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The genus Bacillus represents a diverse group of Gram-positive, endospore-forming bacterial species with the
well-deserved fame of being potent, versatile, and one of the most promising industrial microorganisms yet
discovered. They have an average genome size between 3.4 and 6.0 Mbp. Genetically modified B. subtilis and, to
a lesser extent, B. licheniformis, B. amyloliquefaciens, and B. megaterium have been used for the heterologous
expression of numerous proteins (enzymes, vaccine components, growth factors), platform chemicals, and other

organic compounds of industrial importance.
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| 1. Introduction

The genus Bacillus represents a diverse group of Gram-positive, endospore-forming bacterial species with the
well-deserved fame of being potent, versatile, and one of the most promising industrial microorganisms yet
discovered. They have an average genome size between 3.4 and 6.0 Mbp [ and a low GC% content ranging from
~35% in B. thuringiensis to 43.5-46.4% in B. subtilis, B. licheniformis, and B. velezensis ZRBI4IE, The distinct
advantages of Bacillus spp. used as microbial cell factories include a short fermentation cycle (around 48 h), ease
of cultivation, and robust growth; non-pathogenic Generally Regarded as Safe (GRAS) status; the ability to secrete
recombinant proteins in the medium; and the lack of external and endotoxins L. In recent decades, genetically
modified B. subtilis and other Bacillus spp., notably B. licheniformis, B. amyloliquefaciens, and B. megaterium,
have been used prodigiously for the heterologous production of anything from pharmaceutical proteins (antibody
fragments, interferons and interleukins, growth factors, hormone precursors, and antimicrobial peptides) to
industrial and food-grade enzymes. Large-scale genetic engineering has made possible the redirection of whole
metabolic pathways toward valuable non-protein products such as organic acids, alcohols, and vitamins.
Compared to Escherichia coli, its chief rival among recombinant bacteria @, Bacillus spp. used to have some
limitations in the past associated with the relatively smaller number of suitable regulatory regions for gene
expression, peculiarities in the secretion of recombinant proteins, and the need for the selection of domesticated
host strains Bl This situation has been rapidly changed with the development of increasingly diverse and versatile
vectors, novel genome editing tools such as the CRISPR/Cas9 system, and the construction of convenient strains

deficient in multiple proteases.

An enormous variety of enzymes, growth factors, vitamins, peptides, amino acids, and low-MW compounds have

been expressed in recombinant Bacillus spp. (Figure 1), often on a scale with industrial promise. Through the
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optimization of expression systems and developments in the field of bioengineering and the use of recombinant

Bacillus strains, the highest values of industrially important target products have been achieved (Table 1).
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Figure 1. Biotechnological versatility of Bacillus spp.

| 2. Enzymes
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Enzymes with applications in the food industry have predictably been in the spotlight. Genetic improvement of
bacilli for the production of a-amylase leads to a gradual increase in the yields obtained (Table 1). The goal of
enhanced extracellular expression is achieved through signal peptide optimization and chaperone overexpression
B the prevention of extracellular degradation by improving the folding environment 19, as well as by complex
balancing of the entire secretion process X Thus, the recombinant strain B. subtilis WHS9GSAB produced
35,779.5 U/mL a-amylase for 93 h, reaching a productivity of 384.7 U/mL/h 2],

Table 1. Application of recombinant Bacillus spp. with the highest production of industrially important compounds.

Strain Vector Compound Genetic Source Yield Reference
B. subtilis B. 9201.1 9]
WHS11YSA PHYYamySA el stearothermophilus U/mL
Brevibacillus
choshinensis (B. pNCamyS-prsQ a-amylase stearo theBr.mO hilus 17U?n215L6 [19]
brevis) BCPPSQ P
B. subtilis B. 35,779.5 [11]
WHS9GSAB PHYGamySAsecYEG LRSI stearothermophilus U/mL
Br. choshinensis (B. B. aryabhattai 5371.8 [12]
brevis) PNCMO2 B-amylase 1o M2017320 U/mL
- o 5951.8 [13]
B. subtilis WS9PUL pHYcas9 pullulanase B. deramificans U/mL
B. subtilis WB600 pMAS5 lipase A B. subtilis 1&/?35 [14]
- s 1296 [15]
B. subtilis DB10 pSKE194 xylanase B. subtilis Uimg
B. licheniformis MW3 pKVM1 2,3 . B. licheniformis 123.7 g/L [16]
butanediol
B. amyloliquefaciens 2,3- . . [17]
B 10-127 pMAS5 butanediol B. amyloliquefaciens  132.9 g/L
B. subtilis 168 pMAS5 acetoin B. subtilis 91.8 g/L [18]
poly-y- .
.. pKVM1 . B. subtilis, [19]
B. subtilis KH2 DMAS gluta_mlc B. licheniformis 23.28 g/L
acid
B. subtilis G600 T7-BOOST * GABAT B. subtilis 109.8 g/L (201

References

* T7-BOOST, T7-Based Optimized Output Strategy for Transcription, a system based on the inducible promoters

Phy-spank and Pya; T GABA, y-aminobutyric acid.
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epilactose (4-O-B-d-galactopyranosyl-d-mannose), an epimer of lactose difficult to obtain with purely chemical
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on FREZBSPHETIC AAEOBRRIS RICAYS AR ETRHO RN FoheBRAraBtiCIRDIAB RNEBIt HRashid pHYcas9dD,

eNakigg\SACCI9B YRR MNP iagitadLkaa SRt PirdilyRsepstidlaeachndifpfs Lmb aReiake-flask
culygHan, kUt ieters U8R BBhighR <t la BBees Pt RAATRAR QAP RUEARY IRRE I NS PreEsss
of bz@%p%pq_m-ﬁxtend the shelf life of bread 22!,

ErotRijaY anRymia ke a £ dRaoMsin GenpaRnerueiseHal Badiiis y aleze R&isREHB A3Retalloprotease
frofPYRIRseskeRr f 2 BHipRedinleMiciohiBLdReS ALhAREINS789 TR dSHBALA ‘et four times higher

R At £V, RPL ALY ACTpsh&R PR OGO rRATE R ; e rfRRimes it rie \Ristase
TTIRAGHH & YO UEHEE D BAMNELFTER N RRERSRDY B4Rl RISty 28 -<dtNes MiYsgirstysly than
in I:‘Bﬁfdiaﬁgg Wémﬁéh‘ﬁ@g&fﬂ'ﬂﬁ?ﬁﬁﬁcqeé?fﬁg,ntl‘?j,d@@’ﬁfiggiﬁg.able to eliminate mites and completely clean

protein stains at 60 °C. TTHAQ0724 may be of some use even in the food industry because of its ability to produce

Sei s e bl I pLoIHlGD of Bacillus subtils as a robust workhorse

for production of heterologous proteins and beyond. World J. Microbiol. Biotechnol. 2018, 34, 145.
e YIlERIN AT RSHHEIINESS B BRSIRIINRATK AT IRNRNMAR R bRSFRYRQEE RIS AN PiStclighiBcellulose
anq AiBPe AVSASARATEE SN RO dREBERIINGS SN hAPTRALAS Y paRmlicsaitsition: piapxgh in

thisgimg?ﬁﬂl_llm. fegsusiipliggised as a genetic pool for the expression of target enzymes in E. coli, there are
some interesting results with genetically modified Bacillus spp. as well. Recombinant B. subtilis DB104, harboring a

Sk P i RA% Vit 120nt 1Y AosdiaEE hom BNURERIRG Bag (L eBASHE RICIBRECR Uegrade
xyI Q1R A0S R b SR G P PSSR LRS00, AR REARBP Fer eSS OR19! s 20N &8t with
an :ll'n6e§q2)€r:!'s6|\§'e2 ‘medium from agricultural waste, finally reaching 602 U/mL after 48 h. Xylan, the second most
#uvidentptaBupdlyshecharifafer Eathadesse dsekir soelicdanf esghrasisiorriybBasi hus s eaxgltmignensisitag des
(XCnyatatinlBasifusasubtlinthsondmsignal foegriBe. optimization, chaperone overexpression and a-

amylase mutant selection. Microb. Cell Fact. 2019, 18, 69.
Recombinant cellulolytic Bacillus spp. have proven more challenging to produce and maintain on an industrial

1soc'a\lga$]_!:) dn_ZQasrr]Tgalliér';s_%Qlléi %|<"Ié Eghelz‘_s';c\_é\ng Jan%nche Mdeﬁ%%r |r(1:ge l(I:lflglj%lra -c%m !)%_Se%tgrgp _H\%ticc:)erz]ltijmosome in
AckIHBARLHR AR MRS SR ARLIIFIRG £ Yassiinandegradanan 3or foldind-emramentey; g
pro%lgégq%'lﬂ?gtﬁgrhge Illlgsoezgdf\l/%y %\ngb 9? %'of fermentation in both cases (28],

11. Yao, D.; Zhang, K.; Su, L.; Liu, Z.; Wu, J. Enhanced extracellular Bacillus stearothermophilus a-
HelgrRINBES SRS ROTAThDB £RTES Kb BASH R R FIRIPRY SRAISE LPBHNNIIRBERRESR YrPiIRRTafiation
of aRLITPRIBERG A EF%??}: Fheduciigy ofefipdose, a non-reducing disaccharide widely used in foodstuffs,

cosmetics, pharmaceuticals, and agricultural products, was achieved via one-step fermentation in Bacillus subtilis
18Ry Keiam) SR PRI S USRS b ikl i IR Qb YRR PR a R § and
mal?o%%igljlcl)JsS)/l?rr %Po@%ttﬁghgr%d%ﬁgge{MTﬁjaostg)Cﬁg%l',gr(gl%l'rgbgg‘érs ?&Tn%&'us S34. Pullulanase PulA was co-
1 prérsad, &K prexlyce. tha/te cdnbrirreant strdieBr aobiiid & SH0RI | ahécbeaphigedtivarirBemtilhesconintilgpn sihgoo
o/L pratiedeatireéleResomiisans. oystiiisl REGIRgeapg Miokibian-Biguechpiotnz0 18 a2 aHe8ee 5205
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lgrotdaserwith RerdtjrClyas ¥ctility, Daslbeeh;udbd torMdojitlsateXfelmeBiatibh  SBF) s figtire Mpansivich is 91%
B-kstnistratthnaa visvadlddgly-leuelibigade A secretion by Bacillus subtilis through signal peptide and
promoter screening. Process Biochem. 2020, 99, 202—-210.

1 3Growth Factors,Vitaminss-and Amine Acigsni, Ak. production of
Xylanase by Recombinant Bacillus subtilis DB104 Cultivated in Agroindustrial Waste Medium.

Gr%}‘g‘kﬂo\ﬁs g%/gc? @Bg-fe\r@gic{?%xpression history in Bacillus. One recent study achieved 104 mg/L human
Epidermal Growth Factor (hEGF) within 24 h in B. subtilis DB-104 under the control of an optimized promoter, Pgqp-

1528011 i1aKpdetabuid? @fotnt E5APSek-idMRe fow HHatbri&POLAS SO Y R TiReE ¥ REARUE IO Jlter of a
cer@PHRPEIE goBib WanResdiahbYdbemarnYig A GRAR Barllks I B HRIN S HEEWHBE Thaldr,

tooﬂ'%’ éla@gg‘[ﬁ%gﬁmulate B However, it must be noted that the quantification of Jun et al. 231 was conducted
1vyi_th(g<pfgyar € FIQ@?SZ!?QZHEWQF% bROden ﬁQ?Z?A%@)C@WWH&%Q@HiWGGUﬁm BerE RlRRIEfe I RIve
mePaeillLie araylivHtGIERIEN SBIP oY IGEXbres ST | STRgRE PAIHe AR 3o YN ke SRstpiTis gt dealth,
ancp fee 208sisuiRRRRIRSE dEpyHr daeanse Piho S GREPEYES I8 eorst4bealing, have also been expressed in

lréacombin_?_nt ZBﬁcillus. XB f:\t)Jbtilis WB%OON, pHEALB vectcg, a\r}d the _rll_ovel fu;ion Ytag DAéME4 were u\%aﬁ tlo OCbZtaIiIn 17
. . n . g . n . yan . . Yan , Efficien -
mgﬁ.ﬁ%’F-l’/lDAlang’fusfon_%?gtér’l,%u_?’%h?;s_ZhSNni? ’taRgifre% %boml%?rl#ént e SR tmr)]/flg)lgtenotlt unugl?aclza%ount
I r in 10N Wi + neration r m -
for %act)tcgar%a _ﬂa%o'r‘afﬁé%. sugigsﬂfég?]l (\gvgs eng%eere%gt% I\FEO tugce) l%ésll—"efll]_qsgé%“lt_ﬂe ce ulcgsg- _ﬁ]%?ng 8bon|1_ain
X ion - nedi [ n n X In Engin | iljs.
(CeIF:fBBSecﬁ‘Str?e gndzo’é; ucgrggsg gne gerXA f% 3 Cae l?/lca}monas % anc! sas%eDnaB, %nee (e)%;etﬁe satl)qca 2 L‘llnitefﬁs"
PLoS ONE 2019, 9, e102,§§1. . . . . I
(also known as “protein introns”) found in some bacteria and widely employed for expression and purification of
lec@higinad. pFateids, YineBresWfangsLthD exvedapnrensiof aCibnjCsiBorEBaBdt-Ge riosiva Edittng @ ysterthe
reldtivaly higidgiere st @ated)/Bat biub givhitiliscBueair & EEly-y-glutamic Acid Production with Diverse

Molecular Masses. J. Agric. Food Chem. 2023, 71, 7734-7743.

2Vita{/r\n/insYhave_z zaYIsoZ%een su&ceLs_sfuIIYy exprjzssgd inGBaEillu§(, but notL ntlaEc]:chs_sarinFin ind_ustéial amounts. C%balamin
. , Yoo LY. Zhang, Y,; Liu, Y.; LI, J.; LV, X.; Liu, L. Efficient Protejn Expression an
&ltanﬂn 81;:17 prodcl;ctlon %y B. me ater/IZlm ATC810778 was a(I:'hl%ved as %r Back as 1986, ﬂwugh in rather small
etic Ge
6

Biosyn e Cluster Regulation jn Bacillus subtilis Driven by a T7-BOQOST System. ACS
amounts: about 2 ug')L Q Much maore recently, B. megatherllzlmSDSMS 9 WXS subjecteg)to overexpression of the

gen%gnrtehs'plgrlglb%of%?)bc:}t)zélgr%%Saggfngtﬁesis, particularly the operons hemAXCDBL (6.2 kb) and cob/ (10.5 kb),
2dndehensttpnd-eroworefaindiced hangldse Jiegg,) BrndStiessiesmbsdriet hetedratibiuwith GengtotmtipHRIHE.
Despite iy MatiR0cfute: insiagsa fiode-graaeeiieleo nubicantaBacidtisobalaititia forithejprodinetoongrzded to the
wilcpwypkéc atieriad] efiidadtosentrem dacte semhimainyeSclo®0181.504y/0 E2R-RiB&Rwvin (Vitamin B,) has been
PRI " Ralhig 2T S T AR S G Te Vi Fo SAGA0R & O PR to e e Ay ade:
A ETRIEADNS A5E0Gh T GeNe dlXoR At SR ior Marker. ht. J°BIS! MEATbmolBoaF red
incrfga(’aqlée)/?;sz.of ribose-5-phosphate, a major substrate, and ultimately 7 g/L riboflavin B8, An even more
impressive result was achieved with B. subtilis RF1, in which, among other things, the vgb gene encodes
2o oM \treb30M8 Y- AbIH: résuM@ReheXindrtasEd bikyden 4hmatioh!- e IR BIRIRHSBXBERESIRas
45.81% RRAERGHRFZREQR BARA Mt damiy@xkiaceiu @l metalloptteass tar detergent application. J.
Gen. Appl. Microbiol. 2023, 69.

2 R B R A A s e 2t Ve A T R oA s ENR 8 BT Resd 1
for P ARG 53 e oh SiSAsT Pephte SErebhiy T ERuIfs YaRtRS AT AppIRaToHS of fe sy Me”
enqirr]lte?ej.eﬁ{/loﬁ'srggl. %é:glyidii%gf&rmis, in which, among other things, a tyrosine hydroxylase from
Streptosporangium roseum DSM 43021 was introduced. The highest yield reached was 167 mg/L in shake flasks
(2.41 times higher than the parent strain) and 1290 mg/L in a 15 L bioreactor 8],
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¥ 4rAntimicrobiatanddmmunizatioroReptidesion lignocellulosic biomass

by recombinant cellulolytic Bacillus subtilis: Opportunities and challenges. Eng. Life Sci. 2010, 10,
Antgygroiisd peptides (AMPs) have received much attention in recent years as an alternative to antibiotics.
Abaecin, an antimicrobial peptide from Apis mellifera that acts as an enhancer of the pore-forming effect of

26. Arsov, A.; Petroy, K.; Petrova, P. Enhanced Activity by Genetic Complementarity: Heterologous
antf?\nicrc;{)la peptltdes, was expressed ang purrll(‘r:leccnli from the s%pernatant of B. F%ubrzrlll(/es.1"'1’2‘}1eyrecom%ﬁnan abaecin

did Tt hi She o I SRE P R AE HHE dsheniformis AN BRSNS NG SR0S'S MIIREHIER and
hyn%gn%:lf)’taze%’ln5,6b205th bactericidal proteins isolated from the venom of Apis mellifera 39, Porcine B-defensin-2
2(pBB2), add Yeargpid. PEUCR L) A0 eXpredsed,ad. aSosign HntiXicrdbjal pepiigeHr Basub\lid neisalzsthe pMK4
vecRriochEIDHIC Pisingd htigeskextrage ButarokinzyenesnBPradu cedar@eOpepitep ermestationgdi@n various
patborgime ¢FecbB atillusrsulbtijishStnaianBitemyipefringp2328, 20d Staphylococcus aureus), revealing potent
A B SRR 15T SR B T8 S50, W AR [2 RiRUSIE A AREAIMA OGRS S
to R oS eatre P N AT bial e et el B2 e el s ST SR s st SrosgR) was
eI S Bt e Re AIRA & Proteass productior Bise oI YeenRo 4825 58 Y45 24
to consist of 51 amino acids, and showed strong activity against various Gram (=) and Gram (+) pathogens,

2R erdbifgIstSaurgRNghdHdric HMNgLJS M. Exploring and Engineering Novel Strong Promoters for
High-Level Protein Expression in Bacillus subtilis DB104 through Transcriptome Analysis.

Reddioboarganisings i2 (2 3ubiljs29R@. entered even the field of immunology as vital components of vaccines. B.
e RO e R R S RB S P L SRR I B S S R e s S RS By SHBR 18 Serovs
P e ML O EE S B R eI ST Byt AL I B S ERART® 10 Y G 3! 917, used the capsid
protein from PCV2d, the type currently prevalent in Chinese pigs, and observed it in the supernatant of
Skchhbitany hdakad vilts-Hadewrits v rrapeaizadic dd dakaim B refichanupiAusnoss eridemsdlith B,
subiRvVépiasipg nBreitus REpYi ineieasap iticusspRi ssstrhla §laamigh&amd stirrivis4@dir BiaGhe
resBOALRGBNAIBIORRRLIA R emRiS h3n8dBihreat for poultry and the cause of massive economic losses 43

32. Wang, J.; Yu, H.; Tian, S.; Yang, H.; Wang, J.; Zhu, W. Recombinant expression insulin-like

I BolvowrsMWh @Q’W];p(ljﬂ'ﬁds'@g a low-cost heat-purification technology. Process Biochem.
2017, 63, 49-54.

Platform chemicals like 2,3-butanediol %_2,3-BD) and acetoin, Ereviously derived from oil, can now be obtained in a

3n%bk|euér1)\</iéo|ﬁ%”ll’enctl1yri(le\lrféll§ I\\//v%)g.u,gn r?trj’mbey\(/)?nr%’cﬁ)b;rgl\la%’isﬁ]s, ’|rlfc?Lr|Hin(|g%'(r%é1;n\)//V%2917lL\l/¥'SKlflﬁl g\yeeldg%%tn%g ated
a

for expression of authentic and bioactive human basic fibroblast growth factor in Bacillus. subtili
strong prdpdruc?n eﬂ)iﬂties,tm a few exceptl%naJ cases rea(r:ln%g about 15%, aft%r the proper genetic mod%‘icat%n @].

Appl. Microbiol. Biotechnol. 2018, 102, 7061-7069.

30 1 ERsR N2 BERnBYCOIR RsHCHoB caldii iy oemiARpRC {je stesapivered WiRecobBRRIFVRaMMBD,
a NP0\ 9RYHIHe SIYiIBRIRGEIMEEate(UrANd LiBHcidAsR-2. 98w arsric pradsggon has been substantially
achieved with B. licheniformis WX-02, 98 g/L 48, and with B. subtilis BSF9, 103.7 g/L 48, The latter study

G e e oA My B e B B o AN, e e DR e Y B ey ios A (B
TWéJ %pergéc% e'\z/lcﬁ‘ltg %%lﬁsevo o 3e0 | eonfti |g(5) ?r!%mllpclg\ég/ orprlr;}sBl\%Z P %&jrcéleolgtilgnEi/?e?(qle%stvrpoegiﬁteergrlﬂtrgirains
cap%?erocﬁ' prloO S&QSOJO.%O&R’ gf tAé_§n7e'so compound after 32 h of fermentation and 123.7 g/L of the D(-)

3naXtiprher\Afery oh; B derniRntatprofehgrhib oflesti npeoatticiion Hp ity g feeladed beetabaieved with B.
ampathustysiénsBatilugrsulniis. dettAppld Mdarobinl. R02RoiR4im8s-88. sophisticated manipulation of the
NADH/NAD* system and selective knock-out of relevant genes. In these cases, however, the exact isomer is not

specified.
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inclBibre 208:B O @ctuhali @0 2L /idahifbabA 28, a native superproducer of 2,3-BD, was designed to utilize inulin, a

2 A A1 1 M YO € 40t 1 s M A1 I MO a1 TN SN (ST [t rehs
o SRR G MEUETAT Dedigning: An R Ve StAR gy e BNDVE Biosyith et BFEBERATY
ex %s,gﬁl(ljjsvyik&ir['eetrflll o?\r/ﬁ{g_” '&Ef:)gu%l/%r%hoféi%lBEOrEQade?lBW _(:H_E g/L after 7 days of fermentation with 200 g/L

chicory flour), the recombinant B. licheniformis 24 showed more than 50% higher titers of 2,3-BD and acetoin
3 rhbirted Midn Line WGy Xe: after b: dais Bt bim@nfAfy el SrRKRs SipRIY 8REOR fiar e SecEasio i alamta
shdfpiBaniliHe siRtiliardBramyd. MisrRighe2RESnhBO WL dorrespondingly increased. This curious effect
aRsoskipest a7t Opp. beiwRgn VheAai afterBislars, afifermentgiiany T AsEioin, Whick it icadteg™
chegueal| hY SRR St ARy nbiieBRED RYPERSIRELIN G ipBPCiReP BRIRAEhSIRPR 8L B piHabHST LR IBh as BS-
PPEAd NGB BRI BB 4 %d%s@%%ﬁﬁ%ﬂ%%ﬁﬂ%{“@ﬂ@&%ﬂ%ﬁfrﬁﬁ%&f AEHVRICARTIL A Kty aReoIn
and ?&%/%EFP%M%WW@’—W?O a decreased NADH/NAD™ ratio (2.2-fold) (18, Somewnhat lower but still
impressive titers have been obtained with B. licheniformis strains: 64 g/L with MW3 @]_ and 79 g/L with WX0279
A GREM My gBiel bt Aol N Bofl ¢ A0 Fud thé D800 Psrb IR T BN AR RS AISIR SLLELA% LRy
aB %iIIHsdsubtiIis e)xpression system, derived from Larimichthys crocea Ferritin H, exerting
(glyCerol dehydrogenase).
bactericidal and parasiticidal activities. Front. Immunol. 2023, 14, 1168517.
42. Zhang, Y.; Wu, Y.; Peng, C.; Li, Z.; Wang, G.; Wang, H.; Yu, L.; Wang, F. Both recombinant
Bacillus subtilis Expressing PCV2d Cap protein and PCV2d-VLPs can stimulate strong protective

immune responses in mice. Heliyon 2023, 9, e22941.

43. Lv, P.; Zhang, X.; Song, M.; Hao, G.; Wang, F.; Sun, S. Oral administration of recombinant
Bacillus subtilis expressing a multi-epitope protein induces strong immune responses against
Salmonella Enteritidis. Vet. Microbiol. 2023, 276, 109632.

44. Yang, T.; Rao, Z.; Zhang, X.; Xu, M.; Xu, Z.; Yang, S.-T. Metabolic engineering strategies for
acetoin and 2,3-butanediol production: Advances and prospects. Crit. Rev. Biotechnol. 2017, 37,
990-1005.

45. Qiu, Y.; Zhang, J.; Li, L.; Wen, Z.; Nomura, C.; Wu, S.; Chen, S. Engineering Bacillus licheniformis
for the production of meso-2,3-butanediol. Biotechnol. Biofuels 2016, 9, 117.

46. Fu, J.; Huo, G.; Feng, L.; Mao, Y.; Wang, Z.; Ma, H.; Chen, T.; Zhao, X. Metabolic engineering of
Bacillus subtilis for chiral pure meso-2,3-butanediol production. Biotechnol. Biofuels 2016, 9, 90.

47. Yang, T.; Rao, Z.; Zhang, X.; Xu, M.; Xu, Z.; Yang, S.T. Enhanced 2,3-butanediol production from
biodiesel-derived glycerol by engineering of cofactor regeneration and manipulating carbon flux in
Bacillus amyloliquefaciens. Microb. Cell Fact. 2015, 14, 122.
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