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A high-quality gene overexpression collection of the industrial workhorse Corynebacterium glutamicum containing 3049
strains was produced. To demonstrate its application, a comprehensive screening of industrially relevant components at a
genome scale was conducted. New components for tolerance and transport were identified and used for developing indus-

trial amino acid-producing strains.
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Highlights

A high-quality gene overexpression col-
lection of Corynebacterium glutamicum
was constructed with a highly auto-
mated biofoundry.

Functional components for enhanced
stress tolerance and amino acid trans-
port were comprehensively screened at
a genome scale.

Transcriptional factors regulating cell divi-
sion and energy metabolism and DNA
repair proteins removing méG methyla-
tions were found to be important for
hyperosmotic tolerance.

Application of the newly screened ex-
porters facilitates the highest L-threonine
production by C. glutamicum achieved
thus far.
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Development of efficient microbial strains for biomanufacturing requires deep
understanding of the biology and functional components responsible for the syn-
thesis, transport, and tolerance of the target compounds. A high-quality controlla-
ble gene overexpression strain collection was constructed for the industrial
workhorse Corynebacterium glutamicum covering 99.7% of its genes. The collec-
tion was then used for comprehensive screening of components relevant to
biomanufacturing features. In total, 15 components endowing cells with improved
hyperosmotic tolerance and L-lysine productivity were identified, including novel
transcriptional factors and DNA repair proteins. Systematic interrogation of a sub-
set of the collection revealed efficient and specific exporters functioning in both
C. glutamicum and Escherichia coli. Application of the new exporters was show-
cased to construct a strain with the highest L-threonine production level reported
for C. glutamicum (75.1 g/l and 1.5 g/I-h) thus far. The genome-scale gene overex-
pression collection will serve as a valuable resource for fundamental biological
studies and for developing industrial microorganisms for producing amino acids
and other biochemicals.

Introduction
Biomanufacturing, which converts renewable feedstocks to useful chemicals under environ-
mentally friendly conditions, holds great potential to address the global challenges of an
expanding human population, reducing resources, and environmental change [1]. Microbial
strains are key catalysts in industrial biomanufacturing. However, the development of efficient
microbial strains that meet the standard of industrialization still requires significant time and
investment [2]. The booming clustered regularly interspaced short palindromic repeats
(CRISPR) (see Glossary) technology has considerably accelerated the genetic manipulation
of microorganisms [3-6]. Nevertheless, the remaining major challenge in developing industrial
microbial strains is to fully understand the biology of the organisms and to discover effective
components with specific functions, including catalysis, regulation, transport, and tolerance
relevant to the production of target products [7-9].
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Technology readiness

This study reports the automated
construction of a high-quality arrayed
gene overexpression strain collection
and high-throughput screening of bio-
logical components that can be used
for developing industrial strains for
biomanufacturing. This strain collection
and screening strategy can be readily
used to discover new components with
various functions. A Corynebacterium
glutamicum strain with the highest
L-threonine production level (75.1 g/l
and 1.5 g/l'h) was also engineered
using the newly identified biological com-
ponents and tested in 5-| bioreactors. To
meet the requirement of industrialization,
further genetic modification and process
engineering are necessary to improve
the L-threonine production level in
C. glutamicum. Therefore, the current
Technology Readiness Level (TRL) of
this production technology lies between
3and 4.
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Amino acids find various applications as flavor enhancers, nutraceuticals, food or feed additives,
and building blocks for the chemical and pharmaceutical industries. C. glutamicum is an
important microbial chassis for the biomanufacturing of amino acids and many other chemicals
[10-14]. Over 6 million tons of amino acids per year are produced using C. glutamicum strains,
including L-lysine [15], L-glutamate [16], L-methionine [17], L-proline [18], and L-ornithine [19],
among others. In addition, many functional components found in C. glutamicum have also proven
effective in other microorganisms [20-25]. Therefore, mining functional components in the
genome of C. glutamicum is important for the efficient production of amino acids and other
chemicals.

However, the physiological function of a considerable proportion of C. glutamicum genes remains
cryptic. According to the latest annotation, the products of 49.9% genes (1545/3099) of the
C. glutamicum model strain ATCC 13032 have no well-defined functions (1141 hypothetical,
232 predicted, 142 uncharacterized, and 30 putative proteins) [26]. Therefore, a comprehensive
strategy for discovering new functional components is still required. In this study, we constructed
a genome-scale gene overexpression collection containing 3057 C. glutamicum strains, with
each strain conditionally overexpressing a native gene without any tags that may disturb protein
function. Systematic examination of the gain-of-function (GOF) phenotype of each gene in
C. glutamicum facilitated the discovery of new functional components capable of enhancing
hyperosmotic tolerance, which can be readily used for amino acid-producing strains. Functional
mechanisms of these components were investigated and unusual correlations of DNA methyla-
tion, energy metabolism, and morphology control with environmental stress were characterized.
In addition, four new L-threonine exporters with different characteristics were identified and used
for constructing industry-level L-threonine producers. A new record for L-threonine production by
C. glutamicum (75.1 g/l and 1.5 g/I-h) was achieved. This study provides not only new functional
components for developing amino acid-overproducing strains, but also valuable strain resources
for the C. glutamicum research community.

Results

An arrayed strain collection of C. glutamicum with controllable overexpression of native genes
Transcriptomic analyses suggest that the expression levels of many genes in C. glutamicum are
low and vary dramatically with cultivation conditions [27,28]. For systematic screening of new
functional components from C. glutamicum, it is better to overexpress each native gene to activate
or strengthen its function. However, the construction of a genome-scale gene overexpression
collection is labor intensive and costly. Therefore, such a collection is available only for few model mi-
croorganisms, including E. coli [29], Saccharomyces cerevisiae [30,31], and Schizosaccharomyces
pombe [32]. To facilitate easy localization or purification of encoded proteins, a tag is usually fused to
the N or C terminus of a target gene, which may disrupt the structure and function of the encoded
protein [33-35]. In this study, to construct a high-quality gene overexpression collection and mini-
mize the labor burden, we used the BioFoundry at Tianjin Institute of Industrial Biotechnology
(Tiangong-1) to automate the gene PCR, DNA electrophoresis, plasmid ligation, and competent
cell transformation steps, among others (Figure 1A and Table S1 in the supplemental information
online). Genes were manipulated with the native sequences without adding any tags.

The strain ATCC 13032 is the model strain of C. glutamicum and has been widely engineered for the
production of various amino acids and chemicals [36]. Therefore, it was selected as the target in this
study. First, the copy of strain ATCC 13032 used in our laboratory was sequenced (Data S1 in the
supplemental information online), which revealed 3057 genes. Compared with the genome se-
quence of strain ATCC 13032 deposited in the National Center for Biotechnology Information
(NCBI) database (Accession: BAO00036.3, Gl: 42602314), 29 SNPs in 28 genes (ten synonymous,
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15 missense, two frameshift, and two stop-gained mutations) were detected (Table S2 in the sup-
plemental information online). The synonymous and missense SNPs were retained, while the frame-
shift and stop-gained SNPs were corrected during construction of the gene overexpression
plasmid. In addition, a cluster containing 42 prophage genes (cg/1848-cgl1889) was missing in
our strain copy and, thus, was not included in the strain collection (Figure S1 in the supplemental in-
formation online).

The widely used E. coli—-C. glutamicum shuttle vector pEC-XK99E was modified for gene cloning
and overexpression (Figure S2 and Data S2 in the supplemental information online). A ccdB
cassette was inserted into the multiple cloning site (MCS) to reduce the false positive rate
during plasmid construction. An ampicillin selection marker was added to facilitate the transfor-
mation of E. coli DH5a competent cells without the heat shock and recovery steps. An
isopropyl-{3-b-thiogalactoside (IPTG)-inducible P, promoter was used to control gene expres-
sion levels. By testing the expression of a heterologous red fluorescent protein (RFP)-encoding
gene and two native genes, the constructed plasmids were demonstrated to show controllable
gene overexpression at both the transcript and protein levels. By adjusting the IPTG usage, up
to 20-fold induction of gene overexpression was obtained (Figure 1A,C).

As a trial run, the overexpression plasmids for ~500 genes were constructed using the
BioFoundry. Primers used for gene amplification are listed in Data S3 in the supplemental infor-
mation online. The PCR products were analyzed using microchip-based capillary electrophoresis
(Figure 1D). After the trial run, we observed a positive correlation between the purity of gene PCR
product and the success rate of plasmid construction (Figure 1E). Therefore, in the subsequent
experiment, only the PCR products with >50% purity were used for plasmid construction. The
constructed plasmid was subjected to two Sanger sequencing reactions to verify the accurate in-
sertion of the target gene into MCS and to detect any mutations. For genes that needed more
than two Sanger sequencing reactions to cover the whole gene, the plasmids were mixed and
analyzed by next-generation sequencing (NGS), which reduced the sequencing costs. A
total of 3039 gene overexpression plasmids were successfully constructed.

Although the remaining 18 target genes were successfully amplified, either no transformants were ob-
tained or mutations were frequently detected in the recombinant plasmids. We speculated that, be-
cause of the high copy number of the shuttle vector pEC-XKO9E in E. coli, leaky expression of these
target genes may cause cytotoxicity [37]. We then used a pcnB-deleted E. coli host that can lower the
plasmid copy number for cloning [38], which successfully produced another ten correct plasmids. Fi-
nally, a total of 3049 plasmids each containing an IPTG-inducible gene of C. glutamicum were assem-
bled, covering 99.7% of the total 3057 genes. The unsuccessful construction of the remaining eight
genes (cgl0060, cgl0069, cgl0253, cgl0537, cgl1130, cgl1043, cgl1777, and cgl2527) may be due
to the high cytotoxicity caused by their leaky expression in E. coli. cgl0069 (citB, response regulator)
together with cgl0068 (citA, sensor histidine kinase) encode the CitAB two-component system that
positively regulates the citrate transport genes involved in citrate utilization [39]. cgl2527 encodes a
transcriptional regulator, GntR1, which regulates gluconate catabolism and glucose uptake [40].
The biological functions of the remaining six genes have not yet been experimentally investigated.
According to the annotation, cgl0060 and cgl/1043 encode hypothetical proteins, cgl0253 encodes
a hypothetical membrane protein, cgl0537 encodes the ribosomal protein S8, cgl7730 encodes an
ABC-type transporter, and cgl1777 encodes a stress-sensitive restriction system protein. All the
constructed plasmids were then successfully transformed into C. glutamicum competent cells by
electroporation. After verifying the plasmid-borne gene copy in transformants by PCR, we numbered
and deposited the 3049 strains in the Biobank of Tianjin Institute of Industrial Biotechnology, Chinese
Academy of Sciences (Data S4 in the supplemental information online).
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Glossary

Clustered regularly interspaced short
palindromic repeats (CRISPR):
technology for precise genome editing.
CRISPR interference (CRISPRI):
method for sequence-specific
repression of gene expression.
ChIP-Seq: powerful technique used in
epigenetic studies to investigate protein—
DNA interactions in the genome.
Clusters of orthologous groups
(COG): database that categorizes
proteins into groups based on their
evolutionary relationships.
Gain-of-function (GOF): type of
genetic mutation where a gene or protein
gains a new or enhanced function that is
not found in the wild-type allele.
Loss-of-function (LOF): type of
genetic mutation where the function of a
gene is diminished or eliminated.
Multiple cloning site (MCS): segment
of DNA within a plasmid that contains a
series of recognition sites for restriction
enzymes.

Next-generation sequencing (NGS):
also known as high-throughput
sequencing or massively parallel
sequencing; enables the sequencing of
many DNA strands simultaneously,
compared with one at a time as with
traditional Sanger sequencing.
Scanning electron microscope
(SEM): type of electron microscope that
produces images of a sample by
scanning it with a focused beam of high-
energy electrons.

SNPs: type of genetic variation where a
single nucleotide in the DNA sequence
differs between individuals.
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Figure 1. Automated construction of an array of Corynebacterium glutamicum strains with a single gene overexpressed. (A) Procedure for automated strain
construction with the BioFoundry Tiangong-1. Equipment integrated in the BioFoundry is within parentheses. (B) Red fluorescent protein (RFP) fluorescence outputs of the
isopropyl-{3-d-thiogalactoside (IPTG)-inducible gene overexpression plasmid. Error bars are standard deviations (n = 3). (C) Transcription levels of rfp, cg/1403, and
¢gl1437 in strains harboring the IPTG-inducible gene overexpression plasmid. Error bars are standard deviations (n = 3). Individual data points are shown by black
circles. (D) LabChip electrophoresis and analysis of PCR products. Product length, DNA concentration (Conc., given in ng/ul), and product purity were analyzed using
LabChip GX Touch Software v.1.11.144.0. (E) The correlation between the PCR product purity and the success rate of plasmid construction. The experimental data
for constructing ~500 gene overexpression plasmids were used for the calculation. Abbreviation: ORF, open reading frame.

Comprehensive screening of functional components to enhance cellular tolerance to hyperosmotic
stress

As an industrial workhorse for large-scale amino acid production, C. glutamicum is inevitably
exposed to hyperosmotic stress during the mid- and late stages of fermentation due to the
high concentration of extracellular products [41]. Therefore, functional components that can
improve cellular tolerance to hyperosmotic stress are of significance for enhancing bioproduction.
To discover beneficial functional components in a high-throughput manner, the arrayed strains
were evaluated for their cell growth under hyperosmotic stress using the MicroScreen instrument,
which enables simultaneous cultivation of four 48-deep-well microplates and real-time monitoring
of the optical density at 600 nm (ODgqo) of each well (Figure S3A in the supplemental information
online). High concentrations of L-lysine (in the form of L-lysine sulfate, pH adjusted to 7.2), one of
the most important products of the C. glutamicum fermentation industry, were added to exert
hyperosmotic stress (Figure S3B). As a test, wild-type C. glutamicum was cultivated under different
concentrations of L-lysine using the MicroScreen instrument. In the normal medium without L-lysine
addition, a typical S-shaped growth curve and a final ODggg of ~7.0 [equal to ~11.3 g cell dry
weight (CDW)/I] were obtained (Figure S3C). The ODgqg values given by the MicroScreen instru-
ment differed from those given by the standard spectrophotometer because of the different mea-
suring instruments and pathlengths. A previous study demonstrated that the ODggg values
measured by these two instruments have a fivefold difference and a linear relation [42]. With the
increase in L-lysine concentration, the cell growth of C. glutamicum gradually decreased. When
the L-lysine concentration was set as 1.2 M, the final biomass was approximately one-third of
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that without L-lysine stress. No cell growth was observed when the L-lysine concentration reached
2.0 M (Figure S3C). Before the growth test, the IPTG usage was optimized. Using RFP as a reporter
protein, it was observed that addition of 0.04 mM IPTG produced a 20-fold induction in RFP overex-
pression, but a 46% decrease in cell growth rate. When the usage of IPTG increased further, RFP ex-
pression was not significantly enhanced, but growth inhibition was aggravated (up to 65% decrease)
(Figure 1B and Figure S4 in the supplemental information online). Based on the gene expression level
and cell growth rate, 0.04 mM IPTG was used for subsequent experiments.

Next, growth curves for all 3049 constructed gene overexpression strains were determined under
the stress of 1.2 M L-lysine using the MicroScreen instrument to screen beneficial functional compo-
nents. C. glutamicum harboring an empty plasmid was installed for each deep-well microplate as a
control. An algorithm was developed to process the large amounts of growth data for rapid catego-
rization of genes with different fitness tolerance of hyperosmotic stress. The fitness advantage of a
gene represents improved tolerance and cell growth under stress conditions caused by overexpres-
sion of the gene. Continuous 15 data points that showed the biggest difference between the gene
overexpression strain and the control strain were used to calculate the gene fitness (Figure S5 in the
supplemental information online). Based on the analysis of the first round of growth characterization,
29 strains showed a >20% fitness advantage compared with the control, while 408 strains showed
a>20% fitness defect (Figure 2A and Data S5 in the supplemental information online). The 29 strains
entered a second round of growth characterization with three replicates under the stress of 1.2 M
L-lysine. After two rounds of screening, 15 functional components the overexpression of which
enhanced fitness to the high concentration of L-lysine were confirmed (Figure 2B; Table S3 and
Data S6 in the supplemental information online). Interestingly, overexpression of these 15 genes
also improved cell fitness under the stress of 1.2 M sodium sulfate, but caused no significant effect
on growth without any stress, suggesting their positive function in enabling C. glutamicum to toler-
ate hyperosmotic stress (Figure 2B and Data S7 in the supplemental information online).

There were two special cases, cg/7118 encoding ADP-glucose pyrophosphorylase and cgl/7994
(proS) encoding prolyl-tRNA synthetase. Overexpression of cg/1118 increased exponential cell
growth under stress conditions but the cell biomass quickly decreased after entering the stationary
phase. For cgl1994, its overexpression inhibited cell growth under the stress conditions at the early
exponential phase but led to a higher final biomass (Figure 2B).

To test whether deletion of the 15 genes affected the cellular tolerance to hyperosmotic stress,
each gene was knocked out individually by CRISPR/Cas9-mediated gene editing of the wild-
type strain [18]. Except for the essential gene cg/7994 [43], the remaining 14 gene-deleted
mutants were successfully constructed. Deletion of cg/7070 (fum, fumarase), cgl2911 (ldh, malate/
lactate dehydrogenases), and ¢gl2998 (hypothetical protein) largely decreased the cellular tolerance
to hypermutation stress, whereas deletion of the other genes caused slight effects on cell growth
under the same test conditions (Figure S6 in the supplemental information online). The results
demonstrated that the relevance of these genes to hyperosmotic stress may be difficult to discover
by loss-of-function (LOF) screening, such as gene knockout, transposon mutagenesis, or
CRISPR interference (CRISPRI). By contrast, GOF screening using gene overexpression collec-
tion is a useful strategy for discovering functional components.

In terms of the 408 genes the overexpression of which inhibited cell growth under hyperosmotic
stress, we were interested in those encoding transcriptional regulators since their modifications
may exert global effects on cellular metabolism. Based on the analysis of the first round of growth
characterization, 46 transcriptional regulator-encoding genes were found to decrease cell growth
under hyperosmotic stress by over 20%. Given their negative effects on cell fitness, we
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hypothesized that deletion of these genes may increase cellular tolerance to hyperosmotic stress.
We randomly selected 21 transcriptional regulator-encoding genes for further testing. Even with-
out hyperosmotic stress, overexpression of 20 of the 21 genes caused different levels of growth
inhibition (6-93% decreases in gene fitness), which may be due to the metabolic burden caused
by gene overexpression (Figure S7 and Data S5 in the supplemental information online). cgl0871
is an exception because its overexpression caused no growth inhibition under normal conditions
but caused a 58% decrease in gene fitness under hyperosmotic stress. In addition, overexpression
of ¢gl2009, cgl2627, and cgl3089 showed slight effects on cell growth under normal conditions
(6—-12% decrease in gene fitness) but severely impaired cellular tolerance to hyperosmotic
stress (40-66% decreases in gene fitness). The results suggest the relevance of these four
genes to stress tolerance (Figure S7 and Data S8 in the supplemental information online).
These 21 genes were then deleted using the CRISPR/Cas9 system. Unexpectedly, deletion
of these 21 genes did not show the expected complementary effects (i.e., enhanced tolerance
to hyperosmotic stress). Deletion of 14 genes (cgl0016, cgl0020, cgl0445, cgl0627, cgl0662,
cgl0871, cgl1314, cgl2009, cgl2627, cgl2711, cgl2894, cgl2988, cgl3024, and cgl3089) showed
no significant effects, while deletion of the remaining seven genes (cgl0379, cgl1120, cgl1931,
cgl2381, cgl2490, cgl2560, and cgl2941) decreased cell growth (Figure S7). The results again
suggest that the genotype—phenotype associations for many genes can only be established by
GOF screening approaches, such as the genome-scale gene overexpression.

|dentified functional components also enhance L-lysine production

The hyperosmotic stress caused by high concentrations of products cause cell damage and
disturb cellular metabolism, consequently inhibiting the continuous formation of products in
fermentation. Cellular tolerance to hyperosmotic stress is an important factor for the optimization of
industrial strains [8]. Therefore, the effects of overexpression of the 15 identified functional compo-
nents on L-lysine production were characterized in a L-lysine-producing C. glutamicum strain harbor-
ing three mutations (ysC™'", pyc™%8S, and hom"%) under hyperosmotic stress caused by high
concentrations of sodium sulfate. Thirteen of the 15 identified functional components enhanced
L-lysine production by 28-137%, except for cgl7994 and cgl2806 (hypothetical protein). Notably,
overexpression of cgl0470, cgl0923, cgl1010, cgl1472, cgl2496, cgl2610, cgl2998, and cgl3003
led to a >70% increase in L-lysine titer, with the highest increase of 137% achieved with cgl1472
(Figure 2C). Different from the beneficial effects on the wild-type C. glutamicum strain, overexpres-
sion of cgl1994 and cgl2806 in the L-lysine-producing strain inhibited growth, glucose catabolism,
and L-lysine biosynthesis under hyperosmotic stress (Figure 2C). Such difference may be due to
the different genetic backgrounds between the wild-type strain and L-lysine producer.

Cgl3003 alleviates hyperosmotic stress by repairing elevated m6G methylation
Next, we investigated the functional mechanism of two identified components with good perfor-
mance in improving stress tolerance and L-lysine biosynthesis. According to the annotation,

Figure 2. Comprehensive screening of functional compounds for hyperosmotic stress tolerance and L-lysine production in Corynebacterium
glutamicum. (A) Effects of overexpressing the 3049 genes on cellular tolerance to 1.2 M L-lysine stress. Each point presents a strain from the collection. Strains with
20% higher and lower fitness than the control strain harboring an empty plasmid are highlighted in red and blue, respectively. For this first round of growth
characterization, one replicate was conducted for each of the 3049 strains. (B) Growth curves of the 15 selected gene-overexpressing strains with no stress (white
background), high concentration of L-lysine (blue background), and high concentration of Na,SO, (yellow background). The strain with target gene overexpression and
the control strain with an empty plasmid are shown by red and black lines, respectively. The gray-shaded area represents the continuous eight data points [optical
density at 600 nm (ODgqo) Was measured every 2 h] used for calculating the gene fitness following the algorithm described in the STARXMETHODS. The gene fitness
is shown in the growth curve as a percentage. Error bars are standard deviations (n = 3). (C) Enhanced L-lysine production by overexpression of the 15 selected genes
under hyperosmotic stress (1.0 M Na,SO,). The plasmid for gene overexpression was transformed into a C. glutamicum strain with an engineered L-lysine biosynthetic
pathway. Fermentation of the recombinant strains and the strain with an empty plasmid was conducted in 48-deep-well microplates and stopped after 120 h. Error
bars are standard deviations (n = 3). Individual data points are shown by black circles. Abbreviation: ORF, open reading frame.
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Cgl3003 is predicted to be a methylated DNA-protein L-cysteine methyltransferase involved in
repairing DNA methylation [44]. However, its biological function has not been experimentally in-
vestigated, and the relevance of the balance between the formation and repair of DNA
methylation and stress tolerance has not yet been characterized.

First, sequence alignment showed that Cgl3003 shares conserved residues, including the important
L-cysteine essential for demethylation activity with the O°-methylguanine (m6G) methyltransferase
(Ogt, EC: 2.1.1.63) from Mycobacterium tuberculosis, E. coli, and human (Figure 3A). While most
types of nucleobase methylation participate in epigenetic regulation in bacteria and are not muta-
genic, mBG incorrectly base-pairs with thymine and consequently generates G:C to A:T mutation
[45] (Figure 3B). Second, to evaluate the level of m6G and the role of CgI3003 under hyperosmotic
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Figure 3. Functional analysis of Cgl3003 as an O°-methylguanine (MBG) methyltransferase (Ogt) in protecting cells from hyperosmotic stress.
(A) Sequence and structure analysis of Cgl3003. Sequences of Ogts from different sources were aligned using CLUSTALW and analyzed and visualized using
ENDscript [77]. Conserved amino acid residuals crucial for activity are marked by black circles and the reactive L-cysteine is marked by a red triangle. MtbOgt,
Mycobacterium tuberculosis Ogt [Protein Data Bank (PDB) ID: 4WX9]; EcoAdaC, Escherichia coli AdaC (PDB ID: 1SFE); and HumAgt, human Agt (PDB ID: 1EHS6). The
structure of Cgl3003 (green) was predicted using AlphaFold2 [78] and aligned with that of M. tuberculosis Ogt (PDB ID: 4WX9) (cyan). Conserved amino acid residuals
crucial for activity are highlighted in magenta. (B) Schematic of the methyl group transfer reaction catalyzed by Ogt. The methyl group is transferred from m6G, which
incorrectly pairs with thymine to the reactive L-cysteine of Ogt through a suicidal mechanism. (C) Model for determining the frequency of m6G and the repair by
Cgl3003. m6G results in G:C to A:T mutation and the recovery of kan*°® to kan"T®, leading to a kanamycin resistance phenotype. (D) Formation of kanamycin-
resistant cells with or without hyperosmotic stress. A kan”°® marker gene was integrated into the chromosome of Corynebacterium glutamicum. The control strain
harboring an empty plasmid and the strain with cg/3003 overexpression were cultivated with or without hyperosmotic stress. The same amounts of cells were
collected at the stationary phase and spread on plates with kanamycin. Colonies were counted after 48 h of cultivation. Error bars are standard deviations (n = 3).
Individual data points are indicated by black circles. (E) kan”*°® mutation analysis by Sanger sequencing of kanamycin-resistant colonies. The kan”*“® genes from 24
colonies were sequenced for each test. Con. and 3003 represent the control and cg/3003-overexpressing strains, respectively. The designed start codon ATG
produced by m6G-mediated G:C to A:T mutation is designated as position +1. Another two mutations leading to start codons TTG at position -3 and ATG at position
+2 were also detected.

228  Trends in Biotechnology, January 2025, Vol. 43, No. 1


move_f0015
Image of &INS id=

Trends in Biotechnology

stress in vivo, a kanamycin-resistant marker gene with the start codon ATG mutated to ACG (kan”“%)

was integrated into the chromosome of C. glutamicum. m6G-mediated G:C to A:T mutation is ex-
pected to recover the start codon and result in kanamycin resistance (Figure 3C). The engineered
C. glutamicum kan”°© strains harboring an empty plasmid and a cgl3003-overexpressing plasmid
were cultivated with or without hyperosmotic stress, and kanamycin-resistant colonies were counted
and sequenced. Interestingly, for the control strain, hyperosmotic stress led to a greater than twofold
increase in the number of kanamycin-resistant colonies. Overexpression of cgl3003 decreased
the emergence of kanamycin-resistant colonies under normal conditions by 2.8-fold, and a 4.3-
fold decrease was observed for cultivation under hyperosmotic stress (Figure 3D). The kan”°©
genes in the kanamycin-resistant colonies were then sequenced to determine the genetic mutation.
Besides the predicted ACG-ATG mutation at position +1, another two types of mutation resulting in
translation initiation, TCG-TTG mutation at position -3 and ATT-ATG mutation at position +2, were
also detected. The generation of a TTG start codon at position -3 may also be caused by the
m6BG-mediated G:C to A:T mutation, whereas the low-frequency ATT-ATG mutation at position +2
may be due to spontaneous mutation. The ACG-ATG and TCG-TTG mutations (both G:C to A:T
mutations) accounted for 70-96% of kanamycin-resistant colonies (Figure 3E and Figure S8 in the
supplemental information online). Therefore, the m6G-mediated G:C to A:T mutation was considered
to be the main cause of the emergence of kanamycin resistance.

Hyperosmotic stress affects cells by driving the exit of water and consequently triggering cyto-
plasmic dehydration and a drop in turgor [46]. Based on the earlier results, it is suggested that
exposure to hyperosmotic stress results in elevated m6G levels and mutagenesis frequency,
which is also considered as a key factor for the inhibition caused by hyperosmotic stress. Our
observations support the importance of Cgl3003 in protecting the GC-rich genome (53.8%
GC-content for type strain ATCC 13032) of C. glutamicum from the promutagenic potential
of m6G. E. coli has been reported to have two Of-methylguanine methyltransferases, the
Cgl3003 homolog Ogt, and a bifunctional DNA repair protein/DNA-binding transcriptional
regulator Ada. Expression of Ada is induced by DNA alkylation damage and, upon methylation,
becomes a transcriptional activator of the genes involved in the adaptive response [47]. However,
a blast analysis revealed that no Ada homolog exists in the C. glutamicum genome, making
Cgl3003 the only m6G methylation repair enzyme in this species. It has been suggested that
the Ogt from M. tuberculosis functions through a suicidal mechanism [44]. We hypothesize that
the native expression level of Cgl3003 may be insufficient for m6G repair under hyperosmotic
stress. Therefore, overexpression of Cgl3003 allows cells to alleviate hyperosmotic stress by
repairing elevated m6G methylation.

Cgl2496 is a novel global regulator of stress tolerance

Cgl2496 was annotated as a PucR family transcriptional regulator. PucR was first identified as a
transcriptional activator for genes involved in purine catabolism in Bacillus subtilis [48]. Another
three PucR-type regulators, PrcR, AdeR, and GabR, have been identified in B. subtilis and
C. glutamicum, which participate in the regulation of L-proline utilization, L-alanine dehydrogenase
expression, and y-aminobutyrate utilization, respectively [49-51]. However, Cgl2496 shares
<20% amino acid sequence identities with the reported four PucR-type regulators. Homologs
of Cgl2496 widely exist in the genomes of Actinomycetia (Figure S9 in the supplemental informa-
tion online), although their biological function has not yet been characterized. Structure and func-
tion prediction using the Phyre2 biocinformatics tool [52] revealed the C-terminal helix-turn-helix
(HTH) domain and implied its possible function as a transcriptional regulator.

To investigate the regulatory role of Cgl2496 in enhancing cellular tolerance to hyperosmotic
stress, transcriptome analysis was performed to determine the genes controlled by Cgl2496.
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According to the cell growth curves under hyperosmotic stress, the strain overexpressing
Cgl2496 had similar growth with the control strain harboring an empty plasmid and showed
growth advantage only after ~50 h of cultivation (Figure 2B). Therefore, cells grown under
hyperosmotic stress were sampled at 36 h (with no growth advantage) and 82 h (with obvious
growth advantage) for transcriptome analysis. The RNA sequencing data suggested that
Cgl2496 overexpression led to the upregulation of 110 genes and downregulation of 73 genes
(total 183 differentially expressed genes) at 36 h compared with the strain harboring an empty
plasmid. However, the number of differentially expressed genes caused by Cgl2496 overexpression
at 82 hincreased to 538 genes (234 upregulated genes and 304 downregulated genes) (Figure 4A). A
cluster analysis showed that the transcriptome profiles of the Cgl2496-overexpressing strain and
control strain were more dissimilar at 82 h than at 36 h. According to the clusters of orthologous
groups (COG) annotation [53], the differentially expressed genes were mainly involved in the bio-
logical processes of energy production and conversion, amino acid transport and metabolism, car-
bohydrate transport and metabolism, translation, ribosomal structure, and biogenesis (Figure 4B).

Cgl2496 overexpression significantly affected the transcription of over 500 genes. To identify
the genes directly controlled by Cgl2496 and map the binding sites, we performed ChIP-Seq.
N-terminal and C-terminal 3xFlag-tagged Cgl2496 proteins were episomally expressed under
the control of an IPTG-inducible promoter. Since overexpression of the N-terminal tagged
Cgl2496 maintained the growth advantage under hyperosmotic stress, it was selected for the
ChIP-Seq experiment (Figure 4C). By sequencing and analyzing the DNA extracted from the
DNA-Cgl2496 (3xFlag-tagged) complex, a total of 67 binding regions in the C. glutamicum chro-
mosome were enriched (Figure S10 and Data S9 in the supplemental information onling). Among
these, 13 binding regions were located inside the gene and 54 were located in the intergenic re-
gion, which possibly facilitated transcriptional regulation of the downstream genes (Figure 4D). By
using MEME [54], a DNA-binding motif shared by 37 binding sites was identified (Figure 4E and
Data S10 in the supplemental information online). By integrating the transcriptome and ChiP-Seq
data (peaks in the intergenic region), we found that six and 11 of the 67 genes were upregulated
and downregulated, respectively due to the overexpression of cgl2496 (Figure 4F).

Several of the downregulated genes are involved in oxidative phosphorylation, including cgl2792
(ctaE), cgl2195 (ctaC), and cgl2523 (ctaD), which encode the Heme/copper-type cytochrome/
quinol oxidase subunit 3, subunit 2, and subunit 1, respectively (Figure 5A). cgl2192 and cgl2195
belong to two oxidative phosphorylation-related gene operons, cgl2192-cgl2191-cgl2190-
€gl2189 and cgl2195-cgl2194, respectively. Given that cgl2792 and cgl2195 are the first genes
of their operons, Cgl2496-mediated regulation also caused a two- to sixfold repression of other
genes in these two operons. In addition, the cgl2566 (sucC)-cgl2565 (sucD) operon encoding
succinyl-CoA synthetase (3 and a subunits were downregulated by 22- and 17-fold, respectively
(Figure 5A). Considering the physiological role of these operons in oxidative phosphorylation and
tricarboxylic acid (TCA) cycle, downregulation of their transcription may affect energy metab-
olism. We then determined the intracellular ATP level of the strain overexpressing cgl2496.
The results suggests that cgl2496 overexpression significantly decreases ATP level, which
is consistent with the repression of genetic operons involved in energy metabolism
(Figure 5B).

Besides these metabolic genes, Cgl2496 directly regulates several genes encoding transcrip-
tional regulators, such as cgl2167 (mraZ2) [55], cgl0768 (whiB1) [56], and cgl0279 (whiB4) [57],
suggesting the role of Cgl2496 as a master or global regulator. cgl27167 is involved in the regula-
tion of cell division [55,58]. cgl0768 regulates the transcription of cgl0279, both of which are
related to the stress response and cell morphology [59]. Environmental stress is suggested to
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Figure 4. Effects of cgl2496 overexpression on transcriptome profile. (A) Volcano plot of differential transcript levels caused by cgl2496 overexpression as
determined by RNA sequencing (n = 3). Cells grown under hyperosmotic stress were sampled at 36 h (with no growth advantage) and 82 h (with obvious growth
advantage) for transcriptome analysis. (B) Heatmap of the transcriptional changes caused by cgl2496 overexpression (n = 3). Genes were categorized according
to the database of clusters of orthologous genes (COGs) [53]. (C) Cell growth of strains overexpressing N-terminal and C-terminal 3xFlag-tagged cg/l2496 under
hyperosmotic stress. Error bars are standard deviations (n = 2). (D) The 67 enriched binding regions (peaks) in the Corynebacterium glutamicum chromosome by
chromatin immunoprecipitation followed by sequencing (ChIP-Seq). The peaks inside the gene and the intergenic region are marked in blue and red, respectively.
(E) DNA-binding motif of Cgl2496, predicted by using MEME [54]. Thirty-seven sites shared the predicted motif (E-value = 4.6 x 107°). (F) Intersection of Cgl2496
ChlIP-Seq peaks (in the intergenic region) and differentially expressed genes caused by cgl2496 overexpression (82 h). Abbreviations: FDR, false discovery rate;
ODgo, Optical density at 600 nm.
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Figure 5. Regulatory role of Cgl2496 in cell division and energy metabolism. (A) Schematic of the role of Cgl2496 in regulating genes involved in cell division and
energy metabolism. The red and blue arrows represent upregulation and downregulation, respectively. The genes involved in energy metabolism, cell division, and
stress response are in black, purple, and green, respectively. (B) Intracellular ATP levels of the control strain harboring an empty plasmid and the strain with
cgl2496 overexpressed under hyperosmotic stress. Error bars are standard deviations (n = 3). Individual data points are in black circles. (C) Scanning electron
microscopy (SEM) of the Corynebacterium glutamicum control strain harboring an empty plasmid and the strain with cgl2496 overexpressed under hyperosmotic
stress. More SEM images are shown in Figure S11 in the supplemental information online. (D) Effects of target gene deletion on Cgl2496 overexpression-
mediated tolerance to hyperosmotic stress. cgl2496 was overexpressed in the control (wild-type) strain and the engineered strain with the target gene (cg/0768,
cgl2167, cgl2610, and cgl2911) deleted, respectively. All strains were cultivated under the stress of 1.2 M L-lysine. Error bars are standard deviations (n = 3).
Abbreviations: DCW, dry cell weight; ODggo, optical density at 600 nm.
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cause morphological changes. To test whether Cgl2496-mediated regulation of cgl2767,
cgl0768, and cgl0279 changed the cell morphology under hyperosmotic stress, cells with and
without cgl2496 overexpression were checked under a scanning electron microscope
(SEM). Under hyperosmotic stress, the control strain suffered from disordered cell division and
aggravated cell lysis. Cells with long and abnormal morphology were observed. By contrast,
€gl2496 overexpression counteracted the effects of hyperosmotic stress and allowed cells to
maintain normal division and morphology (Figure 5C and Figure S11 in the supplemental informa-
tion online), which may be the mechanism of cgl2496-mediated tolerance to hyperosmotic
stress.

Since Cgl2496 directly bound the promoter region of cgl0768 and cgl2167 and upregulated their
transcription, we hypothesized that deletion of cgl0768 and cgl2167 would break the regulatory
chain of Cgl2496 and weaken the beneficial effects of cgl2496 overexpression on hyperosmotic
stress tolerance. We also analyzed the intersection of the upregulated genes caused by cgl2496
overexpression (Figure 4A) and the 15 genes identified to enhance hyperosmotic stress tolerance
(Figure 2B), and found two hits, cgl2670 and cgl29171. To test the effects of these four genes
(cgl2167, cgl2610, cgl0768, and cgl2911) on the regulatory function of Cgl2496, they were indi-
vidually deleted in C. glutamicum. While deletion of cgl2167 and cgl2610 did not affect cell growth
under hyperosmotic stress, deletion of cgl0768 and cgl2911 largely impaired cellular tolerance to
hyperosmotic stress (Figure 5D). Next, cgl2496 was overexpressed in the gene-deleted mutants; its
overexpression in the cgl0768-deleted mutant did not improve cellular tolerance to hyperosmotic
stress. Although cgl2496 overexpression in the mutants with cgl2767 and ¢gl2670 deletion
led to increased hyperosmotic stress tolerance, the beneficial effects were not as large as
seen for cgl2496 overexpression in the wild-type strain. These data suggest that cgl0768,
cgl2167, and cgl2610 are important for the cgl2496-mediated tolerance to hyperosmotic
stress. However, it is difficult to decipher the role of cgl29717 in the regulatory function of
€gl2496, since cgl2496 overexpression in the cgl2911-deleted mutant significantly increased
cellular tolerance (Figure 5D).

|dentification of novel L-threonine exporters by gene overexpression screening

Efficient export of intracellularly synthesized molecules to the culture medium is crucial
for product hyper-production. Identification of exporters has largely depended on genome-
scale random mutation combined with screening and deciphering target molecule (or struc-
tural analog)-resistant mutants [7,60,61]. However, poorly expressed or silent exporter-
encoding genes have probably been neglected by previous strategies. For a comprehensive
screening of novel transporters, all 389 strains overexpressing the annotated membrane trans-
porter genes were reorganized into 48-deep-well microplates. The exporters of L-threonine were
screened as a demonstration. Since construction of cg/7730 (encoding an ABC-type transporter)
was unsuccessful, it was not covered by the screening. By using the previously characterized
L-threonine exporters Cgl2622 (ThrE) [62] and CglOB05 (SerE) [63] as positive controls, a screen-
ing strategy based on cell growth under Thr-Thr dipeptide stress was developed. With the addition
of Thr—Thr dipeptide, cells accumulate excessive L-threonine in vivo and cell growth is conse-
quently inhibited. Overexpression of a functional L-threonine exporter can mediate efficient excre-
tion of L-threonine and maintain homeostasis. As a result, compared with the control strain
harboring an empty plasmid, strains overexpressing the L-threonine exporter showed a growth
advantage upon the addition of Thr-Thr dipeptide (Figure 6A). Taking Cgl2622 as an example,
its overexpression did not have significant effects on cell growth. The addition of Thr—Thr dipeptide
inhibited cell growth, whereas the Cgl2622-overexpression strain showed an obvious growth
advantage, suggesting the L-threonine export function of Cgl2622 (Figure S12 in the supplemental
information online). In contrast to Cgl2622, overexpression of Cgl0605 caused obvious inhibition of
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Figure 6. Identification and characterization of novel L-threonine exporters. (A) Schematic of the two-round screening procedure for identification of L-threonine
exporters. For the first round of screening, all 389 strains overexpressing membrane transporter genes and a negative control with an empty plasmid were cultivated with or
without Thr—Thr dipeptide stress. Those with relative growth advantage under Thr-Thr dipeptide stress entered the second round of screening to determine the
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cell growth, which was possibly due to the metabolic burden or unrestricted excretion of metabo-
lites by Cgl0605. In the presence of Thr—Thr dipeptide, the difference in cell growth between the
CgloB05 overexpression strain and the control strain diminished (Figure S12). Therefore,
Cglo605 overexpression allowed cells to tolerate Thr—Thr dipeptide stress. In summary, it is feasible
to identify potential L-threonine exporters by analyzing cell growth with and without dipeptide
stress.

Two rounds of screening were conducted to identify novel L-threonine exporters. The first round of
screening was performed by cultivating all 389 strains overexpressing membrane transporter genes
and a negative control with an empty plasmid. By comparing the growth of gene-overexpressing
strains with and without Thr—Thr dipeptide stress using a developed algorithm (Figure S13 in the
supplemental information online), 33 transporters (including the previously reported L-threonine
exporters, Cgl2622 [62] and Cglo605 [63]) were found to enhance cell growth under Thr—Thr dipep-
tide stress compared with the negative control strain (Figure 6B; Figure S14 and Data S11 in the
supplemental information online). These 33 strains were subjected to a second round of screening
by quantifying the final concentration of extracellular L-threonine when they were cultivated with the
addition of Thr—Thr dipeptide. Seven transporters (Cglo605, Cgl1933, Cgl2078, Cgl2286, Cgl2344,
Cgl2622, and Cgl2656) enhanced the accumulation of extracellular L-threonine by over 25% under
Thr—Thr dipeptide stress (Figure 6C). However, the extracellular L-threonine levels of the remaining
26 transporters did not significantly increase, suggesting that the improvement in cell growth
observed in the first round of screening was not due to accelerated L-threonine transport but to
other unknown mechanisms. Cgl1933 (Ptsl) belongs to the phosphotransferase system (PTS) for
sugar uptake [64] and, thus, it was not further investigated here. To verify the function of the
remaining screened six transporters as functional L-threonine exporters, classic peptide uptake
and amino acid export assays were conducted. Upon the addition of Thr—Thr dipeptide, the control
strain harboring an empty plasmid showed very high intracellular L-threonine levels (>160 mM).
Continuous accumulation of extracellular L-threonine was also observed because of the expression
of chromosomally expressed L-threonine exporters. Overexpression of the screened six trans-
porters led to different levels of decrease in intracellular L-threonine concentration and increase in
L-threonine export (Figure 6D). These results confirmed the function of the six transporters
as L-threonine exporters.

We next analyzed the classification of these L-threonine exporters. The two known L-threonine
exporters, Cglo605 and Cgl2622, belong to the DMT family transporter and ThrE family trans-
porter, respectively. Interestingly, none of the four newly discovered L-threonine exporters
(Cgl2078, Cgl2286, Cgl2344, and Cgl2656) belonged to either the DMT or ThrE family.
Cgl2078 is classified as an amino acid ABC transporter and shares transmembrane structure
similarity with the L-cysteine exporter CydDC of E. coli [65] (Figure S15 in the supplemental

extracellular L-threonine concentrations in the presence of Thr-Thr dipeptide stress. (B) First round of screening for identification of L-threonine exporters. The selected 33
potential L-threonine exporters that entered the second round of screening are in red. (C) Second round of screening for identification of L-threonine exporters. The selected
six potential L-threonine exporters that caused a >25% increase in the extracellular L-threonine concentration upon Thr-Thr dipeptide addition are in red. The increase in the
extracellular L-threonine concentration is marked as a percentage. (D) Thr—Thr dipeptide uptake and export assay for the selected potential L-threonine exporters.
Intracellular and extracellular L-threonine concentrations were detected periodically after the addition of Thr-Thr dipeptide. Error bars are standard deviations (n = 3).
(E) Effects of L-threonine exporter overexpression on L-threonine and L-homoserine production of an L-threonine-producing Corynebacterium glutamicum strain.
Individual data points are shown as black circles. Error bars are standard deviations (n = 3). Student’s two-tailed t-test was conducted to compare the L-threonine (or
L-homoserine) titers of strains overexpressing L-threonine exporters with a control strain without L-threonine exporter overexpression (**P <0.01, ***P <0.001).
(F) Application of L-threonine exporters in an L-threonine-producing Escherichia coli strain. Individual data points are shown in black circles. Error bars are standard devi-
ations (n = 3). Student’s two-tailed t-test was conducted to compare the L-threonine (or L-homoserine) titers of strains overexpressing L-threonine exporters with control
strain without L-threonine exporter overexpression (**P <0.001). (G) Fed-batch fermentation of the L-threonine-producing C. glutamicum strain with Cgl2344 overexpres-
sion in a 5-1 bioreactor. Abbreviations: ORF, open reading frame; ODgqo, Optical density at 600 nm.
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information online). Cgl2078 is the first confirmed L-threonine exporter of the amino acid
ABC transporter family. Cgl2286 belongs to the hemolysin family and is the first member
of this family with amino acid transport function. Both Cgl2344 and Cgl2656 belong to the LysE
translocator family, and share transmembrane structure similarity with the L-threonine exporters
RhtB and RhtC of E. coli [66,67] (Figure S15). An amino acid sequence alignment suggested
that the four newly discovered L-threonine exporters (Cgl2078, Cgl2286, Cgl2344, and Cgl2656)
all shared <30% similarity with the known L-threonine exporters (Figure S16 in the supple-
mental information online). Therefore, discovery of these exporters based on sequence
blast would be difficult. Here, by using genome-scale screening, several L-threonine
exporters with sequence, structure, and function diversities were identified, laying the
foundation for investigating their physiological functions and applications in amino acid
overproduction.

Application of the novel L-threonine exporters in L-threonine production in C. glutamicum and
E. coli

One important application of transport proteins is to enhance the bioproduction of target molecules
[7,60]. To test the application of the newly identified L-threonine exporters in L-threonine
bioproduction, they were individually overexpressed by plasmids in an engineered L-threonine-
overproducing C. glutamicum that harbored two chromosomal mutations (hom©3"8€ and fysC™' )
and a hom®3"®E and thrB-overexpressing plasmid. Overexpression of Cglo605, Cgl2078,
Cgl2344, Cgl2622, and Cgl2656 increased L-threonine production by 46-141% (Figure 6E). The
accumulation of by-product L-homoserine was also largely increased when Cgl0605 and
Cgl2622 were overexpressed, which was consistent with the reported substrate promiscuity
of these two exporters [18,62,63]. Overexpression of the four newly identified L-threonine
exporters did not increase L-homoserine accumulation, which was an advantage for improv-
ing conversion yield and simplifying product purification (Figure 6E). Therefore, we envision
that these newly identified exporters will be valuable new targets for L-threonine transport
engineering.

Next, the combinational effects of simultaneous overexpression of two exporters were tested.
Since Cgl2656 showed the best performance in enhancing L-threonine production, it was over-
expressed with the other five transporters. However, construction of the Cgl2656-Cgl2286 co-
expressing plasmid in E. coli failed after several trials. The remaining five plasmids were success-
fully constructed, whereas transformation of the Cgl2656-Cgl2344 co-expressing plasmid into
C. glutamicum did not produce any transformants after several trials, which may be due to the
toxic effects on cells of the excessive excretion of intracellular amino acids. The resulting three
engineered strains were cultivated and tested for L-threonine production. Although these strains
produced 23-123% higher L-threonine compared with the control strain with an empty plasmid,
the improvements were lower than that obtained by individually overexpressing Cgl2656
(Figure S17 in the supplemental information online).

In addition to application in their native host, transport proteins can usually be used in heterolo-
gous microbial hosts for enhancing bioproduction [7,60]. An L-threonine-producing E. coli strain
was used as the host in this instance, and was constructed by expressing an L-threonine biosyn-
thesis thrAE253KBC operon-overexpression plasmid [68]. Individual overexpression of CglO605,
Cgl2078, Cgl2344, Cgl2622, and Cgl2656 increased the L-threonine titer by 32-144%, with
the newly identified Cgl2344 showing the largest increase (144%) (Figure 6F). Application of
Cgl2344 also resulted in the lowest accumulation of the by-product L-homoserine, which was
only 10% and 17 % of those produced by strains overexpressing the known L-threonine exporters
Cglo605 and Cgl2622, respectively. However, Cgl2286 failed to improve L-threonine production
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(Figure 6F). The results suggest that application of the identified transporters is not limited
to the native host C. glutamicum but can be expanded to other microbial hosts, such as
E. coli.

Finally, we demonstrated the application of the newly discovered L-threonine exporters in industry-
level L-threonine production. We previously constructed a C. glutamicum strain ZcgIT9 with
the highest reported L-threonine production level (67.6 g/l and 1.2 g/I-h) by systems metabolic
engineering. However, 4.6 g/l L-homoserine was detected in the fermentation broth as the main
by-product [69]. In former tests, Cgl2344 led to the lowest by-product L-homoserine accumulation
and Cgl2656 showed the highest L-threonine production (Figure 6E). Therefore, Cgl2344
and Cgl2656 were used to enhance L-threonine production. In 24-deep-well plate fermentation,
the engineered strain with Cgl2344 overexpression produced 14.3 g/l L-threonine, which was
1.5-fold higher than that produced by the Cgl2656-overexpressing strain (Figure S18 in the supple-
mental information online). Next, the best-producing strain with Cgl2344 overexpression was sub-
jected to fed-batch fermentation in a 5-1 bioreactor. After 50 h fermentation, 75.1 g/ L-threonine
was produced with a productivity of 1.50 g/I/h and a yield of 0.22 g/g glucose (Figure 6G). The
titer and productivity were 11% and 25% higher, respectively, than that obtained in our previous
study [69], representing the new record for L-threonine production in C. glutamicum. Given the
substrate specificity of Cgl2344, only 2.2 g/I L-homoserine was produced, which was 48% of
that produced by strain ZcgIT9 [69]. These results demonstrate the application of the screened
functional components in industry-level bioproduction.

Discussion

Industrial biomanufacturing requires microbial strains with not only enhanced biosynthesis, but
also adaptability to industrially relevant environmental factors, particularly the high concentrations
of intracellular and extracellular product molecules. Therefore, functional components capable of
exporting product molecules outside cells and assisting cells to tolerate the stress caused by
high-level product accumulation are always greatly valued [7,8].

In this study, phenotype profiling of a newly constructed gene overexpression collection of
C. glutamicum was conducted for a comprehensive screening of novel targets for enhancing
stress tolerance, amino acid export, and bioproduction. The screened functional components
functioned in not only the wild-type C. glutamicum, but also industry-level amino acid-producing
C. glutamicum strains, as well as heterologous microbial hosts, such as E. coli. In terms of the
genes selected for hyperosmotic stress tolerance, we observed a large variety in their physiological
functions involved in carbon and energy metabolism (cgl0977, cgl1010, cgl1118, cgl2392,
€gl2610, and cgl2911), DNA repair (cgl3003), transportation (cgl0470), transcriptional regulation
(cgl0923 and ¢gl2496), protein synthesis (cg/1994), and unknown biological processes (cgl0063,
cgl1472, cgl2806, and cgl2998). The correlation between these genes and hyperosmotic stress
is difficult to predict based on existing knowledge. Indeed, complex phenotypes, such as cell
growth and stress tolerance, are systematically controlled by a variety of genes and the genetic
mechanisms are not yet fully characterized. Interestingly, when the selected genes were deleted
to verify their functions, few led to phenotype changes, suggesting that many genes are natively
expressed at very low levels or completely silent. Therefore, GOF screening with gene overexpres-
sion is an important complement to the widely used LOF screening approaches with CRISPRI [70],
base editing [71], or transposon mutagenesis [72]. Combining these GOF and LOF screening
approaches can be used for exploring the synergistic effects of overexpression and deletion of
multiple genes. Although such combinations will generate large sets of data, booming machine
learning and artificial intelligence technologies can be used for data processing and elucidation of
the synergistic effects [73].
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Besides the examples demonstrated in this study, the gene overexpression strain collection
provides a valuable resource for functional genomics and systems biology research on
C. glutamicum. Systematic phenotype profiling under selected conditions combined with muilti-
omics analyses [74] will generate a large data set for modeling and predicting C. glutamicum
metabolism and regulation. Considering that the gene-overexpression plasmids are transferable
to industrial C. glutamicum mutants, such as the L-lysine and L-glutamate-producing strains
[5], the collection is useful for examining the properties of genes in industrial bioproduction and
identifying novel genetic targets for strain improvement. The gene-overexpression plasmids can
also be replicated in many other Corynebacterium strains [75], such as Corynebacterium
acetoacidophilam, Corynebacterium pekinense, and Corynebacterium crenatum. The plasmid
replication initiator (Rep) shares a high degree of similarity with the Rep protein encoded by the
broad host-range plasmid pNG2 from the human pathogen Corynebacterium diphtheriae [76].
Therefore, the developed gene-overexpression plasmids may be used in other Corynebacterium
strains. In addition, since the gene overexpression plasmids are based on an E. coli—
C. glutamicum shuttle, they can also replicate in E. coli. Using RFP as a reporter, over tenfold
gene induction by IPTG was observed (Figure S19 in the supplemental information online). The
identified L-threonine exporters have also been proven effective in E. coli, suggesting the possibility
of screening functional components in this species By making this resource available to the
research community, we hope to contribute to the worldwide efforts for a comprehensive under-
standing of C. glutamicum and accelerate the discovery of functional components that are applica-
ble in various industrial microorganisms.

Concluding remarks

Development of industrial strains for biomanufacturing requires better understanding of the
biology and identification of functional components associated with the production efficiency.
This work provides a systematic strategy combining the automated construction of a genome-
scale controllable gene overexpression strain collection using the state-of-the-art BioFoundry,
and high-throughput phenotype screening for functional components based on the collection.
As demonstrated, many new components enhancing cellular hyperosmotic tolerance and
amino acid exports were identified and successfully used to generate amino acid hyperpro-
ducers. The collection should greatly promote the biological study and biotechnological develop-
ment with the industrial workhorse C. glutamicum. With the rapid development of laboratory
automation and artificial intelligence, this strategy should be readily extended to other well- or
less well-studied industrial microorganisms (see Outstanding questions), greatly accelerating
the development of efficient industrial microorganisms for biomanufacturing.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

e KEY RESOURCES TABLE
e METHOD DETAILS
o Strains and culture conditions
Genome resequencing of C. glutamicum ATCC 13032
Plasmid construction
Automated construction of gene overexpression collection
High-throughput growth characterization of gene overexpression collection
Calculation of gene fithess
Chromosomal engineering of C. glutamicum
L-Lysine production by strains overexpressing selected genes
Detection of m6G-induced mutation and Cgl3003-mediated m6G repair
Transcriptome analysis
ChIP-Seq analysis
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Outstanding questions

How can we integrate the genome-
scale gene overexpression collection
with other technologies, such as artifi-
cial intelligence and systems biology,
to accelerate the discovery of func-
tional components and the decipher-
ment of the underlying mechanisms?

Can efficient high-throughput methods
be developed other than growth-
coupled phenotype screening to fully
explore the potential of the arrayed
library resources?

How can the identified functional
components and knowledge further
drive innovation in C. glutamicum and
beyond?

Can the BioFoundry and the screening
strategy developed in this study be
extended to other less well-studied in-
dustrial microorganisms to understand
the biology and upgrade their produc-
tion efficiency?
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SEM of C. glutamicum

Measurement of intracellular ATP levels

Screening of L-threonine exporters

Peptide uptake and amino acid export assay

L-Threonine production by C. glutamicum overexpressing selected genes
L-Threonine production by E. coli overexpressing selected genes
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STARXMETHODS

KEY RESOURCES TABLE
Reagent or resource Source Identifier
Bacterial and virus strains
Escherichia coli DH5a TaKaRa D9057
E. coli DB3.1 TransGen Biotech CD531
Corynebacterium glutamicum ATCC 13032 ATCC 13032
Chemicals, peptides, and recombinant proteins
Thr=Thr dipeptide Hefei-specific peptide organisms N/A
BacTiter-Glo™ Microbial Promega G8230
Cell Viability Assay
Wizard Genomic DNA Purification Kit Promega A1125
ClonExpress MultiS One-Step Cloning Kit Vazyme C112
T4 DNA ligase New England Biolabs M0202S
Restriction endonucleases Bsal New England Biolabs R3733S
2xTransStart FastPfu SuperMix TransGen Biotech AS221-02
HT DNA Extender Range LabChip Perkin Eimer 760517
DNA 12K reagent kit Perkin Eimer 760569
ClonExpress Il One Step Cloning kit Vazyme C112
MagBeads Plasmid DNA Mini Extraction Kit Biomiga BW-MPD1211
2 x Es Taq Mix CWBIO CWO0718M

METHOD DETAILS

Strains and culture conditions

Strains used in this study, excluding the 3,049 C. glutamicum strains of the gene overexpression collection, are listed in Data S1 in the
supplemental information online. E. coli strains DH5a and DB3.1 used for plasmid cloning were cultivated aerobically at 37°C in Luria—
Bertani (LB) broth. Ampicillin (100 pg/ml), kanamycin (50 pg/ml), or chloramphenicol (20 pg/ml) was added to the medium as required.
C. glutamicum ATCC 13032 and the derivatives were cultivated aerobically at 30°C in TSB medium or CGXII-YE medium. The TBS
medium [18] contains 5 g/l glucose, 9 g/l soya peptone, 5 g/l yeast extract, 1 g/l KoHPO4-3H50, 0.1 g/l MgSO4-7H,0, 3 g/l urea,
0.5 g/l succinic acid, 10 pg/I biotin, 100 g/l vitamin B1, and 20 g/l MOPS (pH 7.2). The CGXII-YE medium is the CGXII minimal medium
[79] supplemented with 2 g/l yeast extract. Kanamycin (25 pg/ml), chloramphenicol (5 pg/ml), or IPTG (0.005 to 0.32 mM) was added
as required.

Genome resequencing of C. glutamicum ATCC 13032

To identify the differences in the genome sequence of the C. glutamicum ATCC 13032 copy stored in our laboratory and the one
deposited in NCBI, the genomic DNAs were extracted using Wizard Genomic DNA Purification Kit [Promega (Beijing) Biotech Co.,
China]. Library construction and genome sequencing were performed by Biomarker Technologies (Beijing, China) by using lllumina
and Oxford Nanopore sequencing platforms. Quality assurance of the output was analyzed by using FastQC software (v.0.10.1) and
NGSQC Toolkit software (v.2.3.3). BWA alignment software (v.0.7.17), and SAM tools software (v.1.9) were used for alignment and
variant calling, respectively. Variations were annotated by using the SnpEff software (v.4.3i).

Plasmid construction

Plasmids used in this study, excluding the 3049 plasmids of the gene overexpression collection, are listed in Data S2 in the supple-
mental information online. Plasmids were constructed via recombination or Golden Gate assembly. Recombination was conducted
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using the ClonExpress MultiS One-Step Cloning Kit (Vazyme, Nanjing, China). Restriction endonucleases and T4 DNA ligase used for
Golden Gate assembly were purchased from New England Biolabs (Beijing) (Beijing, China). DNA polymerase and reagents used for
PCR were purchased from TransGen Biotech (Beijing, China). Services of primer and gene synthesis and DNA sequencing were pro-
vided by GENEWIZ Inc. (Suzhou, China). Primers and details for constructing plasmids are described in Data S3 in the supplemental
information online.

Automated construction of gene overexpression collection

Automated construction of C. glutamicum gene overexpression collection was performed on the BioFoundry TianGong I. The pro-
cedure consists of two parts, plasmid assembly in E. coli DH5a and plasmid transformation to C. glutamicum. BioFoundry TianGong
| integrates various instruments to facilitate the automation of PCR reaction, DNA fragment analysis, DNA purification, plasmid liga-
tion, plasmid transformation, plating, colony picking, cell cultivation, plasmid extraction, etc. (Table S1 in the supplemental informa-
tion online). The PCR system was reduced to 5 pl per well, consisting of 2xTransStart FastPfu SuperMix (TransGen Biotech, China)
2.5 pl, genomic DNA (~50 ng/ul) 0.05 pl, nuclease-free water 2.25 pl, and 0.1 pl each of 10 uM forward and reverse primers. First, all
components, except for the primers, were prepared as a PCR master mix in a reservoir and dispensed into a 384-well PCR plate
(ThermoFisher Scientific, USA) by Biomek i7 Automated Liquid Handler (Beckman Coulter, USA). Next, the 384-well PCR plate
was transferred to Echo Acoustic Liquid Handler (Beckman Coulter, USA) via selective compliance assembly robot arm (SCARA),
where the forward and reverse primers synthesized and stored in the 384-well polypropylene plate (Beckman Coulter, USA) were
added to the 384-well PCR plate. The 384-well PCR plate was then sent to the sealer followed by an automated thermal cycler
(ATC) using SCARA. After 30 cycles of PCR reaction, 3 ul PCR product per well was aspirated into a new 384-well PCR plate,
and the reaction mix for plasmid ligation stored in the reservoir was dispensed into the new 384-well PCR plate by Biomek i7
Automated Liquid Handler. The total volume of the ligation reaction was reduced to 5 pl, containing Exnase (Vazyme, China)
0.5 ul, 5xreaction buffer 1 pl, plasmid backbone (~80 ng/ul) 0.5 ul, PCR product 3 pl. Allthe components except for the PCR product
were pre-made as a reaction mix. After incubating at 37°C for 30 min, the plate was sent back to Biomek i7 Automated Liquid
Handler, and the entire ligation product was transferred to a pre-prepared 96-well microplate containing 50 pl £. coli DH5a compe-
tent cells per well. After incubation at 4°C for 5 min, all the cells were plated on twelve 8-well QTrays (Molecular Devices, USA) con-
taining LB agar medium with ampicillin (100 pg/ml) by Microbial Colony Picker QPix420 (Molecular Devices, USA). All QTrays were
then moved to Cytomat 2 C450-LIN Automated Incubator (ThermoFisher Scientific, USA) by SCARA for overnight cultivation
at 37°C. On the second day, two colonies were picked from each well of the plates using Microbial Colony Picker QPix420 and
inoculated in 96-deep-well plates containing 1 ml LB medium with ampicillin (100 ug/ml) in each well. After overnight incubation at
37°C, 100 pl culture was aspirated out for Sanger sequencing. When sequencing results were incorrect, 100 pl culture from the
backup plate was aspirated out for Sanger sequencing. If more than two Sanger sequencing reactions were required to go through
the target gene, the plasmids were mixed and sent for NGS. After verification by plasmid sequencing, E. coli strains with the correct
plasmid were stored in an Arktic Automated Sample Storage System (SPT Labtech, United Kingdom) with 15% glycerol.

The E. coli strains with the correct plasmid were cultivated for extracting plasmid for transformation into C. glutamicum. Plasmid
extraction was carried out using the MagBeads Plasmid DNA Mini Extraction Kit (Biomiga, USA) with the Biomek i7 Automated Liquid
Handler, centrifuge, Kingfisher Presto (ThermoFisher Scientific, USA), and SCARA. In the second and third rounds of plasmid con-
struction, PCR products were analyzed by electrophoresis using the LabChip GXII with the HT DNA Extender Range LabChip
760517 (Perkin Elmer, USA) and the DNA 12K reagent kit (Perkin Elmer, USA). PCR products were diluted 20-fold in 384-well
PCR plates and then loaded into the LabChip GXII for analysis according to the instructions. Product length, DNA concentration
(Conc., given in ng/ul), and product purity were analyzed using LabChip GX Touch Software v.1.11.144.0.

All successfully constructed plasmids were transformed into C. glutamicum by electroporation with the BioFoundry. After electropo-
ration, cells were recovered at 30°C for 1 h and then spread on 8-well QTrays containing LBHIS agar medium [80] with kanamycin
(25 pg/ml) by Microbial Colony Picker QPix420. All QTrays were then moved to Cytomat 2 C450-LiN Automated Incubator by
SCARA for overnight cultivation at 30°C. After 2 days of incubation, two colonies were picked from each well of the plates using
Microbial Colony Picker QPix420 and inoculated in a 96-deep-well plate containing 1 ml LBHIS medium with kanamycin (25 pg/ml)
in each well. After 4 hours of cultivation, PCR verification was performed with a 5 pl reaction system consisting of 2.5 pl 2 x Es Taqg
Mix (CWBIO, China), 1 ul culture, 0.25 pl forward primer, 0.25 pl reverse primer, and 1 pl nuclease-free water. The reaction mix con-
taining 2 x Es Taq Mix and nuclease-free water was prepared as a PCR mix in a reagent reservoir and was dispensed into a 384-well

Trends in Biotechnology, January 2025, Vol. 43, No. 1 243




¢? CellP’ress Trends in Biotechnology

PCR plate by Biomek i7 Automated Liquid Handler. Cultures and primers were then added to the PCR plates by Biomek i7 Automated
Liquid Handler and Echo Acoustic Liquid Handler, respectively. Once verified, the recombinant C. glutamicum strains were stored in an
Arktic Automated Sample Storage System with 15% glycerol.

High-throughput growth characterization of gene overexpression collection

MicroScreen HT automatic microbial growth curve analyzer (Gering Instrument Ltd., Tianjin, China) and 48-deep-well plates with a ca-
pacity of 4 ml for each well were used for the high-throughput growth characterization of gene overexpression collection. Preparation of
the seed culture and cultivation were performed with the abovementioned equipment. ODgqg values of each well were measured online
every one or two hours as required. The strains with gene overexpression were cultivated in 400 ul TSB medium supplemented with
25 pg/ml kanamycin. After cultivation at 30°C and 800 rpm for 8 h, 10 pl of the culture was used as the seed to inoculate 400 pl
CGXII-YE medium supplemented with 0.04 mM IPTG, 25 pg/ml kanamycin, and 1.2 M L-lysine sulfate (or 1.2 M NaxSQy,). The
pH of the medium was adjusted to 7.2. The strains were cultivated at 30°C and 800 rpm, and ODggg values were monitored
every hour. Cultivation of the control strain C. glutamicum ATCC13032 (pEC) was conducted for every 48-deep-well plate. For verifying
the effects of selected genes on cell growth and tolerance to hyperosmotic stress, strains were cultivated under the same condi-
tions as the first round of screening. At least two biological replicates were performed and ODgqg values were monitored every two
hours.

Calculation of gene fithess

Gene fitness was used to describe the difference in cell growth with or without stress conditions caused by gene overexpression.
Gene fitness was calculated according to the procedure and equations shown in Figure S5a. For the first round of screening of
gene overexpression collection under hyperosmotic stress, no replicates were performed and ODggg values were monitored every
hour. Continuous fifteen data points (= 30 h) that showed the biggest difference between the gene overexpression strain and the con-
trol strain were used for calculating the gene fitness. For verifying the effects of selected genes on cell growth and tolerance to
hyperosmotic stress, at least two biological replicates were performed and ODggg values were monitored every two hours. To calcu-
late the gene fitness for hyperosmotic stress condition, continuous eight data points (= 30 h, mean of biological replicates, P < 0.05,
Student’s two-tailed t-test) that showed the biggest difference between the gene overexpression strain and the control strain were
used. Without hyperosmotic stress, cells grew much faster compared with those with hyperosmotic stress and commonly entered
the stationary phase after twenty hours of cultivation. Therefore, to calculate the gene fithess for normal conditions, continuous eight
data points (= 4 h, mean of biological replicates, P < 0.05, Student’s two-tailed t-test) that showed the biggest difference between the
gene overexpression strain and the control strain were used.

Chromosomal engineering of C. glutamicum

Gene deletion and insertion in C. glutamicum were performed using the developed CRISPR/Cas9 system [18]. The plasmids used for
gene deletion and insertion are listed in Data S10. The plasmid was transformed into C. glutamicum by electroporation. Preparation
of competent cells and electroporation were conducted following the reported procedure [80]. After electroporation, 1 ml TSB
medium was added immediately and the suspension was quickly transferred into a 1.5 ml tube and incubated at 46°C for 6 min.
After recovery at 30°C for 3 h, cells were spread on a TSB solid medium supplemented with 0.05 mM IPTG and 5 pg/ml chloram-
phenicol for selection. After 48 h of cultivation at 30°C, colonies were verified by PCR. Correctly edited strains were cultivated at
37°C with antibiotic-free TSB medium to cure the plasmid. The gRNA design and off-target analysis were performed using the online
tool CRISPR RGEN Tools [81]. Primers used for plasmid construction and strain verification are listed in Data S3.

L-Lysine production by strains overexpressing selected genes

An L-lysine-producing C. glutamicum strain harboring three mutations (ysC™""", pycP4%S, and hom was used as the host to
evaluate the effects of gene overexpression on L-lysine production. The strains transformed with the gene overexpression plasmid
and the control harboring an empty plasmid were cultivated in 24-deep-well plates containing 800 ul TSB medium each well,
which was supplemented with 25 pg/ml kanamycin. After cultivation at 30°C and 800 rpm for 8 h, the culture was used as a seed
to inoculate 800 pL fermentation medium in a 24-deep-well plate with an initial ODggo 0Of 0.1. The fermentation medium contains
60 g/l glucose, 1 g/l yeast extract, 1 g/l soya peptone, 1 g/l NaCl, 1 g/l (NH4)>SOy4, 8 g/l urea, 1 g/l K;HPO4-3H,0, 0.45 g/l
MgS0O,-7H50, 0.05 g/l FeSO,4-7H,0, 0.4 mg/I biotin, 0.1 mg/I vitamin B1, and 40 g/| MOPS (pH7.2). The fermentation medium
was supplemented with 0.04 mM IPTG, 25 pug/ml kanamycin, and 1.0 M Na,SQ,4. The strains were cultivated at 30°C and
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800 rpm for 120 h. Extracellular L-lysine levels were measured by HPLC [18]. Glucose was quantified using an SBA-40D biosensor
analyzer equipped with glucose oxidase (Institute of Biology of Shandong Province Academy of Sciences, China).

Detection of m6G-induced mutation and Cgl3003-mediated m6G repair

A reporter gene kan”“® (kanamycin resistance gene with the first codon changed from ATG to ACG) was inserted into the chromo-
some between ¢gl2830 and cgl2831 using the CRISPR/Cas9 system. Since the kanamycin resistance was used as a reporting
phenotype, the kan gene in the plasmid pEC-cg/l3003 was replaced with a chloramphenicol resistance gene cm. The resulting
plasmid pEC-cm-cgl3003 and the control plasmid pEC-cm were transformed into C. glutamicum ATCC 13032 kan”“®. The
engineered strains were cultivated in 100 ml shake flasks containing 5 ml TSB medium supplemented with 5 ug/ml chloramphenicol.
After cultivation at 30°C and 220 rpm for 8 h, the cultures were used as seeds to inoculate 30 ml CGXII-YE medium in 500 ml shake
flasks with an initial ODggg Of 0.1. The medium was supplemented with 0.04 mM IPTG and 5 pg/ml chloramphenicol. To provide a
hyperosmotic condition, 1.2 M L-lysine sulfate was added. The strains were cultivated at 30°C and 220 rpm for 96 h. The same
amount of cells were collected and spread on plates with 25 y g/ml kanamycin. Colonies were counted after 48 hours of cultivation.
The kan”*°® genes of the kanamycin-resistant colonies were amplified by PCR and sequenced to analyze mutations.

Transcriptome analysis

C. glutamicum ATCC 13032 (pEC-cgl2496) and C. glutamicum ATCC 13032 (pEC) were cultivated in a TSB medium supplemented
with 25 pg/ml kanamycin. The cultures were used as seeds to inoculate 48-deep-well plates containing 400 pl CGXII-YE medium in
each well with an initial ODggg of 0.1. The medium was supplemented with 0.04 mM IPTG, 25 ug/ml kanamycin, and 1.2 M L-lysine
sulfate. Strains were cultivated at 30°C and with shaking at 800 rpm. Cells at 36 h and 82 h were collected for RNA isolation. RNA
preparation, library construction, sequencing on lllumina HiSeq, and data processing were performed by Novogene (Tianjin, China).
Genes with a false discovery rate (FDR)<0.05 and log,(Fold change) >1 or <1 were considered to be differentially expressed.

ChIP-Seq analysis

3xFlag was fused to the N-terminal or C-terminal of Cgl2496. The recombinant plasmids pEC-N-3Flag-cgl2496 and pEC-C-3Flag-
€gl2496 were transformed into C. glutamicum ATCC 13032. The transformants were characterized by their tolerance to
hyperosmotic stress. Since the strain C. glutamicum ATCC 13032 (pEC-N-3Flag-cgl2496) showed similar tolerance to hyperosmotic
stress to C. glutamicum ATCC 13032 (pEC-cgl2496), the fusion protein with 3xFlag fused to the N-terminal of Cgl2496 was used for
ChIP-Seq analysis to identify the binding motif of Cgl2496. C. glutamicum ATCC 13032 (pEC-N-3Flag-cgl2496) and C. glutamicum
ATCC 13032 (pEC) grown under the hyperosmotic stress were collected at the logarithmic phase. ChlP-Seq analysis and data
processing were conducted by Wuhan Igenebook Biotechnology (Wuhan, China). The antibody used for immunoprecipitation was
anti-3xFlag (Huabio, Hangzhou, China), and ChiP-enriched DNAs were sequenced using the lllumina HiSeq 2000 sequencing sys-
tem. Trimmomatic (version 0.36) was used to filter out low-quality reads. Clean reads were mapped to the genome of C. glutamicum
ATCC 13032 by Bwa (version 0.7.15). Samtools (version 1.3.1) was used to remove potential PCR duplicates. MACS2 software
(version 2.1.1.20160309) was used to call peaks by default parameters (bandwidth, 300 bp; model fold, 5, 50; g value, 0.05). If
the midpoint of a peak is located closest to the transcriptional start site of one gene, the peak will be assigned to that gene.
HOMER (version 3) was used to predict motif occurrence within peaks with default settings.

SEM of C. glutamicum

C. glutamicum ATCC 13032 (pEC-cgl2496) and C. glutamicum ATCC 13032 (pEC) strains grown with 1.2 M Na,SO, were collected
at the logarithmic phase. Cells were washed with Na,SO, isotonic medium containing 1 g/l KHoPOy, 1.3 g/l KoHPO4-3H50, 42 g/l
MOPS, and 1.2 M Na,SO,4 and then fixed in 2.5% glutaraldehyde tissue fixative (prepared with the Na,SO, isotonic medium) and
1% osmium tetroxide. Then, cells were washed with sodium sulfate hypertonic buffer, dehydrated in ethanol, dried at a critical
point, and plated by the SU8010 Ultra-High Resolution Scanning Electron Microscope FE-SEM (Hitachi, Japan).

Measurement of intracellular ATP levels

Cells of C. glutamicum ATCC 13032 (pEC-cgl2496) and C. glutamicum ATCC 13032 (pEC) were collected at the logarithmic
phase. The intracellular ATP levels were measured using the BacTiter-Glo™ Microbial Cell Viability Assay Kit, which has been
used for the determination of intracellular ATP levels of C. glutamicum [82]. The measurement was performed following the
manufacturer’s instructions.
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Screening of L-threonine exporters

From the C. glutamicum ATCC 13032 gene overexpression collection, 390 strains overexpressing membrane transporter genes
were selected for screening of L-threonine exporters. The first round of screening was performed based on the principle that strains
overexpressing functional L-threonine exporters could tolerate the high intracellular L-threonine concentration caused by the addition of
Thr=Thr dipeptide. The seeds were cultivated in 48-deep-well plates with 400 pl TSB medium supplemented with 25 pg/ml kanamycin.
After cultivation at 30°C and 800 rpm for 8 h, the seed cultures were used to inoculate 48-deep-well plates containing 400 pL TSB me-
dium supplemented with 0.04 mM IPTG and 25 pg/ml kanamycin. After cultivation at 30°C and 800 rpm for 7 h, the cultures were used to
inoculate 48-deep-well plates containing 400 pL modified CGXII minimal medium (20 g/l glucose, 4 g/l (NH4)-SO4, and 1 g/l urea) without
Thr=Thr or with 6 mM Thr-Thr dipeptide. The modified CGXII medium was supplemented with 25 pg/ml kanamycin and 0.4 mM IPTG.
The strains were incubated at 30°C and with shaking at 800 rpm using the MicroScreen HT autormatic microbial growth curve analyzer
(Gering Instrument Ltd., Tianjin, China), and the ODggg values were monitored online every 1 h. Gene fithess was used to describe the
difference in cell growth under dipeptide stress conditions caused by transporter overexpression. Gene fitness was calculated according
to the procedure and equations shown in Figure S13 in the supplemental information online. The data of the fifth to ninth-time points that
showed the biggest difference between the gene overexpression strain and the control strain were used for calculating the gene fitness.

After the first round of screening, 33 transporters that enhanced cell growth under Thr—Thr dipeptide stress compared with the
negative control strain were subjected to a second round of screening by quantifying the final concentration of extracellular L-threonine
when they were cultivated with the addition of Thr—Thr dipeptide. The 33 strains with transporter overexpression were cultivated with
the same conditions as the first round of screening. After cultivation at 30°C and 800 rpm for 7 h, cells were harvested by centrifugation
at 5,000 x g for 10 min and resuspended in modified CGXII minimal medium (20 g/l glucose, 4 g/l (NH,4)>SO,4, and 1 g/l uera) supplemented
with 0.4 mM IPTG, 25 ug/ml kanamycin, and 6 mM Thr=Thr dipeptide. After incubation at 30°C and with shaking at 800 rpm for 1 h, the
cultures were sampled and extracellular L-threonine levels were measured by HPLC [18].

Peptide uptake and amino acid export assay

After two rounds of screening, six transporters were selected for further characterization. C. glutamicum ATCC 130832 strains over-
expressing the transporters and harboring the pEC empty plasmid (the negative control) were cultivated in 100 ml shake flasks con-
taining 10 ml TSB medium supplemented with 25 pug/ml kanamycin. After cultivation at 30°C and 220 rpm for 8 h, the seed cultures
were used to inoculate 10 mI TSB medium supplemented with 0.04 mM IPTG and 25 pg/ml kanamycin. After cultivation at 30°C and
800 rpm for 7 h, cells were collected by centrifugation at 5,000 x g for 10 min and resuspended in modified CGXII minimal medium
(20 g/l glucose, 4 g/l (NH4)2SO4, and 1 g/l uera) supplemented with 0.4 mM IPTG, 25 pg/ml kanamycin, and 6 mM Thr-Thr dipeptide.
The ODgqo values were set at 10. Cells were incubated at 30°C and 220 rpm for 2 h and samples were taken every 20 min. Intracel-
lular and extracellular L-threonine concentrations were quantified using HPLC [18]. The intracellular volume used to calculate the
internal amino acid concentration was 1.7 ul/mg DCW [83].

L-Threonine production by C. glutamicum overexpressing selected genes

An L-threonine-producing C. glutamicum ATCC 13032 strain harboring two mutations (hom©378E and lysC™'"") and overexpressing
hom®3"8E and thrB via plasmid was used as the host to evaluate the effects of transporter overexpression on L-threonine production.
The transporter overexpression plasmids were transformed into the L-threonine-producing strain. The recombinant strains were
cultivated in 24-deep-well plates containing 800 pL TSB medium supplemented with 25 pg/ml kanamycin and 5 pg/ml chloramphenicol.
After cultivation at 30°C and 800 rpm for 8 h, the seed cultures were used to inoculate 24-deep-well plates containing 800 uL fermentation
medium with an initial ODgng Of 0.06. The fermentation medium contains 80 g/l glucose, 1 g/ L yeast extract, 1 g/l soya peptone, 1 g/l NaCl,
1 9/l (NH,)2SO4, 8 g/l urea, 1 g/l KoHPO,4-3H.0, 0.45 g/l MgSO,4-7H.0, 0.05 g/l FeSO,4-7H20, 0.4 mg/l biotin, 0.1 mg/l vitamin B1, and
40 g/l MOPS (pH7.2). The fermentation medium was supplemented with 0.4 mM IPTG, 25 pg/ml kanamycin, and 5 pg/ml chloram-
phenicol. The 24-deep-well plates were cultivated at 30°C and 800 rpm for 20 h. L-Threonine and L-homoserine in the fermentation
broth were quantified using HPLC [18].

To test the application of Cgl2344 and Cgl2656 in industry-level L-threonine production, a C. glutamicum strain ZKCgW3 was used as
the host. To improve the expression levels of cgl2344 and cgl2656, their initiation codon was changed from GTG to ATG. cgl2344~T¢
and cgl2656 “™ were used to replace the rhtC on the previously reported plasmid overexpressing L-threonine transporter and thrB
[69]. The recombinant strains were cultivated in 24-deep-well plates and fermentation products were determined as described in
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the last paragraph, except that only 25 pug/ml kanamycin was added and chloramphenicol was not supplemented. Fed-batch fermen-
tation in a 5 L bioreactor was performed using the same procedure described previously for a direct comparison between the previous
and present study [69].

L-Threonine production by E. coli overexpressing selected genes

An overexpression plasmid pS-thrAE2°%KBC previously reported was introduced into the wide-type E. coli MG1655 strain [68], and
the resulting strain EcThr was used as the host to evaluate the effects of transporter overexpression on L-threonine production. The
transporter overexpression plasmids were transformed into strain EcThr. The recombinant strains were cultivated in 24-deep-well
plates containing 800 uL LB medium supplemented with 25 pg/ml kanamycin and 25 ug/ml streptomycin. After overnight incubation
at 37°C and 800 rpm, the seed cultures were used to inoculate 24-deep-well plates containing 800 uL fermentation medium with an
initial ODggp of 0.06. The fermentation medium contains 30 g/l glucose, 3 g/ L yeast extract, 10 g/l (NH,4)2>SO4, 2 g/l KH.PO4-3H,0,
0.5 g/l MgSQ4-7H,0, 0.01 g/l FeSO4-7H,0, 0.01 g/l MnSO4-5H,0 and 83.6 g/l MOPS (pH 7.0). The fermentation medium was
supplemented with 0.4 mM IPTG, 25 pg/ml kanamycin, and 25 ug/ml streptomycin. The 24-deep-well plates were cultivated at
37°C and 800 rpm for 24 h. L-Threonine and L-homoserine in the fermentation broth were quantified using HPLC [18].
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