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Abstract

Background Plant hemoglobin shows great potential as a food additive to circumvent the controversy of using
animal materials. Microbial fermentation with engineered microorganisms is considered as a promising strategy
for sustainable production of hemoglobin. As an endotoxin-free and GRAS (generally regarded as safe) bacterium,
Corynebacterium glutamicum is an attractive host for hemoglobin biosynthesis.

Results Herein, C. glutamicum was engineered to efficiently produce plant hemoglobin. Hemoglobin genes from
different sources including soybean and maize were selected and subjected to codon optimization. Interestingly,
some candidates optimized for the codon usage bias of Escherichia coli outperformed those for C. glutamicum
regarding the heterologous expression in C. glutamicum. Then, saturated synonymous mutation of the N-terminal
coding sequences of hemoglobin genes and fluorescence-based high-throughput screening produced variants with
1.66- to 3.45-fold increase in hemoglobin expression level. To avoid the use of toxic inducers, such as isopropyl-3-o-
thiogalactopyranoside, two native inducible expression systems based on food additives propionate and gluconate
were developed. Promoter engineering improved the hemoglobin expression level by 2.2- to 12.2-fold. Combina-
tion of these strategies and plasmid copy number modification allowed intracellular production of hemoglobin up
to approximately 20% of total protein. Transcriptome and proteome analyses of the hemoglobin-producing strain
revealed the cellular response to excess hemoglobin accumulation. Several genes were identified as potential targets
for further enhancing hemoglobin production.

Conclusions In this study, production of plant hemoglobin in C. glutamicum was systematically engineered by
combining codon optimization, promoter engineering, plasmid copy number modification, and multi-omics-guided
novel target discovery. This study offers useful design principles to genetically engineer C. glutamicum for the produc-
tion of hemoglobin and other recombinant proteins.
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Introduction

The Food and Agriculture Organization forecasts that
the demand for meat will increase by 70% by 2050, which
will be a severe problem considering the resource and
environmental stress caused by the resource-intensive
factory farming [1]. As an alternative, it is an irresistible
trend for meat analogs playing an essential part of our
daily diet [2]. Meat analogs are culinary products that
mimic the appearance and flavor of meat and can be
roughly divided into two categories: cell-based and plant-
based meat analogs. Currently, imparting an acceptable
flavor and texture to meat analogs for customers is
among the biggest challenges for food manufacturers.
Heme-containing proteins such as hemoglobin are
already used in meat products as natural color enhancers,
binders, or fat replacers [3]. The addition of heme-
containing proteins in meat analogs also shows the
potential to recreate natural meat taste and flavor [4]. In
2019, leghemoglobin (hemoglobin from Glycine max)
produced by recombinant Pichia pastoris (also known
as Komagataella phaffii) was authorized by the United
States Food and Drug Administration as a color additive
[5, 6]. Besides soybean, hemoglobin proteins widely
exist in many plants, such as maize and rice, which are
daily consumed in the human diet [7]. Therefore, plant
hemoglobin produced by microbial fermentation shows
great potential as a food additive to circumvent the
controversy of using animal materials.

Only Escherichia coli, P. pastoris, and Saccharomyces
cerevisiae have been engineered for sustainable
production of hemoglobin from renewable resources.
E. coli is considered the most convenient host for
synthesizing hemoglobin, considering the effective
genetic manipulation and low culture cost [6]. Most
studies in E. coli focused on human hemoglobin which
has potential application in transfusion therapy [8].
To overcome the shortage of internal heme, hemin
or heme precursor 5-aminolevulinic (ALA) was
exogenously supplemented. The heme transport system
was usually enhanced to facilitate hemin uptake [9, 10].
Using these strategies, the highest titer of intracellular
human hemoglobin (a2p2) in E. coli reached 6.56 g/L
[11]. Despite the high production level, the application
of hemoglobin produced by E. coli in food is limited
due to the potential risk of endotoxin. Besides E. coli,
GRAS (generally recognized as safe) yeast strains
have also been selected for hemoglobin production.
Impossible Foods Inc. explored and patented a
commercial P. pastoris strain that efficiently produced
leghemoglobin  [12].  After  ultrafiltration-based
purification from cell lysate, the purity of hemoglobin
reached over 65% and the safety was validated through
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a series of food allergy and toxicology tests [4]. Lately,
P pastoris was engineered for secretory expression
of porcine myoglobin. By choosing a suitable host,
signal peptide, and modified constitutive promoter,
the titer of myoglobin reached 285.42 mg/L in fed-
batch fermentations with feeding 150 mg/L of hemin
[13]. Shao et al. engineered a P. pastoris strain capable
of producing secretory leghemoglobin through gene
dosage optimization and heme pathway consolidation.
The highest leghemoglobin titer reached 3.5 g/L in
high-density fermentation in a 10-L bioreactor [14]. In
S. cerevisiae, through balancing globin expression and
heme biosynthesis by overexpressing key biosynthetic
genes, the expression level of human hemoglobin
was improved to 4.09% of total intracellular proteins
[15]. Further engineering of the heterologous protein
degradation pathway resulted in the accumulation of
human hemoglobin up to ~18% of the total intracellular
proteins [16]. Xue et al. systematically engineered
S. cerevisiae for production of several hemoglobin
and myoglobin proteins by optimizing the inducible
expression strategy and enhancing native heme
biosynthesis. Hemoglobin proteins of soybean and
clover and myoglobin proteins of bovine and porcine
were produced with titers up to 108.2 mg/L [17].

Corynebacterium glutamicum is an endotoxin-free
and GRAS Gram-positive bacterium, which has been
used for industrial production of various amino acids
for over half a century [18, 19]. Recently, C. glutamicum
has been recognized as an attractive host for secretory
production of recombinant proteins due to the
readily available genetic engineering tools [20-23],
rapid growth in minimal media, and well-established
industrial-scale fermentation technology [24, 25]. With
discovery of signal peptides, metabolic engineering,
and high cell density cultivation, the secretory
production of some recombinant proteins reached
gram per liter level [26, 27]. Besides, C. glutamicum has
been engineered to synthesize high levels of free heme
(242.95 mg/L) and its precursor ALA (18.5 g/L) [28,
29]. Therefore, C. glutamicum is an attractive host for
hemoglobin biosynthesis.

In this study, we report high-level production of
plant hemoglobin in C. glutamicum. Hemoglobin genes
from different sources were selected for expression in
C. glutamicum. Using a high-throughput screening
method based on the hemoglobin—green fluorescent
protein (GFP) fusion, the coding sequence of
hemoglobin proteins, native inducible promoter, and
plasmid copy number were systematically optimized
for high-level hemoglobin expression. In addition,
transcriptome and proteome analyses were employed
to investigate the effects of hemoglobin overproduction
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on cellular metabolism and identify novel targets for
future engineering.

Results

Selection of hemoglobin genes from different sources

for expression in C. glutamicum

The leghemoglobin is a popular target for microbial pro-
duction of recombinant hemoglobin [4, 14, 17]. Besides,
the hemoglobins from maize (Zea mays), rice (Oryza
sativa), and S. cerevisiae have also been character-
ized or heterologously expressed [30-32]. Considering
that soybean, rice, and maize are common food crops
and S. cerevisiae is widely used for baking and brew-
ing, their hemoglobins are promising additives for meat
analogs. Therefore, the encoding genes for the leghemo-
globin A (Lba), maize hemoglobin (mHb), rice hemo-
globin (rHb) and S. cerevisiae hemoglobin (ScHb) were
selected for expression in C. glutamicum (Fig. 1A). Pro-
tein sequence alignment shows that the mHb and rHb
are highly homologous and have a sequence identify of
72%. Lba has lower sequence identifies with mHb (40%)
and rHb (44%). ScHb is independently evolved with the

55

Glycine max

A

Oryza sativa

Saccharomyces  Original gene Corynebacterium

Hemoglobin sources

Codon-optimized genes based on the codon bias of
it i (Cg) and Escherichia coli (Ec)

Codon optimization

Page 3 of 14

three plant hemoglobin proteins (Fig. 1B). The native
genes of these four hemoglobin proteins were first syn-
thesized based on their cDNA sequences and expressed
in the wild-type C. glutamicum ATCC 13,032. For easy
and accurate quantification of intracellular recombi-
nant hemoglobin proteins, the synthesized genes were
fused to a GFP gene with a flexible linker (GGGGS X 3)
and inserted to the multiple cloning site of the plas-
mid pXMJ19 [33] under the control of IPTG-inducible
promoter P, (Fig. 1A). IPTG was added to induce the
expression of hemoglobin—GFP fusion and ALA and
FeSO, were supplemented to provide sufficient precur-
sors for heme biosynthesis. With exogenous ALA and
FeSO,, significantly elevated levels of extracellular heme
were detected (Additional file 1: Fig. S1), suggesting that
heme biosynthesis was enhanced and the heme efflux
system was activated to maintain intracellular heme
homeostasis [34]. Fluorescent intensity was measured
to characterize hemoglobin expression. However, com-
pared with the control strain harboring an empty plas-
mid, the strains overexpressing hemoglobin—GFP fusions
produced very low-level GFP fluorescence intensities
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g. 1 Hemoglobin genes from different sources and codon optimization. A Schematic diagram of gene selection, codon optimization, and

characterization of hemoglobin expression in C. glutamicum. B Homology analysis of hemoglobin sequences from different sources. C Expression
of hemoglobin genes from different sources after codon optimization. The hemoglobin expression levels were characterized by measuring the
fluorescence intensities of hemoglobin-GFP fusion. Cg and Ec represent codon optimization according to the codon usage bias of C. glutamicum
and E. coli, respectively. Values and error bars represent means and standard deviations (n=3). D Relative codon adaptiveness of optimized genes
with the codon usage frequency of C. glutamicum genome as a reference. For the codons encoding an amino acid, the relative codon adaptiveness
of the codon with the highest usage frequency was set as 1. The relative codon adaptiveness of other codons for this amino acid was calculated
based on their usage frequencies. For example, ATC, ATT, and ATA encode isoleucine and have usage frequencies of 34.2,21.8, and 1.8 per thousand
codons according to the Codon Usage Database (www.kazusa.orjp/codon). The relative codon adaptiveness of ATC is set as 1, and those of ATT and

ATA are calculated as 0.64 and 0.05, respectively
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(Additional file 1: Fig. S2), suggesting the low expression
level of the native hemoglobin genes.

Codon optimization is commonly necessary for
expression of eukaryotic genes in prokaryotic hosts.
However, it is suggested that the traditional codon
optimization strategy based on codon usage bias (or
frequency) shows uncertain effects in different hosts [35].
Therefore, we optimized the coding sequence of each
hemoglobin protein according to the codon usage bias of
C. glutamicum and E. coli (Fig. 1C and Additional file 1:
Table S1). Taking Lba as an example, the Lba encoding
genes with optimized codon usage of C. glutamicum
and E. coli were designated as Lba-Cg and Lba-Ec,
respectively. Expression tests were conducted using the
wild-type C. glutamicum ATCC 13032 strain transformed
with recombinant plasmids. Codon optimization overall
increased the expression level of hemoglobin proteins.
Interestingly, for Lba, rHb, and ScHb, the encoding
genes optimized for E. coli outperformed those for
C. glutamicum regarding the expression level in C.
glutamicum (Fig. 1C). Lba-Ec showed a high fluorescence
intensity of 56,701, which was 2.4-fold of Lba-Cg. rHb-Ec
and ScHb-Ec had similar fluorescence intensities, which
were approximately half of Lba-Ec but 1.4- and 7.3-fold
higher than rHb-Cg and ScHb-Cg, respectively. Only
for mHb, the C. glutamicum version showed higher
expression level than the E. coli version. mHb-Cg had
a similar fluorescence intensity (58,748) with Lba-Ec,
which was 1.4-fold higher than mHb-Ec (Fig. 1C).
The sequences of all the genes were analyzed with the
codon usage frequency of C. glutamicum genome as a
reference. The C. glutamicum versions basically have
higher codon usage frequencies than the E. coli versions
(Fig. 1D). However, such high codon usage frequencies
were not always successfully transferred into high protein
expression levels. Lba-Ec and mHb-Cg had the highest
expression level and thus were chosen as candidates for
hemoglobin expression in C. glutamicum.

Optimization of N-terminal coding sequence by saturated
synonymous mutation

Codon usage of the N-terminal coding sequence (NCS)
was reported to greatly affect the stability of gene tran-
script and the efficiency of translational initiation, which
determined the protein expression level [36]. How-
ever, there is a lack of a reliable principle to guide the
rational design of NCS. Therefore, to optimize the NCS
for improving hemoglobin expression, we replaced the
first 12 codons of Lba-Ec and mHb-Cg with their syn-
onymous codons using primers containing degenerate
nucleotides (Fig. 2A). An NCS library with saturated
synonymous mutations was constructed for Lba-Ec and
mHb-Cg, respectively. The hemoglobin—-GFP fusion
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allowed high-throughput screening of NCS variants with
enhanced expression using a fluorescence imaging sys-
tem (Fig. 2B). Variants with high fluorescence intensi-
ties observed in the agar plates were cultured in 96-well
plates for a second round of screening (Fig. 2C). The
best four variants with the highest fluorescence inten-
sities were characterized in shaking flask cultivation
(Fig. 2D). Selected Lba-Ec variants showed 1.10- to 1.66-
fold improvement (Fig. 2E) and mHb-Cg variants showed
1.85- to 3.45-fold improvement (Fig. 2F). Sequencing of
the selected NCS variants suggests no significant corre-
lation between the expression level and the codon usage
frequency in C. glutamicum (Fig. 3G and Additional
file 1: Table S2). However, it can be observed that several
codons with high usage frequencies are replaced with
codon with relatively low usage frequency or even rare
codons.

Characterization and engineering of native promoters

for high-level inducible expression

Since the produced hemoglobin is to be used as a food
additive, the use of toxic inducer IPTG is not allowed.
To avoid the use of IPTG and the introduction of
heterologous genetic elements, such as the Lacl/P,,
system, we selected two endogenous inducible expression
system with commonly used food additives as inducers
for hemoglobin expression in C. glutamicum. The PrpR/
P,,,p2 System originates from the propionate metabolism
and is induced by propionate. PrpR is the transcriptional
activator of the gene cluster prpDBC2 that encoding
key enzymes catalyzing propionate to pyruvate for
metabolism (Fig. 3A). The promoter/operator region of
the prpDBC2 gene cluster has been identified, allowing
the development of propionate-inducible expression
system [37]. The GntR/P,,, system originates from the
gluconate metabolism and is induced by gluconate [38].
GntR-type transcriptional regulators, GntR1 and GntR2,
strongly repress the gluconate transport and metabolic
genes including the gluconate permease (gntP), gluconate
kinase (gntK), and 6-phosphogluconate dehydrogenase
(gnd). Gluconate interferes with binding of GntR1 and
GntR2 to their target promoters, such as P, leading to
a derepression of target genes [39].

Although these two systems allowed hemoglobin
Lba-Ec and mHb-Cg expression in C. glutamicum,
the expression level was significantly lower than that
obtained using the IPTG-inducible P,,. promoter
(Fig. 3B). Propionate can be metabolized to pyruvate and
enter the tricarboxylic acid cycle [37], and gluconate can
be utilized as a carbon source via the oxidative pentose
phosphate pathway [38] (Fig. 3A). Degradation of the
inducers may lower the induction strength and negatively
affect protein expression. To reduce the degradation of
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construction and screening using the fluorescence imaging system. C Representative image of the screening agar plates got by the fluorescence
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intensities of hemoglobin—-GFP fusion. Values and error bars represent means and standard deviations (n=3)

N4

inducers, the prpDBC gene cluster and gntK gene were and mHb-Cg expression by mutating the spacer region
deleted, resulting in mutants AprpDBC2 and AgntK, between the -10 and -35 boxes and part of the -10 box of
respectively. Blocking the degradation of propionate theP,,,,, promoter. The libraries were screened using the
and gluconate increased the expression of hemoglobin, fluorescence imaging system and cultivation in 96-well
whereas the expression levels were still lower than those  plates. Selected variants were characterized by cultivation
obtained by the IPTG-inducible system (Fig. 3B). Overall,  in shake flasks. From the library for Lba-Ec expression,
the induction strength of propionate inducible P,,,,, was  variants with 1.7- to 2.2-fold higher expression levels
higher than that of gluconate inducible P, (Fig. 3B), so  than the wild-type P,,,, promoter were obtained.
P,,,p> was selected for subsequent engineering. From the library for mHb-Cg expression, variants with

To increase the strength of the P, ., promoter, we 6.7- to 12.8-fold improvement were obtained (Fig. 3D
constructed two random mutation libraries for Lba-Ec  and Additional file 1: Table S3). Using the best P,,,p,
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the pXMJ19-Py,,-mHb-Cg-gfp plasmids for gluconate-inducible expression of the hemoglobin-GFP fusions were transformed into the wild-type
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and transformed into C. glutamicum for test. E Analysis of the sequence characteristics of the strong P,,,,p, promoter variants selected from the
random mutation library. The hemoglobin expression levels were characterized by measuring the fluorescence intensities of hemoglobin-GFP
fusion. Values and error bars represent means and standard deviations (n=3)

variants for Lba-Ec and mHb-Cg expression, their
expression levels were 1.46-fold and 2.37-fold higher than
those obtained using the IPTG-inducible P,,, promoter,
respectively. Sequence analysis of the screened promoter
variants with increased strength suggests good sequence
diversity. The enrichment of T at the positions 11 and 13
and the enrichment of G at position 14 were observed
(Fig. 3E).

Combinatorial optimization to further enhance
hemoglobin expression

The NCS of hemoglobin genes and the promoter for
hemoglobin expression were individually optimized. To
investigate whether the screened NCS and promoter var-
iants have combinatorial effects on hemoglobin expres-
sion, combinations of these elements were constructed
and tested (Fig. 4A). For Lba-Ec, the combinations

showed 1.9- to 3.3-fold higher hemoglobin expression
than the original Lba-Ec gene controlled by the wild-type
P,,,p, promoter. For mHb-Cg, the combination showed
10.2- to 16.0-fold higher hemoglobin expression than
the original mHb-Cg controlled by the wild-type P,,,p,
promoter. According to the fluorescence intensities of
the hemoglobin—GFP expressed using all these combi-
nations, the Lba-P6N1 (Lba-Ec with the P, promoter
variant P6 combined with the NCS variant N1) has the
highest expression level (Fig. 4B).

The pXM]J19 plasmid used for hemoglobin expression
only has a copy number of 11 in C. glutamicum [40].
We assume that increasing the copy number of pXM]J19
may be beneficial for expression of heterologous
proteins. A previous study reported several mutations
(base substitution or deletion) in the initiator protein

encoding gene copA largely increased the plasmid copy
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with the optimized NCS variant (N1) and the wild-type P, ,

0, Promoter. 4, Lba-Ec with the unoptimized NCS and the optimized P,

o2 Promoter

variant (P6). 5, Lba-Ec with the optimized NCS variant (N1) and the optimized PprpDZ promoter variant (P6). 6, Lba-Ec with the optimized NCS variant

(N1) and the optimized P,

p, Promoter variant (P6) in a high-copy plasmid (copAT mutation, 107 copies). E Effects of hemoglobin expression on

cell growth. The C. glutamicum strain with an empty plasmid was used as the control. The hemoglobin expression levels were characterized by
measuring the fluorescence intensities of hemoglobin—-GFP fusion. Values and error bars represent means and standard deviations (n=3)

number [40]. Four pXMJ19 variants with increased copy
numbers ranging from 107 to 318 were constructed and
used for expressing the Lba-Ec with optimized NCS and
promoter. When the copy number was increased to 107,
the highest expression level was about twice that of the
original plasmid (Fig. 4C). However, when the plasmid
copy number was increased to higher values, decreased
expression levels of hemoglobin were observed. All
the optimizations were evaluated using measuring the
fluorescence intensity of the hemoglobin—GFP fusion.
After obtaining the strain with the highest expression
level of the hemoglobin—GFP fusion, we removed the
GFP and constructed a series of plasmids for expressing
Lba-Ec. Then, SDS-PAGE was used to analyze the
expression level of Lba-Ec. The result shows that with
the optimization of NCS, promoter, and plasmid copy
number, the expression of soluble hemoglobin was
gradually increased. According to the grayscale analysis

using the software Image ] and Gel-Pro Analyzer, the
highest expression of hemoglobin was estimated to
account for approximately 20% of the total protein
(Fig. 4D). Besides, there is a good linear relation between
the hemoglobin expression levels analyzed by SDS-
PAGE and those analyzed by quantifying the fluorescence
intensities of the hemoglobin—-GFP fusion (Additional
file 1: Fig. S3). The result suggests the reliability of
quantifying the hemoglobin expression level by fusing the
target protein to a fluorescent protein and measuring the
fluorescence intensity. Using a heme assay kit, the heme-
binding ratio of the produced hemoglobin was estimated
to be 28%, which was comparable to the hemoglobins
and myoglobins produced by S. cerevisiae (12-27%) [17].
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Multi-omics analyses for deciphering the effects

of hemoglobin overproduction on host cells

Such a higher expression of intracellular proteins may
have negative effects on cell growth. We then tested the
cell growth of strains with or without overproduction of
hemoglobin. Without propionate induction, the strain
harboring hemoglobin expressing plasmid showed
similar cell growth with the control strain harboring an
empty plasmid. When propionate was added, a slight
inhibition on cell growth of the control strain harboring
an empty plasmid was observed (Fig. 4E). Since the
prpDBC2 cluster was deleted, propionate could be
converted to propionyl-CoA but could not be further
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metabolized (Fig. 3A). One possible explanation to
the growth retardation is that the CoA regeneration
from propionyl-CoA might be affected. However, when
hemoglobin expression was induced by propionate
addition, serious inhibition on the cell growth was
observed (Fig. 4E), suggesting that the overproduction
of hemoglobin brought significant effects on cellular
metabolism.

To decipher the effects of hemoglobin expression on
the host cells, the transcriptome and proteome of the
strain overproducing hemoglobin were profiled with the
strain harboring an empty plasmid as a control. RNA-
seq identified 559 genes with at least twofold changes
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Fig. 5 Transcriptomic and proteomic analyses of hemoglobin-overproducing C. glutamicum with the strain harboring an empty plasmid

as a control. A Differentially expressed genes identified by the transcriptomic analysis. The red and blue circles represent up-regulated and
down-regulated genes (log,(Fold change) > 1 or<—1, p <0.05 by two-tailed Student’s t test, n=3), respectively. B Differentially expressed genes
identified by the proteomic analysis. The red and blue circles represent up-regulated and down-regulated proteins (log,(Fold change) > 1 or<—1,
p <0.05 by two-tailed Student’s t test, n=3), respectively. C KEGG enrichment analysis of the differentially expressed genes in transcriptomic
analysis. D KEGG enrichment analysis of the differentially expressed genes in proteomic analysis
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in transcription levels, including 316 up-regulated genes
and 243 down-regulated genes (Fig. 5A and Additional
file 2: Table S4). Proteomic analysis revealed 136 proteins
with at least twofold changes in protein levels, including
59 up-regulated proteins and 77 down-regulated proteins
(Fig. 5B and Additional file 2: Table S4). The differentially
expressed genes were then classified using Kyoto Ency-
clopedia of Genes and Genomes (KEGG) annotation. In
the KEGG enrichment analysis shows that two-compo-
nent system, sulfur metabolism, propanoate metabolism,
nitrogen metabolism, carbon fixation pathways, and ABC
transporters were significantly enriched both in the tran-
scriptomic and proteomic analyses (Fig. 5C, D).

Multi-omics-guided screening of novel targets affecting
hemoglobin expression

Although a large number of differentially expressed genes
were identified by the transcriptomic and proteomic

Page 9 of 14

analyses, few of these genes are directly involved in the
processes of protein biosynthesis or degradation. Thus, it
is difficult to speculate the function of these genes in reg-
ulating heterologous production expression or respond-
ing to the stress caused by hemoglobin overproduction.
We selected 60 differentially expressed genes, the tran-
scriptional and protein levels of which were both changed
by over twofold (log,(Fold change)>1 or<—1, p<0.05),
for further investigation. Gene overexpression plasmids
for these selected genes were collected from an open
reading frame library of C. glutamicum based on the
plasmid pEC-XK99E [41] (laboratory stock, unpublished
resources) and transformed into the hemoglobin Lba-Ec
expressing strain. The selected genes are under the con-
trol of IPTG-inducible P,,, promoter and their expression
levels can be adjusted by adding different concentrations
of IPTG. Three IPTG concentrations (0.01, 0.02, and
0.1 mM) were used in the present study and different
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Fig. 6 Effects of overexpression of selected genes on hemoglobin expression. Genes that were identified as differentially expressed genes both in
the transcriptomic and proteomic analyses were overexpressed in plasmid pEC-XK99E and the effects on hemoglobin expression were determined.
An empty pEC-XK99E plasmid was used as the control. Different IPTG concentrations (0.01, 0.02, and 0.1 mM) were used to induce the expression
of selected genes. Propionate was added to induce hemoglobin Lba-Ec expression. The hemoglobin expression levels were characterized by

measuring the fluorescence intensities of hemoglobin—-GFP fusion
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effects on hemoglobin expression were observed. A pre-
liminary screening showed that overexpression of several
genes improved the production of hemoglobin, while
severe inhibition on hemoglobin expression was observed
for a few other genes (Fig. 6). Finally, we identified several
novel targets for improving hemoglobin production in C.
glutamicum, including ¢gl0590, ¢gl0930, cgl0931, cgl0932,
cgl0982, cgl1148, cgl1187, cgl1189, and cgl1581. Among
these genes, half of them were predicted as membrane-
bound transporter encoding genes (cgl0930, cgl0931,
cgl0932, and cgl1148 encoding ABC-type transport-
ers and ¢gl0590 encoding a putative permease). cgl1187,
¢gl1189, and ¢gl1581 are involved in nitrogen metabolism
and ¢gl0982 is annotated as transcriptional regulators
(Additional file 2: Table S4). According to the transcrip-
tomic and proteomic analyses of the strain overproduc-
ing hemoglobin, most of these identified genes (cgl0590,
¢gl0930, cgl0931, cgl0932, cgl1148, cgl1187, cgl1189, and
cgl1581) showed down-regulated expression levels (Addi-
tional file 2: Table S4). This result suggests that for certain
reasons, high-level expression of hemoglobin repressed
these genes and restoring or enhancing their expression
could improve hemoglobin production.

Discussion
Plant hemoglobin shows great potential as a food
additive that imparts meaty flavor and color to meat
analogs. In this study, we selected an endotoxin-free
and GRAS bacterium C. glutamicum as a microbial
cell factory for synthesis of plant hemoglobin. For food
safety consideration, besides a GRAS microbial host, an
inducible high-level expression system without the use
of toxic inducer is also needed. Compared with E. coli,
the inducible expression systems for C. glutamicum,
especially those enabling high-level gene expression
are limited. The Lacl/P,,, system induced by the toxic
compound IPTG is still the most popular choice for
heterologous expression in C. glutamicum. This study
provides two endogenous inducible expression systems
with engineered promoters, the propionate-inducible
PrpR/P,,,p, and the gluconate-inducible GntR/P,,
systems, which use common food additives as inducers
and enable even higher protein expression levels than the
canonical IPTG-inducible Lacl/P,,, system. Combined
with optimization of gene codon, NCS, and plasmid copy
number, production of hemoglobin was systematically
optimized at the translational and transcriptional levels.
Finally, the highest expression level of hemoglobin was
estimated to account for approximately 20% of the total
protein in C. glutamicum.

Although synonymous mutations were previously
thought to be silent, a large body of evidence has
demonstrated that codon usage can play major roles
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in determining gene expression levels and protein
structures. Codon usage influences translation elongation
speed and regulates translation efficiency and accuracy
[42]. Therefore, the codon optimization strategy has
been widely used in heterologous expression. However,
the codon optimization for the plant hemoglobin genes
based on the codon usage frequency of C. glutamicum
did not lead to high-level protein expression in some of
our cases. Unexpectedly, codon optimization according
to the codon usage frequency of E. coli produced even
higher expression levels in three out of four tests. The
result suggests that the hemoglobin expression level
has no significant correlation with the codon usage
frequency in C. glutamicum. In addition to the codon
usage frequency, codon optimization strategies based on
other parameters, such as the tRNA copy number and
tRNA abundance, have been developed. However, most
tests of these new strategies are conducted in E. coli [43,
44], and little information is available for C. glutamicum.
The NCS of a gene is considered as a determinant of
mRNA secondary structure, stability, and translation
initiation efficiency [42]. Considering the short length of
NCS (about 10 codons), it is possible to construct a NCS
library containing saturated synonymous mutations.
The hemoglobin—GFP fusion allows high-throughput
screening of desired variants with increased expression
levels. Analysis of the selected NCSs suggested the
introduction of a few codons with relatively low codon
usage frequencies or even rare codons. The optimized
NCS may promote the protein chain elongation by
reducing ribosome collision and stacking [36].

The overproduction of heterologous protein may
exert pressure on cell metabolism and hinder the
expression of target protein in turn. The large number
of differentially expressed genes identified by the
transcriptomic and proteomic analyses support this
hypothesis. Interestingly, the differentially expressed
genes are closely related to two-component system,
sulfur metabolism, nitrogen metabolism, carbon fixation
pathways, and ABC transporters, which are not directly
involved in heterologous protein expression. It seems
that hemoglobin expression affects the transcriptional
regulatory process, energy metabolism, and substance
transport. Multi-omics-guided gene overexpression
screening provided several gene targets affecting
heterologous protein expression. Among these genes,
cgl0930, cgl0931, and cgl0932 locate in an operon
(cgl0930—cgl0934, also known as urtABCDE) encoding the
C. glutamicum urea uptake system [45]. Overexpression
of ¢gl0930, ¢cgl0931, ¢gl0932, and certain genes involved
in nitrogen metabolism (such as c¢gl1187, cgl1189, and
cgl1581) benefited hemoglobin production, suggesting
the importance of the transport and metabolism of
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nitrogen source in protein overproduction. Recently,
CRISPRi-microfluidics screening identified gene targets
that can be engineered to enhance recombinant protein
secretion in C. glutamicum, part of which are previously
unknown targets involved in transmembrane transport,
amino acid metabolism, and redox regulation [46]. These
findings provide potential targets for further enhancing
the production of hemoglobin and other recombinant
proteins in C. glutamicum.

Conclusions
In this study, we explored the potential of C.

glutamicum for microbial production of plant
hemoglobin. By combining multiple strategies,
the product vyield of intracellular hemoglobin

in C. glutamicum was estimated to account for
approximately 20% of the total protein. Furthermore,
the transcriptome and proteome of the hemoglobin
overproducing strain were profiled and potential
gene targets affecting hemoglobin expression were
screened. This study provides a promising route for
the sustainable production of hemoglobin and other
recombinant proteins.

Materials and methods

Chemicals and reagents

All chemicals were purchased from Sangon Biotech
(Shanghai, China) and Solarbio Life Science (Beijing,
China) unless otherwise specified. Restriction enzymes
were purchased from New England Biolabs (Beijing)
(Beijing, China). DNA gel purification kit and plasmid
extraction kit were purchased from Tiangen Biotech
(Beijing, China). TransStart® FastPfu DNA Polymerase
and T4 DNA ligase were purchased from TransGen
Biotech (Beijing, China). ClonExpress MultiS one step
cloning kit was purchased from Vazyme (Nanjing,
China). Oligonucleotides and genes were synthesized
by GENEWIZ (Suzhou, China).

Bacterial strains and cultivation conditions

The bacterial strains used in this study are listed in
Additional file 1: Table S5. E. coli DH5a was used for
general cloning and cultivated aerobically at 37 °C
in Luria—Bertani (LB) broth. Chloramphenicol (Cm,
20 pg/mL) and kanamycin (Km, 50 pg/mL) were
added as required. C. glutamicum ATCC 13032 and
its derivatives were cultivated aerobically at 30 °C
in TSB medium (glucose, 5 g/L; yeast extract, 5 g/L;
soy peptone, 9 g/L; urea, 3 g/L; succinic acid, 0.5 g/L;
K,HPO,-3H,0, 1 g/L; MgSO,-7H20, 0.1 g/L; biotin,
0.01 mg/L; vitamin B1, 0.1 mg/L; MOPS, 20 g/L) for
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maintenance and propagation. To express hemoglobin
proteins in 96-well plates, recombinant strains were
inoculated into 300 pL of LB medium supplemented
with 10 g/L glucose, 1 g/L ALA, and 0.2 g/L FeSO,-7H,O
to prevent iron and heme deficiency. When the optical
density at 600 nm (ODgyg,,) of the culture reached
0.5-0.6, 0.1 mM IPTG, 100 mM sodium gluconate,
or 1 g/L sodium propionate was added for inducing
protein expression. To express hemoglobin proteins
in shake flasks, recombinant strains were inoculated
into 20 mL medium in 100 mL shake flasks. The same
medium and induction condition as the fermentation in
96-well plates were used.

Plasmid and library construction

The plasmids used in this study and the primers
used for plasmid and library construction were listed
in Additional file 1: Tables S5 and S6, respectively.
All plasmids were constructed by homologous
recombination assembly using the ClonExpress MultiS
one step cloning kit (Vazyme, Nanjing, China). The
hemoglobin expression plasmids were constructed based
on the plasmid pXMJ19 [33]. The coding sequences
of hemoglobin from different sources were optimized
according to the codon usage bias of C. glutamicum
and E. coli and synthesized by GENEWIZ (Suzhou,
China). The construction of plasmids and libraries and
the primers used are described in detail in Additional
file 1: Table S6. All constructed plasmids were verified by
colony PCR and Sanger sequencing.

Gene deletion in C. glutamicum

To construct the AgntK mutant, plasmid pK18AgntK was
constructed. The left and right homologous fragments
for deleting gntK were amplified from the genomic
DNA of C. glutamicum ATCC 13032 by PCR. Deletion
of gntK was achieved by two rounds of homologous
recombination as described previously [47]. To construct
the AprpDBC2 mutant, plasmid pCas9gRNA-AprpDBC2
was constructed and the chromosomal prpDBC2 gene
was knocked out in the strain ATCC 13032 using the
CRISPR/Cas9 system as described previously [22,
48]. The construction of plasmids pK18AgntK and
pCas9gRNA-AprpDBC2 are described in detail in
Additional file 1: Table S6. All constructed plasmids and
gene-deleted mutants were verified by colony PCR and
Sanger sequencing.

Analytical methods

Cell biomass was determined by the ODgyy,,, with a
UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan)
after proper dilution with distilled water. Extracellular
heme was determined using the Heme Assay Kit
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(Catalog Number MAK316, Sigma-Aldrich Co., USA).
Fluorescence intensities of hemoglobin—-GFP fusion
were determined using a microplate reader (SpectraMax
M5, Molecular Devices, A excitation=488 nm, A
emission=>525 nm). The fluorescence intensities were
normalized with ODgy,,. For analysis of hemoglobin
expression by SDS-PAGE, cells were collected by
centrifugation, washed twice, and resuspended in PBS
buffer (2.69 g/L KH,PO,, 18.24 g/L K,HPO,-3H,0).
Cells were lysed using a high-pressure homogenizer
at 4 °C. The cell lysate was centrifuged at 4 °C and
6000xg for 30 min. The total protein concentration
in the supernatant was determined by the Bradford
method. Soluble protein samples with normalized total
protein concentration were used for SDS—-PAGE. The
Image] software (NIH, USA) and the Gel-Pro Analyzer
software (Media Cybernetics, USA), which have been
used for estimation of protein expression levels based
on gel electrophoresis [49, 50], were used to estimate
the expression levels of hemoglobin in this study. The
heme-binding ratio of the produced hemoglobin was
determined using the following equation. The heme
concentrations of cell lysate of the strain overexpressing
Lba (Cieme.1pa) @and the control strain with an empty
plasmid (Cpeme-control) Were determined using the Heme
Assay Kit (Catalog Number MAK316, Sigma-Aldrich
Co., USA). The concentration of total protein of the cell
lysate (Cipal protein) Was determine with BCA protein
assay kit (Thermo Fisher Scientific, USA). The ratio of
produced hemoglobin in the total protein (R;;,) was
estimated using the Image]J software (NIH, USA) and the
Gel-Pro Analyzer software (Media Cybernetics, USA)
based on the SDS-PAGE analysis:

Chemebea - Chemefcontrol
Ctomlprotein X Ripg +~ Mwpp,

Rheme =

Omics analysis

The C. glutamicum strain overexpressing hemoglobin
Lba-Ec (harboring pXMJ19-P,,,,,n,-Lba-P6N1-copAI) and
a control strain harboring the empty plasmid pXMJ19
were cultivated in LB medium supplemented with 10 g/L
glucose, 1 g/L ALA, and 0.2 g/L FeSO,-7H,O. When the
OD¢yonm Of the culture reached 0.5-0.6, 1 g/L sodium
propionate was added for inducing protein expression.
Cells at the late-exponential phase were collected by
centrifugation at 6000Xg for 5 min and immediately
frozen in liquid nitrogen. Three biological replicates were
conducted. Transcriptomic and proteomics analyses was
performed by Novogene Co., Ltd (Tianjin, China) using
the stored cell samples. For transcriptomic analysis, total
RNAs were extracted and the rRNAs were removed. RNA
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samples were sequenced using the Illumina Hiseq X-Ten
platform. Differentially expressed genes were analyzed
using the DESeq2 package (v1.18.1) [51]. |log2(Fold
Change)|>1 and p<0.05 were used as the criteria for
identifying the differentially expressed genes. To analyze
the differentially expressed genes at the functional level,
KEGG clustering analysis was performed using the
DAVID database as previously described [52].

For proteomics analysis, total protein was extracted
and dissolved by dissolution buffer (8 M Urea, 100 mM
TEAB, pH 8.5). Each protein sample was labeled by TMT
[53] and fractionated using a C18 column (Waters BEH
C18, 4.6x250 mm, 5 pm) on a Rigol L3000 HPLC. The
separated peptides were analyzed by Orbitrap Exploris
480 matched with FAIMS (Thermo Fisher, USA), with ion
source of Nanospray Flex " (ESI), spray voltage of 2.1 kV,
and ion transport capillary temperature of 320 °C. The
resulting spectra from each run were searched separately
against the protein data of C. glutamicum ATCC 13032
by the search engines: Proteome Discoverer 2.4 (Thermo
Fisher, USA). The protein quantitation results were
statistically analyzed by Student’s ¢ test. The proteins
whose quantitation significantly different between
experimental and control groups (|log2(Fold Change)|> 1,
p<0.05) were defined as differentially expressed proteins.
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