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Sustainable and environment-friendly microbial fermentation processes have been
developed to produce numerous chemicals. However, the high energy input required
for sterilization and substantial fresh water consumption restrict the economic feasibility of
traditional fermentation processes. To address these problems, Vibrio natriegens, a
promising microbial chassis with low nutritional requirements, high salt tolerance and
rapid growth rate can be selected as the host for chemical production. In this study, V.
natriegens was metabolic engineered to produce 2,3-butanediol (2,3-BD), an important
platform chemical, through non-sterilized fermentation with seawater-based minimal
medium after expressing a 2,3-BD synthesis cluster and deleting two byproduct
encoding genes. Under optimized fermentative conditions, 41.27 g/L 2,3-BD was
produced with a productivity of 3.44g/L/h and a yield of 0.39g/g glucose by
recombinant strain V. natriegensAfrdAAIdhA-pETRABC. This study confirmed the
feasibility of non-sterilized fermentation using seawater to replace freshwater and other
valuable chemicals may also be produced through metabolic engineering of the emerging
synthetic biology chassis V. natriegens.

Keywords: water resource, freshwater, energy efficient, salt tolerance, microbial chassis, platform compound

INTRODUCTION

Traditional petrol-based industry has contributed most of the chemicals in our daily lives (Levi and
Cullen, 2018). Microbial fermentation producing chemicals from renewable resource is an
environmentally friendly and sustainable way to replace the petrol-based industry (Dessie et al.,
2020; Ramamurthy et al., 2021). However, typical microbial fermentation often faces the problem of
easy contamination and thus requires complicated sterilization and high energy input (Li et al., 2014;
Yu et al,, 2019; Guo et al., 2020a). In addition, it also consumes a large amount of freshwater for
preparing the culture medium (Yue et al., 2014). Identifying a suitable microbial strain excluding
expensive sterilization and fresh water consumption is highly desirable for development of an energy
efficient and sustainable biotechnology.

Vibrio natriegens is a nonpathogenic marine bacterium with a doubling time of 9.8 min (Eagon,
1962; Hoff et al., 2020). It has characteristics of low nutritional requirements, broad substrate
spectrum, and robust growth under high salt condition (Hoffart et al., 2017; Hoff et al., 2020).
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FIGURE 1 | Verification of the ability of the recombinant V. natriegens expressing budRABC to metabolize glucose into 2,3-BD (A) Structure of the gene cluster
budRABC in E. cloacae SDM responsible for 2,3-BD production (B) Metabolic process of 2,3-BD production from glucose in V. natriegens with expressed 2,3-BD
synthesis pathway (C) VP test result of V. natriegens-pET28a and V. natriegens-pETRABC (D) Chromatograph profile of 2,3-BD produced from glucose using V.
natriegens-pET28a (up) and V. natriegens-pETRABC (down). *Isoamylol was used as the internal standard.

Recently, the development of gene manipulation methods and
tools of V. natriegens makes it possible to use this strain as a
candidate host for microbial cell factory construction (Weinstock
et al,, 2016; Dalia et al., 2017; Hoffart et al., 2017; Tschirhart et al.,
2019). V. natriegens has been metabolic engineered to produce a
series of compounds such as alanine, beta-carotene, violacein,
melanin, and 1,3-propanediol (Hoffart et al., 2017; Ellis et al,
2019; Wang et al,, 2020; Zhang et al., 2021). Seawater is a widely
available water source. V. natriegens grows quickly in marine and
exhibits high salt tolerance. In this work, we identified the
feasibility of non-sterilized fermentation by V. natriegens using
seawater as an alternative of freshwater.

2,3-Butanediol (2,3-BD) is an important platform
compound with diversified applications in many industrial
fields (Ge et al., 2016; Meng et al., 2020). During 2,3-BD
fermentation in Enterobacter cloacae subsp. dissolvens SDM,
2,3-BD is produced from pyruvate via a-acetolactate synthase
(BudB, AFM58914), a-acetolactate decarboxylase (BudA,
AFM58913), and meso-2,3-BD dehydrogenase (BudC,
AFM58915) (Meng et al, 2021). In a previous study,
introducing the recombinant plasmid pPETRABC expressing
BudA, BudB, BudC, and their regulatory protein BudR
(AFM58912) (Figure 1A) into E. coli realized heterologous
synthesis of 2,3-BD from glucose (Xu et al., 2014). In this
work, the plasmid pETRABC was firstly transferred into V.
natriegens type strain ATCC 14048 to obtain recombinant

strain V. natriegens-pETRABC. Then, the feasibility of non-
sterile fermentation using seawater with this strain was
identified. After fermentation condition optimization and
byproduct pathways deletion, the 2,3-BD production
performance of recombinant V. natriegens was further
improved.

MATERIALS AND METHODS

Enzymes and Chemicals

FastPfu DNA polymerase and T4 DNA ligase were purchased
from TransGen Biotech (Beijing, China) and Thermo
Scientific (Lithuania), respectively. Restriction enzymes
were purchased from TaKaRa Bio Inc (Dalian, China).
Primers for polymerase chain reaction (PCR) were
synthesized by Tsingke Biology Co., Ltd (Qingdao, China).
Racemic acetoin (AC) was purchased from Apple Flavor &
Fragrance Group (Shanghai, China) while 2,3-BD was
purchased from ACROS (The Kingdom of Belgium).
Sodium acetate was purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Seawater was taken
from the Huanghai Sea near the east gate of Shandong
University with a salinity about 30%. (Aoshan Bay,
Qingdao, China). All other chemicals were of analytical
grade and commercially available.
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Bacterial Strains, Plasmids and Culture

Medium
The strains and plasmids used in this study are listed in
Supplementary Table S1. All engineered strains used in this
work are based on V. natriegens ATCC 14048. The plasmid
pETRABC was used for 2,3-BD synthesis while the plasmid
pET28a was used for blank control. E. coli DH5a was used to
hold these two plasmids. The plasmid pKR6Kc,, was used for
gene knockout and E. coli S17-1 was used to hold the plasmid
pKR6K,, (Xin et al,, 2017) as well as for conjugation with V.
natriegens.

Luria-Bertani (LB) medium was used for the cultivation of
E. coli S17-1 while LB3 medium (5g/L yeast extract; 10 g/L
tryptone; 30 g/L NaCl) was used for the cultivation of V.
natriegens. The MR-VP medium supplemented with 30 g/L
NaCl (5g/L glucose; 7 g/L peptone; 5g/L K,HPOy 30g/L
NaCl) was used for Voges-Proskauer (VP) test and subsequent
gas chromatography (GC) detection. The VN minimal medium
(5 g/L (NH,),SO4 15 g/L NaCl; 1 g/L KH,POy; 1 g/L K,HPO,;
0.25 g/L MgSO,; 0.01 g/L CaCly; 16.4 mg/L FeSO47H,0; 10 mg/L
MnSO4H,0; 0.3mg/L CuSO,-5H,0; 1mg/L ZnSO47H,0;
0.02 mg/L NiCl,-6H,0) prepared using distilled water or
seawater supplemented with glucose was used in shake flasks
experiments for fermentation condition optimization of V.
natriegens (NaCl is unnecessary when preparing with
seawater). The selection medium for single exchange strains of
V. natriegens was VN minimal medium supplemented with 10 g/
L glucose and 40 ug/mL chloramphenicol. The selection medium
for double exchange strains of V. natriegens was solid LB3
medium supplemented with 15% sucrose.

Plasmid Transformation of V. natriegens
Procedures  for  competent cell  preparation and
electrotransformation were according to the method of
Weinstock and colleagues (Weinstock et al., 2016) with slight
modification. The competent cells of V. natriegens were grown in
brain-heart infusion medium supplemented with KCl and MgCl,
(BHI + v2) at 30°C to ODgponm of 0.5 and immediately moved
onto ice for 15 min. Then, the cells were washed three times with
cold electroporation buffer (680 mM sucrose, 7 mM K,HPO,, pH
7.0) and resuspended to a final ODgggnr, Of 16. A Bio-Rad Micro-
Pulser and a 1mm electroporation cuvette were used in
electrotransformation. The instrument was set to 900 V, 25 pF,
200 Q. The transformants of V. natriegens were then screened
from the BHI + v2 salt solid plate supplemented with 50 ug/mL
kanamycin at 37°C.

Knockout of the Genes in V. natriegens

The primers used for gene knockout in V. natriegens ATCC
14048 are listed in Supplementary Table S2. DNA manipulations
such as vector isolation and restriction enzyme digestion were
carried out following standard protocols (Sambrook and Russell,
2001). The method for gene knock-out through allele exchange
using the suicide plasmid pKR6Kc,,, was conducted as described
in the previous report (Meng et al., 2020). Briefly, the upstream
and downstream homologous arms of frdA were amplified from

Non-Sterilized Fermentation of 2,3-Butanediol

V. natriegens ATCC 14048 and then ligated through PCR to get
AfrdA fragment using primer pairs PAfrdA.f1 (EcoRI)/PAfrdA.r2
(overlap) and PAfrdA.f3 (overlap)/PAfrdA.r4 (BamHI),
respectively. The gel-purified AfrdA fragment was ligated to
the pKR6Kc,, digested with EcoRI and BamHI. The resulting
plasmid pKDAfrdA was introduced into E. coli S17-1. Then, a
three-step deletion procedure was applied to select the AfrdA
mutant after conjugating the pKDAfrdA in V. natriegens ATCC
14048 as described previously (Xin et al., 2017). The IdhA mutant
of strain V. natriegens were generated by using the same
procedure.

Batch and Fed-Batch Fermentations

Batch fermentations were conducted in a 1-L bioreactor
(Multifors 2, Infors AG, Switzerland) with 0.8 L of medium.
The seed culture was inoculated (10%, v/v) into the seawater-
based VN minimal medium supplemented with 50 g/L glucose.
The cultivation was carried out at 37°C, airflow at 1.0 vvm,
stirring at 400 rpm. The initial pH was set to 7.5 and
maintained by automatic addition of 5M NaOH. Fed-batch
fermentation was carried out under the same cultivation
condition in a 7.5-L fermenter (BioFlo 310, NBS,
United States) containing 5L of medium. Solid glucose was
added when residual glucose concentration was reduced to
about 10 g/L.

Analytical Methods

The optical density (OD) was measured at 600 nm using a
spectrophotometer V5100H and the concentration of glucose
was determined by a bioanalyzer SBA-40D after diluting to an
appropriate concentration. The concentrations of by-products
including succinate, lactate, formate, acetate, and ethanol were
determined by using Agilent 1,100 equipped with an Aminex
HPX-87H column (300 mmx 7.8 mm; Bio-Rad, United States)
and a refractive index detector (Meng et al, 2020). The
concentrations of AC and 2,3-BD were measured by GC
(Shimadzu, GC 2014c) using a capillary GC column as
described previously (Ge et al,, 2016).

RESULTS AND DISCUSSION

Expression of 2,3-BD Synthetic Gene

Cluster in V. natriegens

V. natriegens-pETRABC was constructed through transferring
the plasmid pETRABC into V. natriegens type strain ATCC
14048 and cultured in MR-VP rich medium. Theoretically,
glucose will be first metabolized through EMP pathway in V.
natriegens to produce the center metabolite pyruvate (Hoff et al.,
2020). Then, overexpressed BudA, BudB and BudC can catalyze
pyruvate to form 2,3-BD via intermediates a-acetolactate and AC
(Figure 1B). As shown in Figures 1C,D, the results of Voges-
Proskauer (VP) test and gas chromatography indicated that V.
natriegens-pETRABC harboring 2,3-BD synthesis pathway has
the ability to metabolize glucose in MR-VP medium to produce
2,3-BD.
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Non-Sterile 2,3-BD Fermentation by V.
natriegens-pETRABC Using Seawater

V. natriegens can also rapidly metabolize glucose in minimal
medium containing inorganic salt ions (Hoffart et al., 2017).
Thus, we explored the feasibility of using VN minimal medium
(Hoffart et al., 2017) to cultivate V. natriegens-pETRABC for 2,3-
BD production. In order to further reduce the fermentation cost
and save fresh water, the possibility of producing 2,3-BD through
non-sterilized fermentation using seawater was analyzed. Since
the seawater contains about 3.0% NaCl, the addition of external
NaCl in VN medium is unnecessary. Four different conditions
were set for bacterial culture: distilled water-based VN minimal
medium with sterilization (Medium 1) or without sterilization
(Medium 2); seawater-based VN minimal medium with
sterilization (Medium 3) or without sterilization (Medium 4).
The concentration of glucose was set to 40 g/L and the cell
growth, sugar consumption, concentration and yield of 2,3-BD
of V. natriegens-pETRABC were detected for comparing the
performance of the recombinant strain in different media.

As shown in Figure 2, the cell growth, glucose consumption
and 2,3-BD accumulation of V. natriegens-pETRABC in the
seawater-based VN minimal medium were better than those in

distilled water-based VN minimal medium, indicating that the
high salt and other ingredients in seawater can support the
metabolism of V. natriegens-pETRABC. V. natriegens-
pETRABC in non-sterilized seawater medium exhibited almost
the same performance as the sterilized one, proving that the high
salinity of seawater can inhibit the growth of bacterial
contamination and seawater is suitable for fermentation. After
12h cultivation of V. natriegens-pETRABC in Mediun 4, the
concentration of 2,3-BD reached 12.85 g/L with a yield of 0.38 g/g
glucose. Thus, Medium 4 was selected for further study.

Optimization of Fermentation Conditions of

V. natriegens-pETRABC

In order to further increase 2,3-BD production, the pH of the
fermentation system was optimized. The concentration of glucose
used was 40 g/L, and the pH was set from 5.5 to 9.0. The cell
growth, glucose consumption, the production and yield of 2,3-BD
under different pHs were assayed (Figure 3A and
Supplementary Figures S1A-C) and 7.5 was selected as the
optimal pH. Carbon source concentration was also optimized.
Glucose concentration was set from 20g/L to 90g/L. V.
natriegens-pETRABC exhibited good tolerance to even 90 g/L
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glucose. The highest concentration and yield of 2,3-BD were
obtained when the glucose concentration was 50 g/L (Figure 3B
and Supplementary Figures S1D-F). Recent studies have shown
that adding exogenous sodium acetate at the beginning of
cultivation can enhance the transcription level of the 2,3-BD
synthetic gene cluster in E. cloacae SDM (Meng et al., 2021), thus
may have a positive effect on 2,3-BD accumulation of V.
natriegens-pETRABC. However, acetate at a too high
concentration will inhibit the growth of the strain (Thomas
et al., 2014). The concentration of sodium acetate was
therefore optimized by setting the concentration ranging from
0g/L to 5 g/L. The highest biomass was obtained at the sodium
acetate concentration of 2.5g/L while the highest 2,3-BD
concentration was acquired at the sodium acetate
concentration of 4.5g/L (Figure 3C and Supplementary
Figures S1G-I). Thus, the optimal fermentation conditions for
V. natriegens-pETRABC were using seawater-based VN minimal
medium without sterilization, pH of 7.5, initial glucose
concentration of 50 g/L, and sodium acetate concentration of
4.5g/L.

Deletion Byproduct Pathways to Increase
2,3-BD Production of Recombinant V.

natriegens

The 2,3-BD production performance of V. natriegens-pETRABC
was analyzed in 1-L fermenter (Figure 4A). V. natriegens-
pETRABC could consume about 50 g/L glucose in 12h and
accumulate 18.54 g/L 2,3-BD. The yield and productivity of
2,3-BD were 0.38 g/g glucose and 1.55 g/L/h, respectively. In
addition to the target product 2,3-BD, byproducts including
succinate (5.23 g/L), lactate (0.67 g/L), formate (1.36 g/L), and
ethanol (2.85g/L) were also detected (Supplementary Figure
S2A). In order to further improve the production performance of
V. natriegens-pETRABC, we tried to knockout the succinate
encoding gene frdA and lactate encoding gene IdhA via allele
exchange using the suicide plasmid pKR6Kc,, (Supplementary
Tables S1, S2) (Xin et al., 2017). As shown in Figure 4B, after
deletion of frdA, the 2,3-BD accumulation of V. natriegensAfrdA-
pETRABC was significantly increased to 20.87 g/L while the
concentration of succinate was reduced to only 0.17 g/L
(Supplementary Figure S2B). A further deletion of IdhA
enabled the strain V. natriegensAfrdAAIdhA-pETRABC
accumulated 21.71 g/L 2,3-BD with a yield of 0.42 g/g glucose
(Figures 4C,D). Meanwhile, succinate and lactate were almost
undetectable (Supplementary Figure S2C).

Fed-Batch Fermentation of V.
natriegensAfrdAAIdhA-pETRABC

Fed-batch fermentation in a 7.5-L fermenter with non-sterilized
seawater medium by strain V. natriegensAfrdAAldhA-pETRABC
was also carried out. After 12 h of fermentation, 41.27 g/L 2,3-BD
was obtained from 105 g/L glucose (Figure 5). The productivity
and yield of 2,3-BD were 3.44 g/L/h and 0.39 g/g, respectively.
The major by-products in final fermentation broth were ethanol,
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experiments were conducted in a 7.5-L fermenter containing 5 L of
medium with an initial glucose concentration of 50 g/L.

formate, and AC, which were found at concentrations of 6.45 g/L,
4.06 g/L, and 3.57 g/L, respectively. A small amount of lactate
(1.72g/L) and succinate (0.45g/L) were also detected
(Supplementary Figure S3).

V. natriegens is considered to be a potential chassis for
industrial biotechnology due to its advantages of fast
growth and carbohydrate metabolism (Peng et al., 2020;
Thoma and Blombach, 2021). In this study, we explored the
possibility to engineer V. natriegens for heterologous
production of 2,3-BD from glucose based on seawater in
non-sterilized fermentation condition (Figure 6). Strategies
including medium optimization and by-products pathways
deletion were beneficial in improving the production and
yield of 2,3-BD. The biomass of V. natriegens showed a
significant decrease in the later fermentation stage,
indicating the low stability of the strain in long-term
cultivation. Conley et al. found that extracellular electron
transfer (EET) enhanced survival of V. natriegens under
fermentative conditions and identified the mechanism of
EET in V. natriegens (Conley et al, 2020). Addition of
extracellular acceptor like Fe(IIl) citrate or overexpression
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FIGURE 6 | Metabolic engineering of V. natriegens for sustainable production of platform chemical 2,3-butanediol through non-sterilized fermentation with
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of CymA, PdsA, and MtrCAB necessary for EET may be
beneficial to EET and enhance the fermentative
performance of V. natriegens.

Erian et al. also attempted to produce 2,3-BD by engineered V.
natriegens. When cultured in medium without yeast extract, the
recombinant strain could accumulate 27.4 g/L diol (2,3-BD plus
AC) but AC accounts for about 10 g/L (Erian et al., 2020). In this
work, the engineered V. natriegensAfrdAAIdhA-pETRABC was
confirmed to have the ability to efficiently transform glucose into
2,3-BD with relatively higher titer (41.27 g/L), high productivity
(3.44 g/L/h) and high glucose consumption rate (8.75 g/L/h) in
seawater-based VN minimal medium (Figure 5). AC only
accumulated at a concentration of 3.57g/L. Klebsiella
pneumoniae OU7 can metabolize urea and phosphite as its
primary sources of nitrogen and phosphorus. Guo et al
achieved non-sterilized fermentation of 2,3-BD using
recombinant K. pneumoniae through addition of these
unconventional chemicals to provide selective pressure (Guo
et al.,, 2020b). V. natriegens is a biosafety bacteria (Risk Group
1) with broad substrate spectrum and excellent production
characteristics. Non-sterilized fermentation of 2,3-BD with
seawater by V. natriegens may help to both reduce energy
costs and conserve fresh water resource. Besides 2,3-BD
introduced in this work, various chemicals may also be
produced by non-sterilized fermentation using seawater
through metabolic engineering of V. natriegens.

CONCLUSION

In this study, V. natriegens ATCC 14048 was successfully engineered
for 2,3-BD production from glucose by overexpressing the 2,3-BD
synthesis gene cluster from E. cloacae SDM. The knocking out of two

genes frdA and IdhA decreased the production of byproducts
succinate and lactate. The recombinant strain was able to grow in
seawater-based VN minimal medium and efficiently produce 2,3-
BD through non-sterilized fermentation with a titer of 41.27 g/L and
a productivity of 3.44 g/L/h. The process developed in this study is
not only an alternative for economic production of 2,3-BD, but also a
successful example for production of other chemicals through non-
sterilized fermentation with seawater.
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