Hypersecretion of OmlA antigen in Corynebacterium glutamicum through high-throughput based development process
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Abstract

Outer membrane lipoprotein A (OmlA) is a vaccine antigen against porcine contagious pleuropneumonia (PCP), a disease severely affecting the swine industry. Here, we aimed to systematically potentiate the secretory production of OmlA in Corynebacterium glutamicum (C. glutamicum), a widely used microorganism in the food industry, by establishing a holistic development process based on our high-throughput culture platform. The expression patterns, expression element combinations, medium composition, and induction conditions were comprehensively screened or optimized in microwell plates (MWPs), followed by fermentation parameter optimization in a 4×1 L parallel fermentation system (CUBER4). An unprecedented yield of 1.01 g/L OmlA was ultimately achieved in a 5-L bioreactor following the scaling-up strategy of fixed oxygen mass transfer coefficient (kLa), and the produced OmlA antigen showed well-protective immunity against Actinobacillus pleuropneumoniae challenge. This result provides a rapid and reliable pipeline to achieve the hyper-production of OmlA, and possibly other recombinant vaccines, in C. glutamicum.

Key points
• Established a holistic development process and applied it to potentiate the secretion of OmlA. 

• The secretion of OmlA reached an unprecedented yield of 1.01 g/L. 

• The recombinant OmlA antigen induced efficient protective immunity.
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Introduction
Actinobacillus pleuropneumoniae (A. pleuropneumoniae) is the etiologic agent causing porcine pneumonia, a highly contagious disease of swine 
 ADDIN EN.CITE 
(Bosse et al. 2002; Haesebrouck et al. 1997)
, which is characterized by hemorrhagic, fibrinous, and necrotic lung lesions (Ramjeet et al. 2008). Hyperacute outbreaks and chronic infections caused by pleuropneumonia disease are leading to severe economic losses in the pig-rearing industry because of high mortality, poor feed efficiency, reduced weight gain, and increased drug costs (Ramjeet et al. 2008). Applied antimicrobial agents can prevent pleuropneumonia outbreaks, while the implementation of restrictive antibiotics policy in livestock and poultry feeding products is urging the popularization of the vaccination, rather than antibiotics 
 ADDIN EN.CITE 
(Archambault et al. 2012; Loera-Muro and Angulo 2018)
. 
The outer membrane lipoprotein (OmlA) of A. pleuropneumoniae has been demonstrated as a valuable vaccine antigen against pleuropneumonia disease 
 ADDIN EN.CITE 
(Alcon et al. 2005; Alcon et al. 2003; Ramjeet et al. 2008)
. So far, laboratories and industry reported some cases of OmlA recombinant expression in Escherichia coli (E. coli) 
 ADDIN EN.CITE 
(Alcon et al. 2005; Bunka et al. 1995; Gerlach et al. 1993; Ito et al. 1995)
, but there are some drawbacks in the production in E. coli. For example, the intracellular expression makes the downstream purification of OmlA antigen more tedious and time-consuming (Kikuchi et al. 2009), and the presence of endotoxin also increases the purification costs and even damages the quality of vaccines 
 ADDIN EN.CITE 
(Brito and Singh 2011; Hayat et al. 2018; Rosano and Ceccarelli 2014)
. Therefore, a safer and more efficient expression system is highly needed for the production of OmlA. 

Corynebacterium glutamicum (C. glutamicum), a gram-positive, nonsporulating, and nonpathogenic bacterium, is being used for the industrial fermentation of L-glutamate and other amino acids for more than 50 years 
 ADDIN EN.CITE 
(Lee and Kim 2018; Liu et al. 2016)
. In parallel, significant advantages are conferred when employing C. glutamicum as an expression host, such as a low abundance of extracellular proteases and a strong secretory ability (Lee and Kim 2018). Moreover, the non-endotoxic feature and generally recognized as safe (GRAS) status make C. glutamicum an ideal host for the synthesis of food and pharmaceutical proteins 
 ADDIN EN.CITE 
(Freudl 2017; Song et al. 2012)
. Over the past years, the protein production capacity of C. glutamicum has been increased thanks to the development of strong promoters 
 ADDIN EN.CITE 
(Liu et al. 2020; Rytter et al. 2014; Xu et al. 2010; Yim et al. 2013)
, efficient secretion systems 
 ADDIN EN.CITE 
(Scheele et al. 2013; Teramoto et al. 2011; Yim et al. 2016; Zhang et al. 2019)
, and high-yielding host cells 
 ADDIN EN.CITE 
(Matsuda et al. 2014; Meng et al. 2021; Peng et al. 2019)
. 
However, the current C. glutamicum expression system remains immature as compared to the most widely used E. coli, especially in production efficiency 
 ADDIN EN.CITE 
(Lee and Kim 2018; Liu et al. 2017a)
. This situation is not only due to the properties of expression elements or strains, but also owing to the lack of guidance under the principle of a holistic development process. As it is difficult to predict what effects the specific expression element and culture condition will have on the production of a given protein of different origins and natures (Bandmann and Nygren 2007), the holistic development process, rather than a trial and error based single-dimensional optimization, can better help to overcome the dilemma through systematically customizing appropriate process parameters for each protein 
 ADDIN EN.CITE 
(Islam et al. 2007; Long et al. 2014)
. Nevertheless, such a development process is missing for C. glutamicum. This study aims to fill this gap by integrating high-throughput culture platforms, design of experiment (DoE), and a reliable process scale-up strategy, so that this process could be further sharpened in stimulating protein yield, reducing costs, and shortening the process development (PD) timeline (Long et al. 2014). 
In this study, we tried to produce the OmlA of A. pleuropneumoniae serotype 7 (APP7) in C. glutamicum, via an established holistic development process based on the high-throughput culture platform developed by our team. The amount of secretory OmlA reached 1.01 g/L after optimization, representing the highest OmlA yield ever reported.

Materials and methods

Strains and plasmids

All bacterial strains and plasmids used in this study are listed in the Supplementary Table 1. C. glutamicum CGMCC1.15647 (wild-type, WT), and two mutant strains ΔcspB2ΔclpS and ΔclpCΔporBΔmepA reported in our previous studies were used as expression hosts 
 ADDIN EN.CITE 
(Peng et al. 2019; Zhang et al. 2019)
. 
Expression cassettes construction
Codon-optimized OmlA (The original signal peptide of OmlA was removed; GenBank: OM568895) and primers were synthesized by GENEWIZ (Suzhou, China) and the sequences were listed in Supplementary material 1 and Supplementary Table 2. pXMJ19 (GenBank: AJ133195.1) was selected as a plasmid skeleton and the signal peptide sequence was added to OmlA gene through primer. To obtain the expression cassettes pXMJ19/OmlA and pXMJ19/SPCspA/OmlA (Fig. 1A), the OmlA genes with and without a CspA signal peptide (Liu et al. 2017a) were amplified and cloned into the vector pXMJ19 containing a monocistronic Ptac promoter, respectively. In the construction of the expression strain library, four strong promoters 
 ADDIN EN.CITE 
(Liu et al. 2020; Liu et al. 2017b; Sun et al. 2020; Yim et al. 2013)
, five commonly used native signal peptides (SPs) (Liu et al. 2017a) (Supplementary material 1), and three expression hosts 
 ADDIN EN.CITE 
(Peng et al. 2019; Zhang et al. 2019)
 were employed (Fig. 2A). To obtain higher expression levels of OmlA, all four promoters were constructed in a bicistronic design (BCD) manner (Fig. 2B), and the gene sequence of the leader peptide used for each promoter was listed in Supplementary material 1 
 ADDIN EN.CITE 
(Mutalik et al. 2013; Sun et al. 2021)
. The promoters Pcat-B and PyweA were amplified from the C. glutamicum genome and the B. subtilis 168 genome 
 ADDIN EN.CITE 
(Liu et al. 2020; Liu et al. 2017b)
, respectively, and the native 62-bp coding sequence (CDS) downstream of the promoter was introduced as a leader peptide. The bicistronic tac promoter (Pbtac) was directly amplified from Pbtac-HT-11 (Sun et al. 2020), and the fully synthetic promoter PH36 
 ADDIN EN.CITE 
(Yim et al. 2013)
 was synthesized with the NCgl2826 UTR and its downstream 62-bp sequence. These four bicistronic promoters were inserted into pXMJ19 via EcoRV/HindⅢ. Next, the OmlA genes containing five different SPs were amplified and cloned into the above four BCD vectors through HindⅢ/BamH(. All OmlA genes were appended with a 6× histidine tag at their 3´termini and the HindⅢ cleavage site in the porB signal peptide was removed by nonsense mutation (AAGCTT(AAACTT). After successful construction in E. coli, all plasmids were transformed into C. glutamicum for protein expression.
Media and culture conditions 
Fermentation in microwell plates (MWPs) 
The seeds were cultured in a 250-mL shake flask containing 50 mL of brain heart infusion (BHI) medium (37.5 g BHI and 1 L H2O) at 30 °C for 12 h with shaking at 220 rpm. 200-μL seed culture was then inoculated into a 24-deep-well plate (BIO-YD, CHINA) (Fig. 1C). Each well contained 1.8 mL of fermentation medium and the final concentration of chloramphenicol for C. glutamicum was 20 mg/L. For OmlA production, the MWPs were kept at 30 °C and 220 rpm for 36 h, and inducer isopropyl β-D-thiogalactoside (IPTG) (for Ptac and Pbtac) or benzyl alcohol (for Pcat-B) at a final concentration of 1 mM was added to the medium when the OD600 reached approximately 1.0. In the optimization experiment, variables were set according to the experimental design summarized in Tables 1 and 2. Unless otherwise specified, all fermentations were performed in MWPs. 
Fermentation in bioreactors
The fermentation in the 4×1 L parallel bioreactor system (CUBER4) (BIO-YD, CHINA) (Fig. 1C) was carried out at 30 °C with a working volume of 500 mL. The inoculation rate was 10% (v/v). The fermentation parameters, including the oxygen mass transfer coefficient (kLa) (Garcia-Ochoa and Gomez 2009), pH, agitation speed, and feeding rate, were controlled according to different experimental designs. Fermentation in a 5-L bioreactor (Applikon, Holland) was conducted with a 2-L working volume at 30 °C, and the process parameters were set to the optimal level determined in the scale-down model. All fermentations were performed in triplicate, and the induction conditions for OmlA production in the parallel bioreactor system and 5-L bioreactor were set to the optimal level determined in MWPs (1 mM ITPG and 0 h preinduction period).
Fermentations at a matched kLa
Overnight cultured C. glutamicum was inoculated in each vessel with a 10% inoculation rate, and the cultures were grown under the conditions described in Supplementary Table 3. To match with the MWPs fermentation operation, the pH and dissolved oxygen (DO) in the CUBER4 and 5-L bioreactors were not controlled. When the OD600 reached approximately 1.0, IPTG with a final concentration of 1 mM was added and the experiments were conducted in triplicate.

Determination of the kLa values
The kLa values in the MWPs (liquid volume 2 mL) and 250 mL-flask (liquid volume 50 mL) were determined using the chemical sulfite method (Garcia-Ochoa and Gomez 2009). The kLa values in bioreactors were measured by the static gassing-out technique (Garcia-Ochoa and Gomez 2009). The working volumes of the CUBER4 and 5-L bioreactors were 500 ml and 2 L, respectively. All kLa measurements were performed in triplicate at room temperature. 
Screening and optimization of process parameters for OmlA production in MWPs

Single-factor experiments

All the factors studied and their settings are listed in Supplementary Table 4. The initial conditions for OmlA production were performed in A medium with an inoculation rate of 10% (v/v), and 1 mM IPTG was added to the medium when the OD600 reached approximately 1.0. This condition was used as a standard condition for all single-factor experiments. For medium components optimization, semisynthetic A medium 
 ADDIN EN.CITE 
(Teramoto et al. 2011)
 was selected as the initial medium. Different carbon sources, nitrogen sources, ions, and vitamins were added to A medium according to different concentration gradients to replace similar nutrients in the original medium. OmlA yield (mg/L) was selected as a response, and the yield and OD600 in A medium under the standard condition was used as a control. All experiments were performed in triplicate. 
Optimization by DoE

Seven factors and their settings are listed in Supplementary Table 5. MODDE Pro 12.1 (MKS Data Analysis Solutions, Umea, Sweden) was used for experimental design and data analysis. The Plackett-Burman design produced 19 conditions, including three repeated center-point experiments to estimate the pure error (Table 1). All seven quantitative factors varied over three levels (low, medium, high), and the OmlA yield was defined as a response. Next, a central composite design was employed to determine the optimal levels of key factors screened from the PB design. The variables used and their settings are listed in Table 2. 

Analytical procedures

SDS–PAGE analysis, quantitation, and purification of OmlA

The intracellular supernatant or medium supernatant was collected and then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12% (w/v) gels. The concentration of the target protein band was quantified by measuring and comparing its intensity with that of standard bovine serum albumin (BSA) at a known concentration loaded in the same gel (Image J software). The OmlA was purified using an AKTA purifier system (GE, Sweden) and a HisTrap HP affinity column. SDS–PAGE and Image J software were used to determine the quantity and purity of the purified OmlA.

Statistical analysis 

Statistical analysis of OmlA production in 180 combinations was conducted by R software (v4.1.1). The distribution of OmlA yield within each group was analyzed by multi-way analysis of variance. A p-value < 0.05 was considered to be significant for all tests. 

Liquid chromatography tandem mass spectrometry (LC-MS) analysis

The gel band containing OmlA was excised, washed, and incubated with 1 μg trypsin dissolved in 50 mM NH4HCO3 at 37 ℃ overnight. Then, the hydrolyzed sample was analyzed by a Nanoflow UPLC system (Ultimate 3000, Thermo Fisher Scientific) and the Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Fisher Scientific). The peptides were first pre-treated with a 5 μm Acclaim PepMap RPLC C18 column, followed by passing through an Acclaim PepMap RPLC C18 column of 1.9 μm. Mobile phase A (0.1% formic acid, 2% acetonitrile) and mobile phase B (0.1% formic acid, 80% acetonitrile) were used to establish a 66-min linear elution. The elution process was as follows: from 4% to 8% B for 2 min, from 8% to 28 % B for 43 min, from 28 % to 40% B for 10 min, from 40% to 95% B for 1 min, and from 95% to 95% B for 10 min. The resolution of the primary mass spectrum is 70,000, and the scanning range is 350~1,800 m/z. The secondary mass spectrum was scanned at 17,500 m/z. A mascot search engine (Matrix Science, Boston, MA, USA) was employed to facilitate protein identification.

Challenge experiment with APP7

APP7 was cultured in BHI medium supplemented with 10 mg/L β-nicotinamide adenine dinucleotide at 37 °C with shaking at 220 rpm (Baltes et al. 2002). For the challenge experiment, fifty mice were divided into five groups: Mice in the experimental group were intraperitoneally vaccinated twice at a 2-week interval with 20 μg purified or unpurified OmlA antigen produced in C. glutamicum. The positive control group was immunized with 20 μg purified OmlA antigen produced in E. coli (provided by Tecon Biology Co., Ltd), and the negative control group was immunized with PBS or the medium supernatant of the C. glutamicum WT strain. Seven days after the last booster immunization, all mice were intraperitoneally injected with 500 μL of APP7 preparation (6(108 CFU). 

Results

Determination of the expression pattern for OmlA production in C. glutamicum

First, we studied the expression pattern for the production of OmlA in the WT strain by comparing intracellular and secretory expression approaches. The SDS–PAGE analysis of OmlA in the expression cassettes pXMJ19/OmlA (intracellular expression) and pXMJ19/SPCspA/OmlA (secretory expression) in LBB medium is shown in Fig. 1. A soluble OmlA protein ~ 42 kDa was detected in both strains and secretory expression showed higher OmlA production (23.33 mg/L) than the intracellular one (13.98 mg/L) according to BSA quantification. Therefore, we focused on the secretory expression pattern in the present study and believed that OmlA production can be further improved through optimization.

Screening of candidate strains and fermentation medium for the secretion of OmlA

To screen candidate strains and fermentation medium for OmlA production, we employed four promoters, five signal peptides, and three expression hosts to construct sixty production strains (4 promoters × 5 SPs × 3 hosts = 60 strains). Then the productivity of these sixty strains was evaluated in three fermentation media widely used in previous studies, including LBB medium, semi-defined medium 
 ADDIN EN.CITE 
(Yim et al. 2016)
, and A medium 
 ADDIN EN.CITE 
(Teramoto et al. 2011)
 (Fig. 2A) (60 strains × 3 media = 180 combinations). 

SDS–PAGE analysis showed that OmlA was successfully secreted in 180 combinations, and all the production of OmlA could be observed on the gel (data not shown). Then, the OmlA yields of 180 combinations (Table 3) were grouped and analyzed using the analysis of variance (ANOVA) method. The results are shown in Fig. 2C-F, the bicistronic tac promoter Pbtac (Sun et al. 2020) and the ΔclpCΔporBΔmepA mutant (Peng et al. 2019) showed better performance in OmlA expression. Among the four SPs tested, SPCspB mediated the highest secretion efficiency. An unexpected combination effect of signal peptide was also observed in the PH36 group: when PH36 was used, SPCgR0949 instead of SPCspB achieved the highest OmlA secretion (Table 3). Since the strains in A medium had higher OmlA yields, A medium was selected as the production medium for OmlA expression (Fig. 2F). In this round of screening in MWPs, four of the most promising strains were ultimately selected for further evaluation (Table 3) and the best strain Pbtac/SPCspB/OmlA/ΔclpCΔporBΔmepA identified in this screening stage was used in the subsequent optimization in MWPs and CUBER4.
Rapid optimization of medium composition and induction conditions using single-factor experiments and DoE strategy in MWPs 

Verification of the scalability of MWPs to larger fermentation scales 

Before starting the optimization in MWPs, we verified the reliability of the MWPs scale-down model. Although there are many critical scale-up parameters available nowadays, a constant kLa value has been proposed as a practical approach to evaluating the scalability in aerobic fermentation (Islam et al. 2008). We first determined the kLa values in MWPs, shake flask, CUBER4, and 5-L bioreactor at different agitation speeds and evaluated the influence of the aeration rate on these kLa values in the bioreactor (Fig. 3A-3C). Then, different levels of fermentation at a constant kLa value of 88 h-1 (the kLa value of MWPs at 150 rpm) and 134 h-1 (the kLa value of MWPs at 220 rpm) were performed according to the culture conditions described in Supplementary Table 3. The scale equivalence was evaluated by statistical comparison of biomass growth and OmlA yield. The data shows that the fermentation results in MWPs were accurately reproduced on larger fermentation scales: similar biomass concentrations and OmlA yields were obtained at a kLa of 88 h-1 (Supplementary Table 3) and 134 h-1 (Fig. 3D). These results not only verified the reliability of the MWPs scale-down model for optimization but also proved that fixing the kLa value is a feasible scale-up criterion for C. glutamicum.
Single-factor experiments

Single-factor experiments were performed to screen the potential influencing factors of OmlA production for further optimization. Considering a large number of factors studied, only the factors with positive effects are shown. As shown in Fig. 4A & B, the preinduction period and IPTG concentration had significant effects on OmlA production, a 2-h preinduction period and 1.0 mM IPTG were optimal. Among all carbon sources tested, maltose had the greatest positive impact on OmlA production. In the medium containing 38 g/L maltose, the OmlA yield reached 200.00 mg/L, which was 1.98 times that of A medium (Fig. 4C). As shown in Fig. 4D & E, fructose and sucrose also showed better OmlA production than glucose in the original A medium. Among all tested organic nitrogen sources, soy peptone was the best one: when 6 g/L soy peptone was added, the OmlA yield increased by 1.59 times (Fig. 4F). In addition, yeast extract and BHI also played a positive role in enhancing OmlA secretion (Fig. 4G & H). For the inorganic nitrogen source tested, only urea led to an increase in OmlA production (Fig. 4I). No significant effects on OmlA production were observed for any tested vitamins, iron, and the initial inoculation concentrations, they were maintained at their original level in A medium. Ammonium sulfate was removed from the medium due to its detrimental effect on OmlA production (data not shown). Although single-factor experiments can help us distinguish the importance of each variable individually, they cannot determine the interaction between factors. Therefore, 7 factors, including preinduction period, IPTG concentration, maltose, soy peptone, yeast extract, BHI, and urea, were selected for further analysis and optimization using the DoE strategy.

Screening and optimization of significant variables using DoE strategy

First, a Plackett-Burman (PB) design was performed. The factor level coding and PB design results are presented in Supplementary Table 5 and Table 1. During the PB screening experiments, a regression model was fitted. The model indicated that 86% of the response variation was explained by the model (R2 = 0.86) and that 59% of the response variation could be predicted (Q2 = 0.59). The significance of these seven factors on OmlA production is shown in Fig. 5A. The major positive factors were identified as X1 (maltose), X4 (soy peptone), and X6 (IPTG concentration), and they were selected for further optimization. The remaining four factors with no or negative effects were fixed at their low levels.

Next, a central composite design (CCD) optimization experiment was conducted to investigate these three factors in more detail. The factor settings and results of the CCD experiment are summarized in Table 2. A quadratic model was then fitted and all variables, regardless of their significance, were included in the following equation:

OmlA (mg/L) = –892.42 + 6.92X1 – 30.54X4 + 2030.15X6 − 0.17X12 + 3.41X42 – 1002.21X62 + 1.09X1*X4 + (2.17e-05) X1*X6 – 8.60X4*X6
The coefficients R2 of 0.96 and Q2 of 0.76 indicated good agreement between the predicted and experimental response values and suggested that the obtained model was quite reliable for depicting OmlA production titers. Fig. 5B shows the contour plot obtained using the model equation, the predicted optimal factor settings are 40 g/L maltose, 7 g/L soy peptone, and 1 mM IPTG. The mean OmlA yield measured experimentally under the predicted optimal conditions was 312.03 mg/L, which was in good agreement with the predicted value of 343.00 mg/L. Again, these results suggest that the model here developed can accurately predict the production titer of OmlA in C. glutamicum, and the optimal conditions for OmlA production were ultimately determined as follows: 40 g/L maltose, 7 g/L soy peptone, 3 g/L BHI, 3 g/L yeast extract, 3 g/L urea, 0.5 g/L KH2PO4, 0.5 g/L K2HPO4, 0.5 g/L MgSO4·7H2O, 6 mg/L FeSO4·7H2O, 4.2 mg/L MnSO4·H2O, 0.2 mg/L biotin, 0.2 mg/L thiamine, 10% inoculation rate, 1 mM ITPG and 0 h preinduction period.

Optimization of fermentation parameters in the CUBER4 parallel fermentation system

Optimization of kLa value 

We next optimized fermentation parameters for OmlA production in the CUBER4 parallel fermentation system. The production of OmlA in MWPs was reproduced in the CUBER4 by fixing kLa at 134 h-1. We first studied the effects of different kLa values on OmlA production by improving the rotating speed. As shown in Fig. 5C, both too high and too low kLa values were unfavorable to the production of OmlA, and the highest OmlA yield was obtained at a kLa of 254 h-1 (1 vvm, 932 rpm), reaching 378.30 mg/L. When kLa was fixed at 254 h-1, the DO level rapidly decreased from 100% to 25.3% at 12 h and then remained above 20% during the subsequent fermentation process (Fig. 6A). These results indicated that the kLa value of 254 h-1 can provide a suitable oxygen level for protein expression. Therefore, kLa was subsequently controlled at 254 h-1 to allow high production.

Optimization of pH 

The pH optimization of OmlA production started in modified A medium with an increasing pH gradient. As shown in Fig. 5D, OmlA production in all three pH control groups was higher than that in the uncontrolled group and the highest OmlA yield of 424.10 mg/L was obtained at pH 7.3. When the pH of the medium increased to 7.6, the production of OmlA decreased. Thus, the pH value was controlled at 7.3 in subsequent fermentations.

Optimization of feeding rate

Protein expression can be further enhanced through fed-batch cultivation. To test the influence of feeding rate on OmlA production, culture growth started in batch mode with 40 g/L maltose for 20 h, and then the fed-batch culture started by feeding a 400 g/L maltose solution with different feeding rates. As shown in Fig. 5E, the biomass and OmlA titers of all fed-batch groups were higher than those of the batch group, and the highest OmlA yield was obtained at a feeding rate of 4 ml/h/L. The time course of fermentation parameters with a 4 ml/h/L feeding rate is shown in Fig. 6B. The OmlA accumulated rapidly and ultimately reached a maximum of 968.60 mg/L at 48 h. During the fermentation process, the DO level and maltose concentration were maintained above 20% and 10 g/L, respectively. These results demonstrated that 4 mL/h/L was a suitable feeding strategy for OmlA production and can be used for subsequent fed-batch fermentation.

Determination of the best strain

The first round of screening in MWPs has identified four promising candidates. We then performed a second round of comparison of these four strains in CUBER4 under optimized fermentation conditions. The performance of these four strains in OmlA production is shown in Fig. 5F. Although the OmlA production ranking in this round of screening was different from that of the first round (Table 3), Pbtac/SPCspB/ OmlA/ΔclpCΔporBΔmepA was still the strain with the highest yield (968.60 mg/L), so it was selected for the large-scale production of OmlA. 

Scaling up OmlA production process to 5-L bioreactor
The production process of OmlA was then scaled up to a 5-L bioreactor by fixing kLa at 254 h-1 (1 vvm, 785 rpm). The profiles of cell growth, OmlA titer, DO level and maltose concentration are shown in Fig. 6C. The highest biomass (OD600 of 39.80) was observed at 48 h, and the cell-specific growth rate in the exponential growth phase was 0.05 h-1. The OmlA band first appeared on the gel at 4 h after inoculation, and then its concentration gradually increased, reaching a maximum yield of 1.01 g/L (49.03 mg per g of dry cell weight (DCW)) at 48 h (Fig. 6C & E). Furthermore, OmlA was produced as the major protein in the culture supernatant with a purity of 84.50% (Fig. 6E). Then the medium supernatant containing OmlA was purified by Ni-NTA affinity column chromatography. The SDS-PAGE analysis showed that the purity of purified OmlA was 96.05% (Fig. 6F). The purified antigen was also analyzed by mass spectrometry. Supplementary Table 6 showed 59 matching peptides identified by LC-MS, covering 87.70% of the amino acid sequence encoded by the OmlA gene. This lets us further explore whether the recombinant OmlA was bioactive. 
Protective immunity induced by recombinant OmlA antigen against A. pleuropneumoniae
The protective immunity of recombinant OmlA antigen was assessed using mouse models 
 ADDIN EN.CITE 
(Ramjeet et al. 2008; Seo et al. 2011)
. Since the 6×His tag has a small molecular weight and no charge under physiological conditions, this study speculated that the tag retention would not affect the immunogenicity of OmlA. As shown in Fig. 6D, both purified and unpurified antigen-immunized mice were well protected against lethal challenge with APP7, and the unpurified antigen showed the same protective effect as the positive control (OmlA antigen produced in E. coli): 70% of the mice were still alive even 168 h after infection. The reduced protection (50% survival rate) induced by purified OmlA may be due to reduced protein activity during purification. Therefore, the purification process may need to be further optimized to maximize the protective immunity induced by purified OmlA.

Discussion

Porcine pleuropneumonia is one of the five major diseases endangering the modern swine industry and has attracted great attention worldwide 
 ADDIN EN.CITE 
(Loera-Muro and Angulo 2018)
. At present, vaccines against this disease mainly include inactivated whole-cell bacterins, subunit vaccines, and live attenuated vaccines 
 ADDIN EN.CITE 
(Loera-Muro and Angulo 2018; Ramjeet et al. 2008)
. Considering the cross-protection and vaccine safety, the subunit vaccine based on the virulence factor is a better choice. OmlA is considered as an excellent subunit vaccine candidate against porcine pleuropneumonia, especially in combination with Apx toxins of A. pleuropneumoniae 
 ADDIN EN.CITE 
(Loera-Muro and Angulo 2018)
. The use of C. glutamicum expression system brings unique advantages to the production of OmlA antigen. Compared with the previously reported OmlA in E. coli, the OmlA produced here is secreted to the medium without endotoxin, which thereby simplifies the downstream purification and does not compromise the quality of vaccines 
 ADDIN EN.CITE 
(Brito and Singh 2011; Hayat et al. 2018)
. Furthermore, unlike Bacillus subtilis (Li et al. 2004), C. glutamicum lacks detectable extracellular proteolytic activity, thus the secreted OmlA can remain stable. Additionally, C. glutamicum grows faster than the eukaryotic expression system yeast (Pereira et al. 2013), which can significantly shorten the fermentation time for OmlA production. 

Numerous optimization work has been conducted in various microbial cell factories, particularly E. coli and yeast, to enhance recombinant protein production 
 ADDIN EN.CITE 
(Islam et al. 2007; Islam et al. 2008; Moussa et al. 2012)
. Based on those studies, we formulated a holistic development process that may adapt to most scenarios, on top of the potentiated OmlA production in C. glutamicum here. The burdensome screening procedure was markedly alleviated by the application of MWPs and DoE, followed by rapid single-factor optimization of fermentation parameters in the CUBER4 parallel fermentation system. In parallel, the fixed kLa scale-up strategy ensured the effectiveness of optimization at all scales, such that a high-quality and high-throughput development process could be conducted with reduced optimization costs and shortened PD timeline (Fig. 1C) (Long et al. 2014). Most of the previously proposed systematical optimization frameworks 
 ADDIN EN.CITE 
(Islam et al. 2007; Islam et al. 2008; Moussa et al. 2012)
, as well as the regular optimization adopting the one-by-one strategy 
 ADDIN EN.CITE 
(Wang et al. 2018; Yeh et al. 2008)
, were less perfect in comprehensively exhibiting the mutual influence among expression elements, strains, medium compositions, fermentation parameters, etc. However, combinatorial or even synergistic effects were well-embodied in our optimization framework, e.g., when the “weak” signal peptide SPCgR0949 with poor secretion efficiency was combined with PH36, it achieved the strongest OmlA secretion among the PH36 group (Table 3).
In the present study, we also used two other protein models, EGFP and VHH (heavy chain variable domain of heavy chain antibody), to compare the performance of our optimized medium with a previously reported fermentation medium that can achieve high cell densities, at the shake-flask level (Meng et al. 2021; Wang et al. 2020). As shown in Supplementary Fig. 1, although the cell density in our optimized medium (modified A medium) was lower than that in the previously reported medium (Medium 2), all three protein models tested exhibited the highest expression levels in the modified A medium. Moreover, This enhanced expression was also observed in another widely used host C. glutamicum ATCC13032 (Sun et al. 2020) (Supplementary Fig. 1). These preliminary results suggested that the fermentation conditions established in this study may also be applicable to achieve high-level production of other proteins in other C. glutamicum hosts. Despite these satisfactory results, there is still much work to be done, e.g. the promoting effect of maltose on protein expression was also observed in the other two protein models (Supplementary Fig. 2), the mechanism behind this phenomenon remains to be explored. The production of OmlA needs to be scaled up to pilot-scale (i.e. 200-600 L) or even industrial-scale (i.e. over 2,000 L) for further evaluation. Meanwhile, the throughput of this framework still possesses substantial rising space, e.g. through integrating the three antibiotics (3A) assembly system to obtain a larger expression library 
 ADDIN EN.CITE 
(Wang et al. 2020)
. In this case, we believe the E. coli expression system is more competent in applying the proposed holistic development process here, as the plasmid constructing and genetic operation in E. coli are rather simple compared with C. glutamicum and yeast. Besides, to maximize the production of a given protein, this optimization framework should also be extended to other proteins: our research group is trying to express other veterinary vaccines in C. glutamicum, such as the exotoxins (Apx) of A. pleuropneumoniae. We believed that a high-level expression of veterinary vaccine antigens with flawless safety can be achieved in C. glutamicum through the organic combination with antibiotic marker-free (Vandermeulen et al. 2011) and self-inducible expression system.

In conclusion, we proved that C. glutamicum is a superior host for the production of OmlA by an established holistic and high-throughput development process (Fig. 1C). The OmlA production process ultimately achieved a 2,500-fold scale-up to a 5-L bioreactor and the secretion of OmlA reached an unprecedented yield of 1.01 g/L. The cost of the medium used was also significantly decreased from 0.019 USD/mg to 0.006 USD/mg (Table 4). This study provides a rapid and reliable pipeline for the hyper-production of OmlA, and possibly other recombinant vaccines, in C. glutamicum. 
Supplementary material
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Figure captions
Fig. 1. Overview of OmlA expression and high-throughput development process.

(A) Physical map of the expression vector with the OmlA or CspA-OmlA gene. (B) SDS–PAGE analysis of the OmlA. The arrow represents the target protein, and pXMJ19 with no protein expression was used as a control check (CK). Lane M: Protein Marker 26610; Lane 1: pXMJ19/OmlA; Lane 2: pXMJ19/SPCspA/OmlA. (C) General view of the high-throughput development process. The 24-deep-well plate and the 4×1 L parallel fermentation system (CUBER4) are developed by our team. 

Fig. 2. OmlA yield analysis of 180 expression combinations. 

* represents P＜0.05, NS means no significant difference. (A) The details of the 180 expression combinations. (B) Bicistronic expression structure. The SD2 here was AAAGGAGGACAAC, and TAATG is a widely used translation coupling frame in the BCD structure. (C-F) Box plot of OmlA production in different promoters, signal peptides, hosts and media.

Fig. 3. Determination of the oxygen mass transfer coefficient (kLa) and evaluation of scale equivalence. 

(A) kLa values in the MWPs and shake flask under different shake speeds. (B) kLa values in the CUBER4 parallel fermentation system under different agitation speeds (rpm) and aeration rates (vvm). (C) kLa values in the 5-L bioreactor under different agitation speeds (rpm) and aeration rates (vvm). (D) Fermentation results at different culture levels based on a matched kLa value of 134 h-1. L1: MWPs, L2: shake flask, L3: CUBER4, L4: 5-L bioreactor.

Fig. 4. The influence of medium composition and culture conditions on OmlA production. 
The red and black dotted lines represent the OmlA yield and OD600 in the control, respectively. (A-I) Effect of preinduction period, IPTG concentration, maltose concentration, fructose concentration, sucrose concentration, BHI concentration, yeast extract concentration, soy peptone concentration, and urea concentration on OmlA production.

Fig. 5. Analysis of the DoE experiment and the influence of fermentation parameters on OmlA production. 

(A) Coefficient plot with confidence intervals (set at 95%) for OmlA yield obtained from screening experiments. The size of each bar (or coefficient) represents the relative importance of that factor upon OmlA expression. A positive coefficient for a quantitative factor indicates that an increase in that factor, relative to its center-point level, would increase the OmlA yield. The opposite is true for negative coefficients. (B) The contour plot of OmlA production in C. glutamicum. (C) The influence of pH on OmlA production and biomass. (D) The influence of DO level on OmlA production and biomass. (E) The influence of feeding rate on OmlA production and biomass. (F) OmlA production in four candidate strains. Strain 1: Pbtac/SPCspB/OmlA/ΔcspB2ΔclpS, Strain 2: Pbtac/SPCspB/OmlA/ΔclpCΔporBΔmepA, Strain 3: Pbtac/SP1514/OmlA/ΔcspB2ΔclpS, Strain 4: Pbtac/SP1514/OmlA/ΔclpCΔporBΔmepA.

Fig. 6. The production of OmlA in the bioreactor. 

(A) Changes in DO levels in the CUBER4 with different kLa values. (B) Time profiles of cell growth, maltose concentration, DO level, and OmlA concentration in the CUBER4. (C) Time course of cell growth, maltose concentration, DO level, and OmlA concentration in the 5-L bioreactor. (D) Induction of protective immunity against challenge infection with APP7. (E) SDS–PAGE analysis of the culture supernatant. Lane M: Protein Marker 26610. (F) SDS–PAGE analysis of purified OmlA. Lane M: Protein marker 26610; Lane 1: purified OmlA. 
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