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Abstract: Lincomycin industrially produced by Streptomyces lincolnensis can be adopted to treat
infections caused by Gram-positive bacteria. SLCG_Lrp, a transcriptional regulator of the Lrp family,
was first identified to positively regulate lincomycin biosynthesis. However, the regulatory role of
SLCG_Lrp is yet to be elucidated. This study utilized RNA-seq for comparing the transcriptome
profile of original-strain LCGL and the ASLCGL_Lrp mutant. A total of 244 genes comprising
116 downregulated and 128 upregulated genes were differentially expressed between LCGL and
ASLCGL_Lrp. An in-depth analysis revealed that SLCG_Lrp promotes nitrate assimilation but
inhibits fatty acid metabolism, as well as directly regulates five regulators participating in the
modulation of multiple cellular processes. With individual inactivation of those regulatory genes
in S. lincolnensis LCGL, we confirmed the FadR transcriptional regulator SLCG_2185 was obviously
correlated with lincomycin production and found it to transcriptionally stimulate the lincomycin
biosynthetic cluster. Furthermore, SLCG_2185 overexpression in the high-yield S. lincolnensis LA219X
promoted lincomycin production by 17.8%, and SLCG_2185 being co-overexpressed with SLCG_Lrp in
LA219X increased lincomycin production by 28.1% compared to LA219X. Therefore, this investigation
not only provides a direction for further investigations regarding the regulation mechanism of
SLCG_Lrp, but also provides a basis for guiding the further improvement of lincomycin levels.

Keywords: Streptomyces lincolnensis; lincomycin; SLCG_Lrp; regulatory network

1. Introduction

Lincomycin together with its corresponding derivatives has been extensively adopted
in the form of broad-spectrum lincosamide antibiotics, which include N-methylated 4-
propyl-L-proline and a-methylthiolincosaminide [1-3]. Typically, the lincomycin biosyn-
thetic gene cluster (35 kb) includes 25 structural genes [4], 2 resistance genes (ImrA, ImrB),
ImrC that has both regulatory and resistant features [5], and the cluster-situated regulatory
gene ImbU [6]. Although the process for the lincomycin production pathway in Streptomyces
lincolnensis has been widely analyzed [7], insights into the regulatory network of lincomycin
biosynthesis remain relatively scarce. Since the start of the genomics era, functional inves-
tigations of antibiotic producers have improved the understanding of the regulation of
secondary metabolism modulation in actinomycetes [8]. Based on transcriptomic analysis,
LmbU has a global modulating effect, which helps to explain how LmbU-like proteins
affect antibiotic production in actinomycetes [9]. Using the transcriptome-driven reverse-
engineering strategy, we manipulated the TetR family transcriptional factor SACE_5754
together with corresponding target genes to improve the erythromycin yield [10]. Therefore,
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transcriptome-based target identification of transcription factors in S. lincolnensis could
contribute to the understanding of lincomycin biosynthetic regulation.

Leucine-responsive regulatory protein (Lrp) is widespread in prokaryotes and in-
volved in the regulation of multiple physiological processes in cells [11]. The Lrp family
members are site-specific DNA-binding proteins consisting of an N-terminal DNA-binding
domain and a C-terminal domain [11,12]. As a global regulator, Escherichia coli Lrp partici-
pates in regulating the expression of about 400 genes within E. coli, such as those associated
with amino acid metabolism, transport of intracellular substances, bacterial resistance,
etc. [13]. In addition to amino acid metabolism, Lrp in actinobacteria can also achieve more
refined regulation of other physiological processes such as central metabolism, energy
metabolism and substrate transport, etc. [14]. In recent years, studies on Lrps in actino-
mycetes have markedly improved understanding of the regulatory mechanisms of antibiotic
biosynthesis. Regulatory factors of the Lrp family, namely, SACE_Lrp and SACE_5717, neg-
atively regulated erythromycin production in Saccharopolyspora erythraea [15,16]. SCO3361,
a SACE_Lrp homolog, regulated the actinorhodin production as well as the morphology of
Streptomyces coelicolor [17]. SSP_Lrp was identified to be a negative regulator involved in
spiramycin and bitespiramycin production in Streptomyces spiramyceticus [18]. SCAB_Lrp
is an Lrp regulatory protein that controls the secondary metabolism, sporulation, and
pathogenicity of Streptomyces scabies [19]. In S. lincolnensis, we first identified SLCG_Lrp,
a transcriptional regulator of the Lrp family that positively regulates lincomycin biosyn-
thesis [20]. However, the SLCG_Lrp-mediated regulatory landscape during lincomycin
biosynthesis remains unclear.

In this study, we first used the RN A-seq technique to comprehensively understand
the regulatory landscape of SLCG_Lrp. In total, 244 differentially expressed genes (DEGs)
in ASLCGL_Lrp compared with LCGL were identified and significantly enriched through
gene ontology (GO) terms and KEGG pathway analyses. Based on further electrophoretic
mobility shift assays (EMSAs) and quantitative real-time PCR (RT-qPCR), we can assume
that SLCG_Lrp not only directly controlled the expression of those genes involved in
nitrogen and fatty acid metabolisms, but also directly modulated the transcription of five
regulatory genes. With individual inactivation of those regulatory genes in S. lincolnensis
LCGL, we confirmed that the FadR family transcriptional regulator SLCG_2185 was obvi-
ously correlated with lincomycin production and found it to stimulate the transcription of
the lincomycin biosynthetic cluster. Our findings propose an SLCG_Lrp-regulated tran-
scriptional regulatory network of lincomycin biosynthesis within S. lincolnensis. Finally,
joint engineering of SLCG_Lrp and SLCG_2185 of productive S. lincolnensis strains resulted
in boosted lincomycin yield.

2. Materials and Methods
2.1. Experimental Strains, Plasmids along with Culture

Table 1 displays all the bacterial species as well as plasmids used in this study, while
Supplementary Table S1 lists all the primers used. We cultivated E. coli strains in lysogeny
broth (LB) agar or liquid LB medium, and appropriate antibiotics were added when
necessary [21]. S. lincolnensis together with associated derivatives was cultivated within
solid MGM to achieve sporulation, on solid R5 to achieve protoplast regeneration, in liquid
TSBY for growth of mycelia, and in SM medium for protoplast preparation, as indicated by
previous studies [16,22].
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Table 1. Bacterial strains and plasmids used in this study.

Strains and Plasmids Description Reference
E. coli
DH5«x F recA lacZM15 [21]
BL21 (DE3) F~ ompT hsdSp(rg~ mp ™) dcm gal A(DE3) Novagen
S. lincolnensis
A lincomyecin producer with artificially integrated
LeGL attB*3! site 3]
ASLCGL_Lrp LCGL derivative with SLCG_Lrp deleted [20]
ASLCGL_2185 LCGL derivative with SLCG_2185 deleted This study
ASLCGL_2388 LCGL derivative with SLCG_2388 deleted This study
ASLCGL_3009 LCGL derivative with SLCG_3009 deleted This study
ASLCGL_3141 LCGL derivative with SLCG_3141 deleted This study
ASLCGL_7585 LCGL derivative with SLCG_7585 deleted This study
LCGL/pIB139 LCGL carrying pIB139 This study
LCGL/pIB139-2185 LCGL carrying pIB139-2185 This study
LA219X A hncomy.c1rtl hlg}:_}élilt(jgsggln Y\;lth artificial [23]
LA219X/pIB139-2185 e o This study
LA219X/pIB139-2185-Lr, LA219X carrying pIBI139-2185 This stud
p P LA219X carrying pIB139-2185-Lrp s study
Plasmids
pKC1139 ori (pSGb), aac(3)IV, lacZ [24]
) pKC1139 derivative containing two 1.8 kb fragments, .
pKCI139-A2185 the upstream and downstream regions of SLCG_2185 This study
. pKC1139 derivative containing two 1.8 kb fragments, .
pRCI139-42388 the upstream and downstream regions of SLCG_2388 This study
. pKC1139 derivative containing two 1.8 kb fragments, .
PKC1139-A3009 the upstream and downstream regions of SLCG_3009 This study
) pKC1139 derivative containing two 1.8 kb fragments, .
pRCI139-A3TH the upstream and downstream regions of SLCG_3141 This study
) pKC1139 derivative containing two 1.8 kb fragments, .
pKC1139-47585 the upstream and downstream regions of SLCG_7585 This study
©C31 attP-int locus, acc(3)IV, oriT, PermE*
pIB139 pIB139 carrying an extra SLCG_2185 [20]
pIB139-2185 for gene overexpression This study
pIB139-2185-Lrp pIB139 carrying an extra SLCG_2185 and SLCG_Lrp This study
for gene overexpression
pET28a T7 promoter, His-tag, kan Novagen
pET28a-Lrp pET28a-derived plasmid carrying SLCG_Lrp [20]

2.2. Gene Deletion and Overexpression Mutant Establishment

To construct the SLCG_2185 disruption mutant, SLCG_2185 fragments (1.8 kb) both
upstream and downstream were amplified via PCR using the S. lincolnensis LCGL genome
as a template with the primers 2185-P1/P2 and 2185-P3/P4 (Table S1). Then, EcoRI/ Xbal
(Thermo Fisher Scientific Co., Ltd., USA) and Xbal/HindlIl (Thermo Fisher) were added to
digest both PCR products, respectively, and those digested fragments were subjected to
ligation at associated pKC1139 digestion sites to obtain pKC1139-A2185. By PEG-mediated
protoplast transformation, pKC1139-A2185 was transformed into S. lincolnensis LCGL.
A 600 nt DNA fragment within SLCG_2185 in LCGL was deleted through homologous
chromosomal recombination and verified through PCR with 2185-P5/P6 primers (Table S1).
Similarly, the mutants ASLCGL_2388, ASLCGL_3009, ASLCGL_3141, and ASLCGL_7585
were obtained.

Using LCGL as a template, the 942 bp full-length SLCG_2185 gene fragment was
amplified through PCR with 2185-P7 /P8 primers (Table S1). PCR products were ligated
to pIB139’s Ndel/Xbal (Thermo Fisher) sites [25], followed by the introduction of the
obtained pIB139-2185 into LCGL through PEG-mediated protoplast transformation. The
overexpression strain LCGL/pIB139-2185 was screened for apramycin resistance, followed
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by PCR verification using Apr-F/R primers (Table S1). Similarly, the overexpression strains
LA219X/pIB139-2185 and LA219X/pIB139-2185-Lrp were obtained.

2.3. Fermentation and Lincomycin Determination

LCGL and its derivatives were fermented according to our prior description [23]. In
brief, a 1 mL aliquot of spores was added to a flask (250 mL) that contained seed medium
(30 mL) under 2-day shaking at 240 rpm at 30 °C. Subsequently, 2 mL of seed medium
was added in fermentation medium (30 mL), followed by 7-day incubation at 30 °C with
shaking at 240 rpm. Lincomycin was extracted using 4 volumes of ethanol and quanti-
fied by a Shimadzu H-CLASS/SQD2 HPLC system using an Extend-C18 column (5-pm,
150 x 4.6 mm) at 214 nm based on a previous method [26].

2.4. RNA-Seq

LCGL and ASLCGL_Lrp were isolated using a TRIzol Reagent (Invitrogen)/RNeasy
Mini Kit (Qiagen) and quantified by a UV spectrophotometer (DeNovix DS-11). RNA that
passed the quantification test was used for library construction. For enriching mRNA, an
rRNA removal kit (Vazyme) was utilized for removing rRNA. Subsequently, fragmentation
buffers were added to break mRNA into small fragments. mRNA was later utilized as the
template to obtain first-strand cDNA using random primers, actinomycin D, and Proto-
Script II reverse transcriptase. For synthesizing double-stranded cDNA, we introduced
dACG-TP/dUTP and a mix (including buffer solution, DNA polymerase I, and Rnase H).
AMPure XP beads were later added to purify double-stranded cDNA, followed by repair
at the terminal, attachment using an A-tail, and ligation using a Y-shape adapter together
with AMPure XP beads-based selection using fragment size. Later, USER-enzyme was
introduced to degrade adapter-ligated DNA at its U-containing strand. At last, PCR ampli-
fication was carried out to enrich strand-specific libraries, followed by deep sequencing
onto the Illumina Hiseq 2500 platform.

Reads that contained an adapter, those containing over 10% N (undetermined base),
and those with poor quality (including over 50% bases that had mass value Qpred < 5) were
removed to filter the raw sequence data. Bowtie2-2.2.3 was utilized to align clean reads
against the S. lincolnensis LC-G genome (GenBank ID: 1435096411) [27]. Gene levels were
quantified using FPKM (fragments per kilobase of transcript sequence per million base pairs
sequenced). DEGs were selected using the thresholds of FDR < 0.05 and |log2(FoldChange,
FO)I > 1.

2.5. RNA Extraction and RT-gPCR Analysis

We extracted RNA from fermentation cultures of LCGL together with the correspond-
ing derivative strains cultured for a 24 h period at 30 °C using an RNA extraction and
purification kit (Invitrogen) and determined the RNA content. Each RNA sample (1000 ng)
was tested with a HiScript I Q RT SuperMix kit (vazyme) to obtain cDNA, and fragments
of 100200 bp were amplified using primers (Table S1). PCR procedures were conducted
as previously reported [20]. The rpoD gene was the endogenous reference for sample
normalization, and data were analyzed using a comparative cycle threshold approach [28].

2.6. Protein Expression and Purification

The expression and purification of SLCG_Lrp were carried out as described in a
previous study [20].

2.7. Electrophoretic Mobility Shift Assays (EMSAs)

We carried out EMSAs in line with a method described earlier in [29]. The promoters
of nitrogen and lipid metabolism genes as well as five regulatory genes were amplified
via PCR using LCGL genomic DNA as a template with corresponding primers (Table S1).
Hise-labeled SLCG_Lrp at different doses and binding buffer consisting of 5 mM MgCl,,
10 mL Tris-HCI [pH 7.5], 1 mM DTT, 50 mM KCl, 1 mM EDTA, 0.1 mg/mL BSA, and
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5% glycerol were added into probes in the 20 uL mixture system. These mixtures were
maintained at 30 °C for 7-10 min. After incubation, samples were applied to a 5% native
PAGE gel and fractionated within pre-chilled 0.5 x TBE buffer for 40-50 min at 150 V.
Finally, the images were observed and stored using ultraviolet transmission [26].

2.8. Statistical Analysis

Results were represented as means + standard deviation of mean from biological
triplicates. The unpaired two-tailed Student’s t-test was applied in analyzing significance
(*p <0.05,**p <0.01, ** p <0.001).

3. Results
3.1. Transcriptome Analysis of LCGL and ASLCGL_Lrp

We used RNA-seq-based transcriptomic analysis to investigate how the deletion of
SLCG_Lrp affected the transcriptome by comparing the levels of gene transcription in LCGL
and ASLCGL_Lrp. To this aim, we collected mycelium from the LCGL and ASLCGL_Lrp
strains in the fermentation medium at 24 h, later using these samples for RNA extraction
and purification prior to RNA-seq. Raw and clean read numbers, together with Q20, Q30,
and GC proportions in every library, were determined (Table S2). Altogether, 51,345,164
clean reads with 7,598,036,980 clean bases were obtained (Table S2). Our results revealed
high sequencing quality, and the Q20 ratio was >97.48%. By the standards of FDR < 0.05
and [log2(FC)| > 1, 244 DEGs containing 116 and 128 genes with down- and upregulation
were identified in ASLCGL_Lrp compared with LCGL, respectively (Figure 1A).

For verifying RNA-seq data accuracy, we quantitatively determined the relative
expression level of 15 randomly selected DEGs (7 upregulated and 8 downregulated)
(Table S3). RT-qPCR analysis yielded similar results to RNA-seq in terms of the 15 DEGs’
levels (Figure 1B). Of those 244 DEGs, 20 genes within the lincomycin biosynthetic cluster
were transcriptionally downregulated, consistent with the results of a previous study [20]
(Figure 1C). Therefore, high-quality RNA-seq data were obtained for functional annotation.

3.2. GO as Well as KEGG Analysis on DEGs

GO together with KEGG analysis was conducted on DEGs. In GO annotation
(Figure 2A), DEGs showed significant enrichment (“over_represented_ p value < 0.05”) in
the molecular function terms “oxidoreductase activity, acting on CH-CH group of donors”,
“NAD binding”, “nickel cation binding”, “receptor binding”, “allophanate hydrolase activ-
ity”, and “nitrite reductase [NAD(P)H] activity”; the cell component terms “peroxisome”
and “peroxisomal matrix”; and the biological process terms “nitrate assimilation”, “fatty

v 7o

acid elongation”, “fatty acid beta-oxidation”, “urea catabolic process”, “bile acid biosyn-
thetic process”, “protein targeting to peroxisome”, and “alpha-linolenic acid metabolic
process”. Based on KEGG pathway analysis (Figure 2B), the above DEGs were mostly
related to nitrogen and fatty acid metabolism pathways, such as “Fatty acid metabolism”
(six DEGs), “Nitrogen metabolism” (six DEGs), “Fatty acid degradation” (five DEGs), and
“Fatty acid biosynthesis” (four DEGs) (Figure 2C,D). Thus, SLCG_Lrp has global functions

and markedly affects nitrogen and fatty acid metabolism pathways.

3.3. SLCG_Lrp Directly Promotes the Transcription of Nitrogen Metabolism Genes

According to transcriptomic analysis, nitrogen metabolic genes in KEGG analysis were
downregulated (Table S4) and mainly involved in nitrate assimilation (Figure 3A). For in-
vestigating SLCG_Lrp’s role in regulating nitrate assimilation, DEGs’ levels associated with
nitrate assimilation were determined via RT-qPCR. DEGs’ transcription expression within
ASLCGL_Lrp, like SLCG_3493 (encoding the NarK family nitrate /nitrite MFS transporter),
SLCG_5543 (encoding the nitrite reductase (NAD(P)H) small subunit), SLCG_5544 (encod-
ing the nitrite reductase large subunit), SLCG_5545 (encoding NAD(P)/FAD-dependent
oxidoreductase), SLCG_5557 (encoding nitrite reductase), and SLCG_5871 (encoding glu-
tamine synthetase) were decreased by 59.1%, 49.4%, 34.4%, and 98.3%, respectively, relative
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to their respective levels in LCGL (Figure 3B). Therefore, inactivation of SLCG_Lrp nega-
tively affects nitrate assimilation and reduces intracellular nitrogen concentration, which in
turn limits the transformation of glutamate into tyrosine, decreasing the number precursors
available for lincomycin biosynthesis.

A LCGL/ASLCGL_Lrp C
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Figure 1. Comparative transcriptome analysis of LCGL and ASLCGL_Lrp. (A) Volcano blots to show
significant changes in gene expression between LCGL and ASLCGL_Lrp. Dispersion graph of the
— log10 (p value) (y axis) against the log?2 (fold change) (x axis) corresponding to the genes by their
differential expression. The red dot shows upregulated DEGs, the blue dot indicates downregulated
DEGs, and the dark gray dot is a non—significant differential. (B) Comparison of gene expression
patterns obtained using RNA—seq and RT—qPCR. (C) Heat map of gene expression within the
lincomycin biosynthetic gene cluster.
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A Gene Ontology B KEGG pathway
NAD binding Fatty acid metabolism—]
oxidoreductase activity Nitrogen metabolism-|
nickel cation binding Fatty acid degradation
receptor binding Fatty acid biosynthesis
allophanate hydrolase activity: Arginine biosynthesis.
nitrite reductase [NAD(P)H] activity Biotin metabolism
peroxisome Biosynthesis of unsaturated fatty acids
peroxisomal matrix Prodigiosin biosynthesis
nitrate assimilation Naphthalene degradation
urea catabolic process ) ) Atrazine dagradation
fatty acid elongation Biosynthesis of vancomycin group antibiotics
fatty acid beta-oxidation Acarbose and validamycin biosynthesis:
bile acid biosynthetic process [l molectar function Steroid degradation
protein targetinyg to peropxisome . cellular p quiterp id and triterpenoid biosynthesis:
Ipha-linolenic acid metabolic process I biological process Phenazine biosynthesis | : : : |
T T T T 1
] 2 4 6 8 0 2 4 6 8
Number of DEGs Number of DEGs
C Nitrogen metabolism D Fatty acid metabolism

SLCG_3493
SLCG_5543
SLCG_5544—
SLCG_554
SLCG_5557-

SLCG_5871-]

LCGL

SLCG_018
SLCG_224
SLCG_3110
SLCG_577
SLCG_056
SLCG_056

SLCG_065
SLCG_7061

I I
ASLCGL_Lrp LCGL ASLCGL_Lrp

Figure 2. GO and KEGG pathway enrichment analysis of DEGs. (A) Abundant GO terms of the
molecular function categories (red), cellular component categories (green), and biological process
categories (blue). (B) Fifteen significant KEGG pathway associated with classification of DEGs,
including nitrogen metabolism, fatty acid metabolism, arginine metabolism, biotin metabolism, etc.
(C) Heat map of DEGs in the nitrogen metabolism pathway. (D) Heat map of DEGs in the fatty acid
metabolism pathway.

To determine whether SLCG_Lrp directly promotes the transcription of SLCG_3493,
SLCG_5543-5544-5545, SLCG_5557, and SLCG_5871, we examined their affinity with the
aforementioned gene promoters by EMSA analyses. Based on our results, SLCG_Lrp
could bind to the promoter regions of SLCG_3493, SLCG_5543-5544-5545, SLCG_5557, and
SLCG_5871 (Figure 3C). In addition, 20-fold unlabeled probes can dramatically compete
with labeled probes for binding to SLCG_Lrp (Figure 3C). When a nonspecific DNA, poly
dI-dC, was added into the reaction system, the shifted band did not disappear. These results
indicated that SLCG_Lrp can directly promote nitrogen metabolic gene transcription and
affect the nitrate assimilation of S. lincolnensis.

3.4. SLCG_Lrp Directly Represses the Transcription of Fatty Acid Metabolism Genes

The 28 genes significantly enriched in the KEGG analysis were mostly associated
with fatty acid metabolism. These included three SDR family oxidoreductases (SLCG_0183,
SLCG_2248, and SLCG_7061), acyl-CoA synthetase (SLCG_0656), thiolase domain-containing
protein (SLCG_0566), crotonase/enoyl-CoA hydratase family protein (SLCG_0569), and
two Zn-dependent alcohol dehydrogenases (SLCG_3110 and SLCG_5774) (Table S5). Eight
of these fatty acid metabolism-related genes were subjected to RT-qPCR analysis. In
the ASLCGL_Lrp mutant, SLCG_0183, SLCG_2248, SLCG_7061, SLCG_0659, SLCG_0656,



Fermentation 2023, 9, 396

8of 17

A NO; | NOy

extracellular
/ “I K02575(SLCG_3493) \
v

C

SLCG_3110, and SLCG_5774 transcription increased by 310%, 48.5%, 124.2%, 569.6%, 289%,
50.0%, and 797.9%, respectively, relative to the respective levels in LCGL, consistent with the
RNA-seq results (Figure 4A). Based on the results of the EMSA analysis, a clear shift of band
was observed after incubating SLCG_Lrp using the probes Po1g2-0183, P2247-2248, P7060-7061,
Pos69-0570, Poes6-0657, P3108-3109, and Ps773.5774, conﬁrming that SLCG_LI‘p could bind specifi—
cally to these probes (Figure 4B). In summary, SLCG_Lrp shows direct regulation of fatty
acid metabolic gene expression by binding to such genes’ promoter regions.
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Figure 3. SLCG_Lrp directly promotes the transcription of nitrogen metabolism genes. (A) Biochemi-
cal metabolism map of DEGs enriched by the nitrogen metabolic pathway. (B) RT—qPCR analysis of
nitrogen metabolization genes in LCGL and ASLCGL_Lrp. (C) EMSA analysis of SLCG_Lrp with the
promoter regions of SLCG_3493, SLCG_5871, SLCG_5557, and SLCG_5543—5544—5545. S: unlabeled
specific probe (20-fold); N: nonspecific probe poly dIdC (20-fold). The mean values of three replicates
are shown, with the standard deviations indicated by error bars. * p < 0.05, ** p < 0.01.
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Figure 4. SLCG_Lrp directly represses transcription of fatty acid metabolic genes. (A) RT—qPCR anal-
ysis of fatty acid metabolism genes in LCGL and A SLCGL_Lrp. (B) EMSA analysis of SLCG_Lrp with
the promoter regions of SLCG_0183, SLCG_2248, SLCG_7061, SLCG_0569, SLCG_0656, SLCG_3109,
and SLCG_5774. S: unlabeled specific probe (20-fold); N: nonspecific probe poly dIdC (20-fold). The
mean—values of three replicates are shown, with the standard deviations indicated by error bars.
*p <0.05,** p <0.01, ** p < 0.001.
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3.5. SLCG_Lrp Transcriptionally Modulates Five Regulatory Gene in S. lincolnensis

RNA-seq analysis found that five regulatory genes are transcriptionally regulated
by SLCG_Lrp, namely, the FadR transcriptional regulator (SLCG_2185), Py family ni-
trogen regulator (SLCG_2388), XRE family transcriptional regulator (SLCG_3009), two-
component system response regulator (SLCG_3141), and GntR-family transcriptional reg-
ulator (SLCG_7585) (Table S6). The transcription levels of these five regulatory genes
were analyzed by RT-qPCR, confirming the results of RNA-seq (Figure 5A). Addition-
ally, SLCG_Lrp bound specifically to promoters in SLCG_2185, SLCG_2388, SLCG_3009,
SLCG_3141, and SLCG_7585 (Figure 5B). Consequently, SLCG_Lrp showed a direct effect
on modulating these five regulatory genes’ transcription.

To investigate the effects of those five regulators on lincomycin production, homolo-
gous recombination was used to knock out these five regulatory genes in LCGL. Through re-
sistance screening and PCR identification, deletion mutants of these genes were successively
obtained in LCGL (Figure S1). Fermentation and HPLC analyses showed that, compared
with LCGL, the Lin-A yield of ASLCGL_2185 decreased by 26%, that of ASLCGL_3141
increased by 15%, and those of ASLCGL_2388, ASLCGL_3009, and ASLCGL_7585 were
not significantly altered (Figure 6A). Because SLCG_2185 had the most obvious effect
on lincomycin production, the SLCG_2185-overexpression strain was constructed. Com-
pared with LCGL/pIB139, Lin-A production in LCGL/pIB139-2185 was elevated by 19.8%,
indicating that SLCG_2185 positively affected lincomycin biosynthesis (Figure 6B).

3.6. SLCG_2185 Shows Direct Transcriptional Activation on Lincomycin Biosynthetic Cluster

To investigate SLCG_2185-mediated transcriptional regulation of lincomycin, RT-
gqPCR analysis was performed to compare the transcriptional levels of the lincomycin
biosynthetic genes of LCGL with those of ASLCGL_2185. The analysis demonstrated that
SLCG_2185 deletion decreased the transcription levels of resistance genes and regulatory
genes, together with most of structural genes within the lincomycin biosynthetic gene clus-
ter (BGC) (Figure 7). In conclusion, SLCG_2185 positively regulates lincomycin production
by enhancing lincomycin biosynthetic cluster transcription.

3.7. Rational Improvement of the Industrial High-Yield S. lincolnensis LA129X Strain

To verify whether SLCG_2185 has the same effect on the industrial high-yield S.
lincolnensis strain LA219X, the LA219X/pIB139-2185 strain was constructed in the same
way as LCGL/pIB139-2185. HPLC analysis showed that, compared with LA219X, Lin-A
production increased by 17.8% in LA219X/pIB139-2185 (Figure 8). Furthermore, when
pIB139-2185-Lrp was introduced into LA219X, the engineered strain LA219X/pIB139-2185-
Lrp increased Lin-A production by 28.6% (Figure 8).
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Figure 5. SLCG_Lrp directly regulates the transcription of five regulatory genes in S. lincolnensis.
(A) RT-qPCR analysis of five regulatory genes in LCGL and ASLCGL_Lrp. (B) EMSA analysis of
SLCG_Lrp and promoter regions of five regulatory genes. S: unlabeled specific probe (20-fold);
N: nonspecific probe poly dIdC (20-fold). The mean values of three replicates are shown, with the
standard deviations indicated by error bars. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. Lin-A production of S. lincolnensis LCGL and its derivatives. (A) Lin-A yield of LCGL
and its five regulatory gene deletion mutants. (B) Lin-A production of LCGL, LCGL/pIB139, and
LCGL/pIB139-2185. The mean values of three replicates are shown, with the standard deviations
indicated by error bars. * p < 0.05, ** p < 0.01.
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4. Discussion

We used RNA-seqg-based transcriptomic analysis to examine how SLCG_Lrp affected
the global transcriptional profile in S. lincolnensis. By sequencing six samples from LCGL
and ASLCGL_Lrp, we acquired high-quality transcriptome data, which met the requirement
for further analyses by RT-qPCR confirmation of 15 randomly selected genes. In total,
244 DEGs were identified to be associated with redox reactions, peroxisomes, nitrate
assimilation, and fatty acid lengthening, among other molecular functions, cell components,
and biological processes.

Lrps, widespread among prokaryotes, play roles in different biological activities [30].
Our studies on Lrps have provided the insights into regulating antibiotic production
via SACE_Lrp and SACE_5717 in Sac. erythraea, SCO3361 in S. coelicolor, SSP_Lrp in S.
spiramyceticus, and SLCG_Lrp from S. lincolnensis [15-18,20]. SLCG_Lrp affected lincomycin
production through the direct activation of CSR ImbU, ImbA, and ImbV, three resistance
genes, and the adjacent gene SLCG_3127 at the transcription level [20]. Nevertheless, the
Lrp-mediated regulatory network during antibiotic biosynthesis in actinomycetes has been
seldom reported. In the present study, it has been found that SLCG_Lrp not only activated
the expression of nitrogen assimilation genes, but also repressed fatty acid metabolic gene
transcription. Furthermore, utilizing the MEME program with the upstream regions of
these genes, a consensus SLCG_Lrp-binding motif (gacctttgctCtca, g: G, C, A/T; a: A,
G/C/T;c: C,A/G/T; t: T, C/G/A) was predicted (Figure S2).

Nitrate can be delivered to cells through the nitrate transporters NarK/NarK2 within
actinomycetes [31]. Subsequently, nitrate is transformed into ammonia by nitrate /nitrite
reductase, after which ammonia is converted into glutamine by glutamine synthetase [32].
Glutamine is then converted to glutamate via the action of glutamate synthase and used as
an amino group donor to synthesize additional amino acids, such as tyrosine, by means
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of transamination [33]. L-tyrosine hydroxylation in L-dopa can be achieved under the
action of LmbB2, which triggers N-methylated 4-propyl-L-proline moiety production in
lincomycin [34]. Previously, we found that after adding 0.8% nitrate into the fermenta-
tion medium, the transcription of the nitrate and nitrite reductase genes and glutamine
synthetase genes in S. lincolnensis were increased, and the yield of lincomycin was sub-
sequently increased [33]. Herein, we found that SLCG_Lrp positively regulates the tran-
scription of SLCG_3493 (NarK family nitrate/nitrite MFS transporter), SLCG_5543-5545
(NAD(P)/FAD-dependent oxidoreductase), SLCG_5557 (nitrite reductase), and SLCG_5871
(glutamine synthetase) in S. lincolnensis. Nitrite reductase (NAD(P)H) activity mediates
the degradation of nitrite in cells, and nitrate assimilation can stimulate the accumula-
tion of nitrogenous compounds [35]. Consequently, inactivation of SLCG_Lrp negatively
affects nitrate assimilation and reduces intracellular nitrogen concentration, probably
limiting the transformation of glutamate into tyrosine for decreasing the precursors for
lincomycin biosynthesis.

SLCG_2185 encoded the FadR-family TF which is probably involved in the control of
fatty acid pathways [36]. SLCG_2185 was validated to stimulate lincomycin production
by promoting lincomycin biosynthetic genes in S. lincolnensis. However, the regulatory
mechanism of SLCG_2185 for controlling the fatty acid catabolism remains obscure and
needs further investigation. In addition to SLCG_2185, four other regulatory genes were also
differentially regulated by SLCG_Lrp. SLCG_2388 encodes a Py family nitrogen regulator,
an extensively existing signal transduction protein family of bacteria, and regulates nitrogen
metabolism [37]. XRE family transcriptional regulators are a large protein family controlling
various metabolic functions in bacteria [38]. In S. coelicolor, the XRE family member
SCO1979 can regulate antibiotic generation [39]. Currently, we showed that SLCG_3099
(which encodes XRE family TF) silencing enhanced lincomycin production. SLCG_3141 is
similar to a two-component system response regulator, which consists of two regulators
that enable cell regulation through phosphorylation-mediated synergy [40]. Therefore, we
can conclude that Lrps exhibits mechanistic complexity in relation to the transcriptional
regulation of lincomycin biosynthesis.

Collectively, this work put forward an SLCG_Lrp-dependent regulatory network
(Figure 9). SLCG_Lrp directly activated the structural, regulatory, and resistance genes
within the lincomycin biosynthesis cluster, which showed direct regulation of its genes
and activated SLCG_3127 for mediating the efflux of four amino acids. SLCG_Lrp directly
promoted nitrogen metabolic gene transcription, whereas it directly repressed the transcrip-
tion of genes of fatty acid metabolism. SLCG_Lrp upregulates the regulators SLCG_2388,
and SLCG_7585, and it downregulates SLCG_2185, SLCG_3009, and SLCG_3141.
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Figure 9. SLCG Lrp—mediated regulatory landscape in S. lincolnensis.

5. Conclusions

This study proved that SLCG_Lrp promotes nitrate assimilation but inhibits fatty acid
metabolism, as well as upregulating two regulators that participate in the modulation of
nitrogen metabolism and multiple cellular processes and downregulating three regulators
related to controlling fatty acid pathways and antibiotic generation, development, and re-
sistance. Upon SLCG_2185 and SLCG_Lrp co-overexpression, the engineered S. lincolnensis
LA219X/pIB139-2185-Lrp presented a 28.1% increase compared with LA219X. In summary,
uncovering the mechanisms underlying SLCG_Lrp’s role in the lincomycin biosynthesis
of S. lincolnensis is beneficial for guiding the further improvement of lincomycin titers
and applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation9040396/s1, Figure S1: Inactivation of SLCG_2185
in S. lincolnensis LCGL; Figure S2: MEME analysis of the consensus SLCG_Lrp—binding motif within
promoter regions; Table S1: Primers used in this study; Table S2: Quality statistics of sequencing
raw and clean data; Table S3: qRT-PCR tests verify the selection of genes; Table S4: KEGG enriched
genes related to nitrogen metabolism pathway; Table S5: KEGG enriched genes related to fatty acid
metabolism pathway; Table S6: Transcriptional regulators in DEGs.
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