatory networks,
playing essential roles in determining NP production and final titer [10,
11]. Cluster-situated regulators (CSRs) often determine the production
levels of a cognate NP through direct control of BGC gene expression [9].
BGC expression is also controlled by upstream signal transduction
pathways mediated by global or pleiotropic regulators. These signal
inputs are coordinated in part by regulatory cascades and in part by
convergence of regulators on the promoters of common targets, partic-
ularly CSRs [9]. CSRs therefore serve as integral, efficient switches for
expression of specific local BGCs, and CSR-type regulator-based genetic
engineering approaches have been widely applied in NP discovery and
overproduction [12,13].

In the present study, we investigated the regulatory mechanisms of
guvermectin biosynthesis in S. caniferus NEAU6 by characterizing the
cluster-situated regulatory gene gymR and the cluster-adjacent regula-
tory gene gvmR2. The differential regulatory mechanisms of GvmR and
GvmR2 in modulating guvermectin biosynthesis and the cross-
regulatory relationships between them were uncovered. Leveraging
these insights, we tuned the expression of gymR in the gymR2 mutant,
which led to a synergistic increase in guvermectin production to 1.25-
fold higher than the parental strain NEAUS6.

2. Materials and methods
2.1. Strains, plasmids, primers, and culture conditions

The strains and plasmids utilized in this work were listed in Table S1,
and primers used were summarized in Table S2. Streptomyces caniferus
NEAUG is a wild-type guvermectin producer. AgvmR is a gymR inacti-
vation mutant generated from S. caniferus NEAU6 [8]. Streptomyces
coelicolor M1146 was used for f-glucuronidase (GUS) assays [14].
Escherichia coli JM109 was used as a general host for propagating plas-
mids. E. coli ET12567 (pUZ8002) was used for transferring DNA from
E. coli to Streptomyces via conjugation [15]. E. coli BL21 (DE3) was used
to express GST-tagged GvmR and GvmR2. The E. coli-Streptomyces
shuttle plasmid pKC1139, which contains a temperature-sensitive origin
of replication derived from pSG5, was used to construct the gvmR2
deletion plasmid [16]. Plasmids plJ10500 and pSET152, which are
capable of integrating into the Streptomyces chromosome via site-specific
recombination at the phage ®C31 or ®BT1 attachment site (attB),
respectively [16,17], were used to construct recombinant plasmids for
gene complementation, overexpression and GUS assays. S. caniferus
NEAUS6 and its derivatives were cultured at 28 °C on YMS agar medium
for spore collection [18]. Seed medium (2 % sucrose, 2 % maltdextrin, 6
% soybean powder, and 0.3 % CaCOs, pH 7.0) and fermentation medium
(1 % sucrose, 6 % maltdextrin, 4 % soybean powder, and 0.4 % CaCOs,
pH 7.2) were used for NEAU6 vegetative mycelium preparation and
guvermectin production, respectively. AS-1 medium was prepared for
GUS assays as described previously [19]. LB medium was used to
cultivate E. coli strains. MS medium was used for interspecies conjuga-
tion from E. coli to Streptomyces [15].

238

Synthetic and Systems Biotechnology 10 (2025) 237-246
2.2. Gene disruption, complementation and overexpression

For the complementation of gvmR in AgvmR, two plasmids
plJ10500:gvmR and pIJ10500:PxgegvmR were constructed. To
construct pIlJ10500:gvmR, a 1681-bp fragment containing the open
reading frame (ORF) and the upstream region of ggmR was amplified by
PCR from S. caniferus NEAU6 genomic DNA using primers CNgvmR-F/R.
This fragment was then inserted into the Spel/Xhol sites of pIJ10500 by
Gibson assembly to generate plJ10500:gvmR. To construct pIJ10500:
PrqggvmR, the hrdB promoter and the gvmR ORF were individually
amplified from the genomic DNAs of S. coelicolor and S. caniferus NEAU6
with primer pairs PhrdB-F/R and CHgvmR-F/R. The two obtained
fragments and the Spel/Xhol digested plJ10500 were ligated together
through Gibson assembly to generate plJ10500:Pp,gggvmR. The two
complementation plasmids verified by PCR and sequencing were indi-
vidually introduced into AgvmR by conjugal transfer to generate the
complementation strains AgvmR/gvmR and AgvmR/Pp,qggvmR.

To construct the gymR2 deletion mutant, two homologous fragments
gvmR-L (2485 bp) and gvmR-R (2187 bp) flanking the gymR gene were
amplified by primers DR2UP-F/R and DR2DN-F/R using the genomic
DNA of S. caniferus NEAUG6 as template, respectively. The two fragments
were inserted into the HindIll/Xbal sites of pKC1139 through Gibson
assembly to obtain pKC1139:AgvmR2. pKC1139:AgvmR2 was then
introduced into NEAU6 via conjugation to generate the ggmR2 deletion
mutant (AgvmR2).

For the complementation of ggmR2 in AgvmR2, a 1599-bp fragment
containing the gvmR2 ORF and its upstream region was amplified using
primers CNgvmR2-F/R and NEAU6 genomic DNA, and inserted into the
EcoRI/Xbal sites of pSET152 by Gibson assembly to generate pSET152:
gvmR2. pSET152:gvmR2 was introduced into AgvmR2 by conjugation
to obtain the complementary strain AgvmR2/gvmR2. For the over-
expression of ggmR2 in NEAUG6, a 1147-bp fragment containing the ORF
of gygmR2 was amplified with primers OHgvmR2-F/R, and inserted into
the Pacl/Xbal sites of pSET152:Ppgp through Gibson assembly to
generate pSET152:PygpgvmR2. This plasmid was introduced into
NEAUG to generate gymR2 overexpression strain NEAU6/Pp-qggvmR2.

For the overexpression of gvmR, three recombinant plasmids
pSET152:gvmR, pSET152:2gvmR, and pSET152:pHT7gvmR were con-
structed using the gvmR native promoter and the strong constitutive T7
RNA polymerase-T7 promoter system [20]. To construct pSET152:
gvmR, a 1681-bp fragment containing the ggmR coding region and its
upstream regulatory region was amplified using primers ONgvmR-F/R
and inserted into the EcoRI/Xbal sites of pSET152 to generate
pSET152:gvmR; to construct pSET152:2gvmR, two fragments (1587 bp
and 1588 bp) containing ggmR ORF and its upstream region were
amplified using primes ON1R-F/R and ON2R-F/R, and the two frag-
ments were ligated to the EcoRI/Xbal sites of pSET152 to obtain
pSET152:2gvmR. To construct pSET152:pHT7gvmR, The hrdB promoter
and the coding region of T7 RNA polymerase (T7 RNApol) were indi-
vidually amplified from the genomic DNA of S. coelicolor and the
plasmid pACTe with primer pairs hrdB-pF/R and T7RNApol-F/R [20].
The obtained fragments P.qp and T7 RNApol were ligated into the sites
of Xbal and BamHI in pSET152 to give pHT7RNApol, in which T7 RNA
polymerase is driven by the hrdB promoter. The T7 promoter and
terminator regions (PT7 and T7ter) were amplified with primer pairs
T7-F/R and T7ter-F/R using pET23b (+) as template, respectively. The
gvmR coding region with its 5> UTR (UNemR) was obtained by PCR from
genomic DNA of S. caniferus NEAU6 with primers OT7R-F/R. The
plasmid pHT7RNApol was digested with EcoRI and assembled with PT7,
T7ter and UGvmR to obtain the overexpression plasmid pSET152:
pHT7gvmR, which was introduced into S. caniferus NEAU6 by intergenic
conjugation to obtain the overexpression strain NEAU6/pHT7gvmR.

2.3. HPLC analysis of guvermectin

For extraction of guvermectin, 0.4 ml whole cell fermentation broth
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was treated by ultrasound for 1 h, followed by centrifugation at 12000
rpm for 10 min. The resulting supernatant was used for HPLC analysis.
HPLC analysis was carried out by Agilent 1260 II system with an Sq-C18
column (Zorbax, 4.6 x 250 mm, 5 pm) at a flow rate of 0.8 ml/min with
90 % solvent A and 10 % solvent B in 30 min (Solvent A: ddH,0; Solvent
B: CH3CN) and detected at 260 nm.

2.4. RNA preparation, RT-PCR, and quantitative real-time RT-PCR

Total RNAs were extracted from NEAU6 and its derivatives fer-
mented for various time points. RNA isolation, examination of RNA
quality and quantity, cDNA synthesis, RT-PCR and qRT-PCR were per-
formed as previous report [21].

2.5. Expression and purification of GvmR and GvmR2

To construct GvmR expression plasmid, the coding region of gymR
was amplified from the genome of NEAU6 using primer pair GEXgvmR-
F/R. The PCR product was cloned into the BamHI/Xhol digested pGEX-
4T-1 to obtain pGEX-4T-1:gvmR. The construction process of GvmR2
expression plasmid pGEX-4T-1:gvmR2 was similar to that of construct-
ing pGEX-4T-1:gvmR. The coding region of gymR2 was amplified from
the genomic DNA of NEAU6 using primer pair GEXgvmR2-F/R and
subsequently inserted into the BamHI/Xhol digested pGEX-4T-1 to
obtain pGEX-4T-1:gvmR2. The overexpression and purification pro-
cesses were the same as described previously [22].

2.6. Electrophoretic mobility shift assays (EMSAs)

EMSAs were performed as reported previously [21]. The promoter
probes were amplified from the genomic DNA of NEAU6 by PCR with
primer pairs listed in Table S2.

2.7. Site-directed mutagenesis of GymR and GvmR2 binding sequences

To evaluate the specificity of GvmR on its binding sequence, the
bidirectional promoter region Pg_s was inserted into the EcoRV digested
pBluescript KS(+) to generate pBlu:Pg.s. Three fragments containing
mutated Pg_a were amplified using pBlu:Pg_4 as template by primer pairs
Nhel-F/R, Ndel-F/R and Nhel-F/Ndel-R, respectively, which were self-
ligated, generating mutant plasmids pBlu:Pr.a-M1 pBlu:Pg.p-M2 and
pBlu:Pg.a-M3. These three plasmids were further used as templates
separately to amplify mutant probes Pp.a-M1, Pg.o-M2 and Pg.o-M1 by
primer pair gvmRA-pF/R. The binding activities of GvmR or GvmR2 to
the three probes were subsequently determined by EMSAs.

2.8. GUS assays

GusA activities were measured as described previously [23,24]. To
determine the potential promoter activities of ggmT1, gymT2, gvmE and
gvmF, the corresponding promoters of them were obtained from the
NEAU6 genomic DNA by PCR with primer pairs gvmT1GUSA-pF/R,
gvmT2GUSA-pF/R, gvmEGUSA-pF/R, gvmFGUSA-pF/R, respectively
(Table S2), which were cloned into the upstream of gusA (encoding
B-glucuronidase) reporter based on pSET152 by Gibson assembly,
generating plasmids pSET152:PigusA, pSET152:ProgusA, pSET152:
PrgusA, pSET152:PrgusA. These four plasmids together with the control
plasmid pSET152:gusA were introduced into M1146 by conjugal trans-
fer to generate derivatives M1146/gusA, M1146/PrigusA,
M1146/ProgusA, M1146/PggusA, and M1146/PrgusA, respectively.

To determine the importance of the 14-bp palindromic sequences for
GvmR regulatory activity in vivo, the promoter region of ggmA (P») and
the corresponding mutant probes (PA-M1, PA-M2 and P5-M3) were PCR
amplified using pBlu:Pg.a, pBlu:Pg.a-M1, pBlu:Pr.a-M2 and pBlu:Pg.a-
M3 as templates by primers PgvmA-XF/R, respectively. Each of these
four fragments, the promoterless gusA and Pp4p activated gvmR were
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assembled into the Pvul/EcoRV digested pSET152:hyg, generating
plasmids pSyg:PagusA::PpqpgvmR, pSyg:PA-M1gusA::Py,qggvmR, pSyg:
Pa-M2gusA::PpgpgvmR, and pSyg:Pa-M3gusA::PpqgvmR. In addition,
P, and the promoterless gusA were inserted into the Xbal/EcoRV
digested pSET152:hyg, generating the control plasmid pSyg:PagusA.
These plasmids were then introduced into AgvmR by conjugation.

To determine the regulatory effects of GvmR2 on gymR and gvmA, the
promoter regions of gymR and gvmA were PCR amplified using primers
gvmRGUSA-pF/R and gvmAGUSA-pF/R. Each of the two fragments and
the promoterless gusA were assembled into the Pvul/Xbal sites of
PpSET152, generating pSET152:PrgusA and pSET152:PagusA. Then the
Pprqp controlled gymR2 were assembled into the BamHI/EcoRI digested
PSET152:PrgusA and pSET152:PpgusA, generating two new plasmids
PSET152:PyqpgvmR2::PrgusA  and  pSET152:PpqpgvmR2::PagusA.
These four plasmids were then introduced into S. coelicolor M1146 by
conjugation.

2.9. Measurement of cell growth

Cell growth was measured using a simplified diphenylamine colori-
metric method established previously [25].

2.10. Statistical analysis

All experiments were performed at three biological replicates. Data
are presented as averages of three replicates. Significance was analyzed
by Student’s t-test, and the significance is presented as follows, *P <
0.05, **P < 0.01.

2.11. Bioinformatics analysis

The sequence alignment and domains of potential protein-coding
sequences (CDSs) were documented by publicly available databases
and their application tools, including Pfam (http://www.pfam.xfam.
org/) and SMART (http://www.smart.embl-heidelberg.de/). Motif-
based sequence analysis tools were created by MEME (https://mem
e-suite.org/meme/index.html).

3. Results

3.1. Bioinformatics analysis and transcriptional profiles of gmR and

gymR2

gvmR is located upstream of the operon containing the six essential
guvermectin biosynthetic enzyme genes (gvmA-F) in the opposite
orientation (Fig. 1A). Analysis of the corresponding protein sequence
showed that gymR encoded a Lacl-family regulatory protein of 339
amino acids (aa) in length, including an N-terminal LacI-type HTH motif
and a C-terminal sensor (Peripla_BP_3) domain, which can respond to
small molecules such as sugars, sugar phosphates, sugar acids, and pu-
rines [26]. Approximately 8 kb upstream of the gvmT1 locus (Fig. 1A),
gvmR2 (scn1129) encodes a Lacl-family regulator of 334 aa in length,
which shares 51.7 % identity with GvmR. To characterize the correla-
tion between these two regulators and guvermectin biosynthesis, we
first analyzed their transcriptional profiles during guvermectin pro-
duction. Total RNAs were extracted from S. caniferus NEAU6 cultures
after cultivation for 0.5, 1, 2, 3, 5, and 8 days in a guvermectin
fermentation medium. The transcription of ggmR and gvmR2 was
assessed by quantitative real-time RT-PCR (qRT-PCR). Transcription of
gvmR was low at 0.5 day and increased gradually, whereas that of ggmR2
peaked at 1 day and decreased slightly thereafter (Fig. 1B). These data
indicated that the transcriptional patterns of the two genes are distinct,
suggesting their differential regulatory roles in S. caniferus NEAU6.
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Fig. 1. Effect of ggmR and gymR2 on guvermectin production. (A) Genetic organization of the guvermectin biosynthetic gene cluster and its upstream genes. Each
arrow indicates a separate open reading frame (ORF) and orientation of transcription. (B) qRT-PCR analysis of ggmR and gymR2 in the parental strain NEAU6. RNA
samples were isolated from cultures at 0.5, 1, 2, 3, 5 and 8 days. Gene expression levels are normalized to the NEAU6 value at 0.5 day, which is set to 1. (C)
Comparative guvermectin production in NEAU6, NEAU6/plJ10500, AgvmR and two complementation strains (AgvmR/gvmR and AgvmR/Pp4sgvmR). (D)
Comparative guvermectin production in strains NEAU6, NEAU6/pSET152, AgvmR2, AgvmR2/gvmR2 and NEAU6/Pp,qggvmR2.

3.2. Functions of ggmR and gvmR2 in guvermectin production

To determine the in vivo roles of ggmR and gvmR2, genetic experi-
ments, including gene knockout, gene complementation and over-
expression, were performed. Our previous work showed that gvmR
inactivation caused substantial decrease in guvermectin production [8].
To further verify the function of gymR, a native copy of gvmR or a copy
driven by the constitutive promoter Pp.gp in the integrative plasmid
plJ10500 was introduced into the gvmR inactivation mutant (AgvmR).
This generated the complementation strains AgvmR/gvmR and
AgvmR/PpqggvmR (Fig. S1), respectively. The empty vector plJ10500
was introduced into NEAU6 to form the control strain NEAU6/-
plJ10500. The two complementary strains, the two control strains
(NEAU6 and NEAU6/pIJ10500), and AgvmR were cultured in fermen-
tation medium for 8 days, then guvermectin production was quantified
with HPLC (Fig. 1C). Consistent with previous findings, AgvmR pro-
duced only trace amounts of guvermectin. Conversely, complementation
of AgvmR with gvmR restored production to hundreds of milligrams per
liter. Notably, introduction of the empty vector pIJ10500 had an adverse
effect on guvermectin production, decreasing the titer by 30 %
compared to the NEAU6 control (Fig. 1C). Production in the comple-
mentation strains was thus compared to the empty vector control strain
NEAU6/plJ10500, which produced 441 mg L' guvermectin. In com-
parison, AgvmR/gvmR and AgvmR/PpqegvmR showed 60 % (263 mg
LY and 105 % (461 mg L) restoration of guvermectin production,
respectively (Fig. 1C). These data demonstrated a positive role of GvmR
in guvermectin production.

To assess the involvement of gymR2 in guvermectin production, a
gvmR2 deletion mutant (AgvmR2) was created via homologous recom-
bination. In AgvmR2, a 693-bp fragment within the ggmR2 ORF was
deleted (Fig. S1). Subsequent fermentation and HPLC analysis revealed a
45.6 % increase in guvermectin production (from 631 mg L 1t0919 mg
L™!) in AgvmR2 compared to the NEAU®6 strain. Additionally, two re-
combinant plasmids, pSET152:gvmR2 and pSET152:Py,qggvmR2, were
constructed using the integrative vector pSET152. In pSET152:gvmR2,
gvmR2 was expressed under its native promoter, while in pSET152:
PrraggvmR2, it was controlled by the constitutive Ppqp. pSET152:gvmR2
was introduced into AgvmR2 to generate the complemented strain
AgvmR2/gvmR2; pSET152:Pp,qpgvimR2 and the empty vector pSET152
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were introduced into NEAU6 to obtain the overexpression strain
NEAUG6/Ph-qggvmR2 and the control strain NEAU6/pSET152. Compared
to NEAU6, guvermectin production decreased by 25 % in NEAU6/
pSET152, indicating a negative impact of the pSET152 integration into
the ®C31 attB site of S. caniferus NEAU6 (Fig. 1D). The titer of guver-
mectin in AgvmR2/gvmR2 was comparable to that of NEAU6/pSET152,
whereas NEAU6/Pp,qpgvmR2 exhibited no detectable guvermectin pro-
duction (Fig. 1D). These results demonstrated that GvmR2 acts as a
negative regulator of guvermectin production and that the empty
plasmid pSET152 adversely affects the phenotype of NEAU6.

3.3. GvmR activates, and GymR2 represses guvermectin BGC expression

gvmR is a CSR gene within the guvermectin BGC, and gvmR2 is a
regulatory gene situated adjacent to the guvermectin BGC. These two
genes may modulate guvermectin production by controlling the
expression levels of some guvermectin BGC genes. We first determined
the effect of GvmR on expression of these genes, total RNAs were iso-
lated from mycelia of NEAU6 and AgvmR cells cultured for 2 and 5 days,
then qRT-PCR was performed to assess the expression of guvermectin
BGC genes. Compared to NEAU6, the expression of gvmR, the exporter
gene gvmT1, and the representative structural genes (gymA, gyvmD, gvmE,
and gvmF) was significantly downregulated in AgvmR at both time
points (Fig. 2A). In contrast, the other exporter gene, gymT2, was slightly
upregulated in AgvmR (Fig. 2A), this could have been due to insertional
inactivation of the gvmR open reading frame (ORF) by the apramycin
resistance gene acc3IV (Fig. S1). Overall, these results indicated that
GvmR positively controlled guvermectin production by activating genes
in the guvermectin BGC. Moreover, the impact of gumR inactivation on
gvmR2 expression was also examined. The transcription of gymR2
decreased significantly in AgvmR, indicating that GvmR also positively
influences gvmR2 expression (Fig. 2A).

Subsequently, the effect of GvmR2 on guvermectin BGC expression
was assessed by qRT-PCR using RNAs isolated from the mycelia of
NEAU6, AgvmR2, and NEAU6/PpqpgvmR2 cultured for 2 and 5 days.
The transcriptional levels of all seven BGC genes were significantly
higher in AgvmR2 than in NEAU6 at 2 days, whereas at 5 days, the
transcript levels of two genes (gvmD and gvmE) were significantly lower
in AgvmR2 than in NEAU6 (Fig. 2B). In NEAUG6/PqggvmR2, the
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Fig. 2. qRT-PCR analysis to determine the effects of ggmR and gvmR2 on the transcription of guvermectin BGC genes. (A) Transcriptional analysis of guvermectin
BGC genes in strains NEAU6 and AgvmR. (B) Transcriptional analysis of guvermectin BGC genes in strains NEAU6, AgvmR2 and NEAU6/Py,4pggvmR2. RNA samples
were isolated from 2- and 5-days cultures. Transcription of each gene was calculated relative to the NEAU6 value on day 2 or day 5, assigned a value of 1. Tran-

scription of 16S rRNA was used as the internal control.

transcripts of these genes were markedly reduced, reaching very low or
undetectable levels at both time points (Fig. 2B), indicating that GvmR2
negatively regulates guvermectin production by repressing guvermectin
BGC transcription.

3.4. Both GvmR and GvmR2 can binds to the bidirectional ggmR-A and
O1 promoters

Identifying the direct targets of GvmR and GvmR2 is important to
understand how they control expression of guvermectin BGC genes. We
began by analyzing the putative operons and promoter regions within
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the guvermectin BGC. Sequence analysis suggested that ggmA-gvmF and
gvmR-gvmT2 may form polycistronic units, but that gymE, gvmF, and
gvmT2 might also have their own promoters. ggmT1 was located furthest
upstream within the guvermectin BGC. The NEAU6 genome sequence
revealed the presence of three convergently transcribed genes (01, 02,
and O3) upstream of gvmT1 (Fig. 3A), suggesting that ggmT1 may either
have independent promoter activity or be controlled by the O1I
promoter.

To confirm our speculation and determine the authentic operons and
promoter regions, we conducted RT-PCR-based co-transcription analysis
and p-glucuronidase-based GUS assays. For co-transcriptional analysis,
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scriptase. (C) GUS assays to measure the activities of the native gymT1, gymT2, gvmE and gvmF promoters. (D) EMSAs to assess interactions between GvmR and its
target promoter regions. (E) EMSAs of the interactions between GvmR2 and its target promoter regions.

six primer pairs specific for intergenic regions 1-6 were designed
(Fig. 3A-Table S2). RT-PCR was then performed using RNA extracted
from the mycelia of NEAU6 fermented for 2 days. As expected, PCR
products spanning the intergenic regions of 01/02, 03/gvmT1, gvmT2/
gvmR, gvmD/gvmE, and gvmE/gvmF were detected (Fig. 3B). This indi-
cated that the nine guvermectin BGC genes (gvmR, gvmT1, gvmT2, and
gvmA-gvmF) belonged to three polycistronic units: 0OI-gymTI,
gvmR-gvmT2, and gymA-gvmF. For GUS assays, the regions upstream of
gvmT1, gymT2, gvmE, and gvmPF (i.e., the putative promoters Py, Pro, Pg,
and Py, respectively) were each inserted upstream of the gusA (encoding
B-glucuronidase) coding region in the pSET152 vector. Subsequently,
these constructs together with the control plasmid pSET152:gusA
(containing only gusA ORF) were introduced into Streptomyces coelicolor
M1146, respectively. Compared with the pSET152:gusA control strain,
which showed no GUS activity, strains containing Prj or Py had strong
GUS activity and those containing P12 or Pg had weak but detectable
GUS activity (Fig. 3C). These results suggested that each of the four
genes could be controlled not only by upstream polycistronic promoters
but also by their own promoters.

The co-transcriptional analysis and GUS assays showed that the
extended guvermectin cluster (classified as the guvermectin BGC
together with 01-03) contained at least seven promoter regions. These
promoter regions together with the ggmR2 promoter were used for
EMSAs with N-terminal GST-tagged GvmR and GvmR2 to identify direct
binding targets (Fig. S2). GvmR formed complexes with Pg_4 (the bidi-
rectional gymR-gvmA promoter) and Pg; (the promoter region of O1)
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(Fig. 3D), while no complexes were detected with the other promoter
regions (Fig. 3D and Fig. S3). GvmR2 similarly bound to Pr_ and Pg; but
did not interact with the other promoters (Fig. 3E and Fig. S3). These
results indicated that GvmR activates guvermectin BGC transcription by
binding to the ggmR-gymA and O1 promoter regions, while GvmR2 re-
presses transcription of guvermectin BGC by binding to the same pro-
moter regions. Additionally, GvmR appears to indirectly activate ggmR2
expression.

Given that Pg.5 functions as a bidirectional promoter, the binding of
GvmR2 to Pg.p implies that GvmR2 may inhibit the expression of both
gvmR and gvmA, or possibly just one of them. To clarify the specific in-
hibition mechanism of GvmR2 at this bidirectional promoter, GUS as-
says were performed. The gvmR and gvmA promoters were inserted
upstream of gusA to generate the constructs pSET152:PrgusA and
PSET152:PagusA, respectively. These constructs were introduced into
S. coelicolor M1146. Additionally, the Ppq4p controlled gvmR2 was
assembled into the above two recombinant plasmids to generate
PSET152:PggusA::PpqpgvmR2  and  pSET152:PagusA::PppgvmR2,
respectively, which were also introduced into S. coelicolor M1146. GUS
activity was assessed in these four strains using agar-based chromogenic
assays. GUS activity was readily observed in strains carrying pSET152:
PrgusA or pSET152:PagusA, whereas no activity was detected in strains
with pSET152:PrgusA::PpqggvmR2 or pSET152:PAgusA::PhgpgvmR2
(Fig. S4). These findings indicated that GvmR2 inhibits gene expression
from both gymR and gvmA promoters.
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3.5. Confirmation of GvmR and GvmR2 binding sequences

Because Lacl/Gal family regulators typically interact with palin-
dromic sequences in target promoter regions [27,28], we searched for
such sequences in Pg_5 and Pg;. Four highly similar 14-bp palindromic
sequences were detected in the two promoter regions: sites I and II in
Pr.a and sites Il and IV in Pg; (Fig. 4A). The sequences of sites I and 1T
were identical. As for site III, compared with the sequence of site I, the
base at position 7 is “G” instead of “A”, and the base at position 7’ is “C”
instead of “T” (Fig. 4B); Site IV differed from site III only at position 2,
with a corresponding change at position 2’ (Fig. 4B).

To determine whether the 14-bp palindromic sequence was essential
for the DNA binding activity of GvmR and GvmR2, three mutated DNA
probes were generated based on the Pg_s sequence: Pg.a-M1, Pra-M2,
and Pg.p-M3 (Fig. 4C). In Pg.a-M1, site I was replaced by an Ndel re-
striction site; in Pr_o-M2, site II was replaced by an Nhel restriction site;
and in Pg.5-M3, sites I and II were replaced with Ndel and Nhel restric-
tion sites, respectively. These mutated DNA probes together with the
wild-type Pr.a were then tested in EMSAs with GvmR and GvmR2
(Fig. 4D). Incubation of GvmR with Pg_a resulted in one shifted band at
low protein concentrations. At a higher concentration of GvmR (2.4 pM),
a new shallow shifted band appeared above the first band. In contrast to
Pr.a, Pr.a-M1 and Pga-M2 each formed just one band after incubation

A gvmR
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with 2.4 pM GvmR. Furthermore, Pr5-M3 did not form any complexes
with GvmR, suggesting that at least one palindromic sequence was
necessary for GvmR binding to Pg.5. For the interaction of Pg.4 with
GvmR2, mutating site I or site II individually did not affect their binding,
while double mutation of the two sites resulted in the Pg.5 losing its
ability to bind to GvmR2 (Fig. 4D), indicating that the palindromic se-
quences are critical for Pg.5 binding with GvmR2.

Next, we selected the regulatory protein GvmR to assess the necessity
of these 14-bp palindromic sites for Pr.a promoter activity and further
confirm their importance in mediating the control of gvmA-oriented
gene expression in vivo. We designed and prepared a Pg.p promoter
probe that was shortened by 142 bp (Pa), which drove gene expression
in the direction of gymA (Fig. 5A). Three P, mutants (P5-M1, P5-M2, and
PA-M3) were then derived from Pg.a-M1, Pgra-M2, and Pg.a-M3,
respectively. Each of these four new promoters was inserted into
pSET152 upstream of gusA, yielding pSET152:PagusA, pSET152:Px-
MilgusA, pSET152:P5-M2gusA and pSET152:P5-M3gusA constructs.
gvmR controlled by Pp,qp was subsequently assembled into the above
four recombinant plasmids to generate pSET152:PpgusA::PygpgvmR,
PSET152:Pp-M1gusA::PpqggvmR, pSET152:Pp-M2gusA::Pp,qggvmR and
PSET152:P5-M3gusA::PpqpgvmR, respectively. These four constructs
along with pSET152:PagusA were introduced into AgvmR to generate
five new strains AgvmR/PagusA::PppgvmR, AgvmR/Pp-M1gusA::

|
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Fig. 5. Importance of the palindromic sequences in GvmR-mediated P, acti-
vation. (A) Mutation diagram showing changes made to the two palindromic
sequences in P,. The gray box indicates wild-type palindromic sequences; the
blue box indicates the site replaced by the Ndel or Nhel restriction site. (B) GUS
assays showing the effects of palindromic sequence mutation on GvmR-
mediated P, activation using p-nitrophenyl-p-D-glucuronide as a substrate.
(C) Spectrophotometric assays measuring the effects of palindromic sequence
mutation on GvmR-mediated P, activation. P,, AgvmR/PagusA; P,/gvmR,
AgvmR/PagusA::PpqegvmR; Pa-M1/gvmR, AgvmR/Ps-M1gusA::PpqpgvimR;
Pa-M2/gvmR, AgvmR/PA-M2gusA::PpqpgvmR; Pa-M3/gvmR, AgvmR/Pa-
M3gusA::PpqggvmR.

PprgggvmR,  AgvmR/Pa-M2gusA::PpqpgvmR,  AgvmR/Pa-M3gusA::
PrraggvmR, AgvmR/PagusA, all of which were cultivated in guvermectin
fermentation medium for GUS activity measurements. In AgvmR/
PagusA, P, did not activate gusA expression. However, in pSET152:
PagusA::PygpgvmR, which showed constitutive GvmR expression, gusA
transcription driven by P was easily detectable (Fig. 5B and C), further
verifying direct Pp activation by GvmR. With constitutive GvmR
expression, Py mutations at sites I and II both caused significant de-
creases in GUS activity, with further decreases in GUS activity in the
strain that had both sites mutated (Fig. 5B and C). These results clearly
indicated that both 14-bp palindromic sequences (sites I and II) were
necessary for GvmR activation.

3.6. Combined manipulation of gvmR and gvmR2 to improve guvermectin
production

Overexpression of activator genes and deletion of repressor genes
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have proven effective in significantly improving the yield of NPs [29,
30]. In guvermectin biosynthesis, ggmR functions as an activator, while
gvmR2 serves as a repressor. We sought to manipulate the two regulatory
genes to optimize guvermectin production. Utilizing the integrative
plasmid pSET152, we employed both the gvmR native promoter and the
strong constitutive T7 RNA polymerase-T7 promoter system to modulate
gvmR expression [20], and constructed three gymR-overexpressing
plasmids: pSET152:gvmR, pSET152:2gvmR (two copies of gymR driven
by its native promoter), and pSET152:pHT7gvmR (Fig. 6A). These re-
combinant plasmids and the control plasmid pSET152 were introduced
into both NEAU6 and AgvmR2 to obtain six gvmR overexpression strains
and two control strains, which were then analyzed for guvermectin
production. The guvermectin titer in NEAU6/gvmR was comparable to
that of NEAU6/pSET152. However, in NEAU6/2gvmR, guvermectin
production was reduced (Fig. 6B). Guvermectin titers in AgvmR2/gvmR
and AgvmR2/2gvmR were similar to that in AgvmR2/pSET152
(Fig. 6B). Notably, compared to the NEAUG6 strain, the introduction of
pSET152:pHT7gvmR into either NEAU6 or AgvmR2 strains markedly
improved guvermectin production by 35.5 % and 125 %, reaching 855
mg L~! and 1422 mg L™, respectively (Fig. 6B). These findings sug-
gested that the constitutive T7 RNA polymerase-T7 promoter system had
a beneficial effect on guvermectin production, but the gvmR native
promoter had no discernible effect. Additionally, we assessed the
biomass of NEAU6, NEAU6/pHT7gvmR, AgvmR2, and
AgvmR2/pHT7gvmR. All four strains exhibited comparable growth
rates and biomasses (Fig. 6C), indicating that the genetic manipulation
of these two genes did not adversely influence bacterial growth.

4. Discussion

NP biosynthesis in Streptomyces is strictly controlled by an intricate
cellular regulatory network. Transcriptional regulators form the
framework of this network, controlling the initiation of NP production
and the final titer through precise regulation of target gene transcription
[9]. Comprehending the molecular mechanisms of these transcriptional
regulators is essential for developing regulator-based rational strategies
to attain NP overproduction [31]. In this study, we elucidated the mo-
lecular mechanisms of two Lacl family transcription regulators, GvmR
and GvmR2, in orchestrating guvermectin biosynthesis. As depicted in
Fig. 7, GvmR functions as an activator of guvermectin biosynthesis by
binding to the promoter regions of gvmR, gvmA and OI. Conversely,
GvmR2 acts as a repressor, exerting its regulatory effect by binding to
the same promoter regions as GvmR. Additionally, cross-regulation be-
tween gvmR and gvmR2 was identified, indicating a complex interaction
between these two regulators in coordinating guvermectin biosynthesis.

Overexpression of activator genes has been successfully employed to
enhance the yield of various NPs like nikkomycin, toyocamycin,
oxytetracycline, lincomycin etc [10,12,32]. However, the regulatory
mechanisms governing NP biosynthesis are often intricate, and in some
cases, overexpression of activators does not necessarily lead to increased
yields and may even have detrimental effects. For example, the over-
expression of the positive regulator aveR under the constitutive ermEp*
promoter resulted in a complete loss of avermectin production in
S. avermitilis KA320 [33]. Similarly, the overexpression of the milbe-
mycin CSR activator gene milR using the strong constitutive hrdB pro-
moter produced a lower milbemycin level compared to the parental
strain BCO4 [19]. In this study, we observed an obvious decrease in
guvermectin production upon overexpressing two copies of ggmR under
its native promoter. This phenomenon warrants further examination.
Notably, our exploration of the regulatory mechanisms of GvmR and
GvmR2 and their cross-regulatory relationships may offer insights into
these observations. While GvmR directly activates the guvermectin BGC,
it also indirectly triggers gumR2; overexpression of gymR increases
gvmR2 expression level. Elevated gymR2 expression competes with
GvmR to bind to the same promoters, thereby inhibiting the expression
of the BGC and gvmR itself, leading to reduced guvermectin production.
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Fig. 7. Proposed model for the GvmR- and GvmR2-mediated regulation of
guvermectin production in S. caniferus NEAU6. GvmR is essential for guver-
mectin production; it directly activates transcription of genes within the
guvermectin BGC by binding to the promoter regions of gvmR, gvmA, and O1I.
Additionally, GvmR indirectly activates the transcription of ggmR2. Conversely,
the cluster-adjacent regulator GvmR2 functions as a repressor of guvermectin
biosynthesis by inhibiting transcription of the guvermectin BGC through
competitive binding to the gymR, gymA, and O1 promoter regions. The interplay
between GvmR and GvimR2, along with their differential effects on guvermectin
biosynthesis, provides new insights into how cluster-situated and cluster-
adjacent regulators coordinate the production of natural products.

Interestingly, when the robust T7 RNA polymerase-T7 promoter system
was employed to overexpress gvmR in the NEAUG6 strain, guvermectin
production was significantly enhanced. This suggests that the constitu-
tive promoter may partially overcome the direct inhibitory effect of
GvmR2 on gvmR, thereby strengthening the competitive activation of
guvermectin biosynthesis genes by GvmR. Consequently, this promotes
more efficient guvermectin production. Moreover, when GvmR was
overexpressed in AgvmR2, guvermectin production in AgvmR2/gvmR
and AgvmR2/2gvmR strains was similar to that in AgvmR2/pSET152.
This indicates that, after removing the direct inhibition of GvmR2 on
gvmR, gvmR overexpression under its native promoter no longer had a
significant inhibitory effect on guvermectin production. Therefore, we
propose that the feedback inhibition of ggmR expression by GvmR2 is an
essential factor contributing to the suboptimal effect of ggmR manipu-
lation on production. Additionally, the interplay between GvmR and
GvmR2 highlights the necessity of optimizing the timing and strength of
regulator expression to achieve high NP titers [34].

Our findings indicate that the introduction of integrated vectors
pSET152 and plJ10500 into NEAU6 strains negatively impacted

245

guvermectin production. The insertion site of pSET152 into NEAU6
corresponds to scn3880, which encodes a cupin superfamily protein of
317 aa, including two Pirin domains. Pirin functions as an oxidative
stress sensor and is implicated in a variety of biological processes [35].
In Serratia marcescens, Pirin regulates the conversion of pyruvate to
acetyl-CoA, thereby directing pyruvate metabolism toward either the
TCA cycle or fermentation pathways [36]. The inactivation of scn3880
may disturb primary metabolism processes in NEAU6 strains, subse-
quently affecting guvermectin biosynthesis. The insertion site of
pIJ10500 in NEAU6 was scn4771, which encodes a putative integral
membrane protein of 105 aa, conserved across Streptomyces species.
SCN4771 contains an E1-E2 ATPase domain that is likely involved in
cation transport. Disruption of the scn4771 ortholog, sco4848, has been
shown to delay spore germination in Streptomyces coelicolor. However,
the precise role of scn4771 orthologs in secondary metabolism remains
largely unexplored [37]. We hypothesize that SCN4771, as a membrane
protein component, may influence guvermectin production by modu-
lating the cellular response to environmental cues or by interacting with
unknown signaling pathways, which requires further investigation.

In this study, we have elucidated a complex mini-regulatory pathway
encompassing two LacI-family regulators, GvmR and GvmR2, which are
pivotal in modulating guvermectin biosynthesis. This detailed under-
standing of their regulatory mechanisms offers valuable theoretical in-
sights into optimizing guvermectin yield. The engineered guvermectin
high-titer strain, AgvmR2/pHT7gvmR, designed in this work, holds
promise as a novel parental strain for future genetic engineering efforts
to develop superior guvermectin producers.
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