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Research Title: Novel strain of high acetic acid tolerant strain of Paenibacillus spp. for acetification process
Researcher: Warawut Krusong and Wiramsri Sriphochanat

Faculty: Agro-Industry Division: Fermentation Technology

ABSTRACT

Acid producing bacteria which cause_speoilage-of-alcoholic beverages during the fermentation process,
were isolated from saccharified upland rice during rice wine progcessing. An endospore-forming bacterium
designated as strain P8, wag'the highest acid producing strain-both under hightinitial acetic acid concentration and
during subsequent acetification processing,

Phylogenctic /analysis-based on165 tRNA gene sequences showed-that strain P8 was affiliated to the
genus Paenibacillus, most-closely; related to_Paenibacillus -azoreducens with199.855 % similarity. Analysis of
samples, using gas chromatography-mass-spectrometry, confirmed that acetic acid could be produced by P.
azoreducens. When'the effects of P. azoreducens in semi-continuous production-was.examined, it was shown that
acetic acid in the range of 69£0.5-10-7910:2,g L was produced during nine consecutive cycles with the average
acetification rate at:5.7 g L week | and bio-transformation yield at 90.1%. In addition, both no cellulosic film
formation and no over=oxidation of acetic acid were observed,

Among 40 yolatile, compounds associated with the fermentation precess, 20 were similar to those found in
vinegar produced by, Aéefobacter acerr WK {37 .total volatile components) of. which eight were the main
components that were common te vinegar productby both? azoreducens and 4. aceti

Our study showed that, this contaminating organism could_have positive’as well as negative effects and
bio-acetic acid production could bewsuceessfully produced from P. azereducens, which may be a useful bioproduct

for future commercial production.

Keywords : Paenibacillus azoreducens, bio-acetic acid, acetification, high acetic acid concentration, semi-continuous, acid-tolerant

strain
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ﬂfjl!‘UEN Acetobacter, Gluconobacter Wa% Gluconacetobacter NIUMIHAANTADLFANAINA1ININNAVINAIG
A sed e o A ~a aa
nasunlasesueadivou lxiiegnuumusuvesduvenuaiis ves Fan
1 J = =~ o ma
Marwoto et al. (2004) SWWNUINFOUUANITY Paenibacillus polymyxa §1N30¥1NIA3130IADFAN 1A
Tuszrinamslfimalslan (xylose consumption).snpnimiwanglaa  nwauiiuaaslfiiung
T UMz NaANTADL FANTININTIAABTIANITY Paenibacillis-18
Krusong er al. (20147 2015) -3 s A InivianAnszuaumskdansaozanyinmildanududu
ﬂlﬂ&ﬂiﬂﬂ:%ﬁﬂﬁuﬁuqa'ﬁﬁUﬂiW High-initial acetic acid concentration acetification process Tavordonsisy

= ¥ 3 =

anmmimsinsudullinsazasreniiinnuuduvesnpaigingd (ed1niosmIgy 4.5%) uazlSuli

& v A g4

) o % W Y] H ~ ' vy
ANUITUTUVO UDF LB AININT | 3 5% Haarada I A v uv T laosaulinhwan G uauiBon . “AnutuYu
NANUA (Total Concentration: TCIX-MIM1.8% Tun1sHaANS A= EAnAIsLIAN v AN Y ldHanAANITAD
aa P a (-9 v _aa 31y 5) aa s <l B @ o
Fanga et wmungvesnszaumskanaly TC Mla nuuduuaInsans Ean g nilweiimUsuanimia
J Y 3 - bl b7 Y] J Y aa 9/ 1 =
weoldaunsaad mandansabz sangeandse TaeiiveuuaiisoasRnzAnsauisooysonnazias gy
Tumsazawnsngelan 1o uendintiiA) Krusohg erd/ (2014, 2015) aT100miidn manududuvensaey

aa o i BY a o s A ] o @ J = aa - o 1 P
FANTIUTINANDVOATINITHAANTADSYAN, (Acetification rate; [ETA) ‘Uﬂ\lﬂ’ll‘ﬂﬂlkﬂﬂ‘ﬁliﬂﬂ%”ﬁﬂﬂ lnurnran

= "

HIuM s ueayiy s nu nsAge(High acid tolerant AAB strain) /05811 ETA iszAungandi 2.0 % (r3e

20 NFUABAAT) FIWANATIVIDMIANEIUBA de Ory. eral. (2004) AWNUNNUANIS BB FAN liaunsanuay

YUY INTADLTAMNY 2Y% 14
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Unn 3
as o ) = Qs
IHAUHUNTIVY
; = ~ d - X o =) aa
3.1 1¥0RauN30 91M15ALAFD HazaNIzMININIUMSHAANTADFAN
& =y an . o o LA aa )
(WouunhisuesBAn Acetobacter aceti WK- lumuoiugnianuamnsalunisnuninessanlags
nf a:al‘ v Qs o U
(high acid-tolerant acetic acid bacteria) 181 Idrumsusnuazdai@enanduilzsauuilunannanii 101 Tag
' w ) aa ' oy A = ) =1 =1 4 44
sumsdiuanminunsaosFanununandT 10 T EL30T reswuyadon) Aumsmos luemisiasuienimy
o @l VA o 1A o ]
ANUTLTUNIABEEANIN 10.M5NABRAT DU 2541, 45+1 uaz 65Pnfunoans 1Wunat 6 I (Krusong and
Tantratian, 2014)
o =§I = A -y = d:“ q . [ v 2 =
WavovouaNisvossanasul Tann1siase 11-Complex medium-(NSUARDUY 1 @A3; Krusong et al.,
2007): g 1na 50, BdAanes, MgSQ,7H,0 0.2 1Az (NH,),HPO, 0/5). 01 1dms 1o 1nei 4.5 dasaewit ilu
1717 U 9 30+1 Pagaarairna (Krasongetal, 2007).

=l

¥ Ll 1 == o - e
ihduanogend1als ((Uptand rice vinegar) NINTnovEaAN 8% (A3 us IigdlfuamamaTuTadms

win Anzgar s KA -ava. A dumyil o Suiswiansaesaanlinsuiumsnamhduaivy

e

& et | As Ao
VINIFDUUANLIY A aceti ua:uum’uiﬂmﬂﬂm

8

Haraiania (spore-former-acid’ producing bacteria) hadon

Il lsniivSingiveanaeed 90+0:2 nSunoans Havl3 wansa 1.8+0 203 uA0ans FaldNe sy
# = By
inuueanosanluns=lunisHan 1 du gy
anN1IZNIHUN A TTHARDTAD AN (Acetification ‘condition) — BIFRUNFZVIUMIHUNMIDY High
initial acetic acid coneentration(HAA ) (Ksusong et al., 2014) Taviinpsis i uduG udulurimain g
WA 80 nfuAedns (AalisadazBuaitnaldnwd 1 1ude:3.1) tasiAy complex nutrients (@7u15znoUNAIDN

¥y 3 La 1) Y - -~ rd o 2 -y ° Y
UAIVNAN) NIUNNHAATUNITATHAITINIYVOIYaUNTY (antimicrobial effect) YOINTABLFAN I AN1IZNS

LY cf 16 9 ] v .3
'ﬁunu"luwﬂuﬂmmumimma

3.2 msfadenuuniii3e Spore former-acid producing bacteria 90 YAgAUYNTH U0y

]
o

minmsaadenuuafiseiad waesnazadania (spore former-acid producing bacteria) 910920619

W ]
=

) 2 oy va ¥ ﬁ 4 v oA o 1 o w1 W o -

dnluiuaeumsdasdn ithuihmanludounsonindoiwau 30 dooe hdeisduihinsRens
¥

@20 1% peptone water 1UDATIAIU 1:10 910UULINT Pour plate a31U01M15 sterile Paenibacillus-basal agar

medium (NuA01N 1 Aas: nglna 20 Baaana s n31UTau S (NH,),HPO,7, MgSO, 7H,0 0.25, CaCO, 10 LAz



o d. ) ) J i = =
1 15 (AANAI9IN Nakashimada et al,, 2004). firumsain¥eudd @ 121 earnraFoa Huna 15 i)
i hhiviiguvigil 35-37 ssmuwadoa Aanwnaiiiuna 3-5 5u FunalnTaiiiiifa clear zone VUBIMITAY

A ' { a - o ' o a o 5 o
ionouiivziirlnTafidananniIiuSqnidaoms Streak A3DUBIMIS Paenibacillus-basal medium agar 1

4 ¥ ¥
= o A

o = a ] Y SJJ = & = V ¥ ¥ o ¥ =)
anvuziAvitueiintos 3 seu awldireuigns ativennleTmanfiannsnadnsaldezdeninndond

=Y

A o & o 4 o . :
ogaosuaziinyedamon 1atAu 131U Paenibacillus-basal medium agar agar slant NQWNNN 35-37 BIA

“u

o ol lumsnuiae 1

=y

3.3 nisAanenuuAfiienaTnas TN Aoz Ian laluanmnIRe: 3Anga

=

1i1le Tmanvoawandonad ualosuazadinsa mnde 3.2 vt lnimiinidsumsemsaie

5 o o 1 = g 14 o P o 9 & L ar 1 & @ = =

complex medium (A3AAATID 0TI -LaZSI I A AT s Ny 80,N5uABARAS (AIlT10aZIDUATN
V=& ) ) a S99 0w

nandaudrlude 31 Tuviaguanvnn 1 ans Y51asn i 50010, (Krusong e al., 2014, 2015) Wiow

:‘4 1 ¥ 3 3 [ =y 1 = o .- | ,3 U d‘ 3 a
nanes=zuums Wonmanndueinaludast 4 @asdouni Mmnsamaoniye 1o latanin inanaansaey

£ @

%aﬂqwjﬂ MINUULIALINURINIT TSN RN U TR I U0 phylogenetic analysis - 168 DNA sequencing

L)

[
= 8

3.4 16S sequencing 1ia phylogenetic _analysis) voduuanizenaswalasuasaiinsanansanan
NIABETANTITA

=Y

115037931 phy logeneric position 404 1o Tmamun it una i Nao inazaiininosdangaga
911090 3.3 01AY 16STRNA sequencing vizﬁ:ﬂ?uﬂau DNA extraction, amplification 11@% sequencing U843 16S
rRNA gene AUtUnE ade 1duI50 15009 Macrogen Inc. company

Sequence QhARALAIIgAO T A RDRATTWMATow quality bases) paflilaat Phred v 0.071220.c taz¥h
1580uA20 Pharp v 1.090318 (EWing and Green, 1998) 111l datasef@nTnsdadiauordumsarni Inanves
20 16S sequences ﬂJ@&LLUﬂﬁGUmUﬁ'uf Paenibacillus 910 NCBI 16S-fRNA databases (ﬁl?m‘i msmmuw”mfﬁ
sunun 1@ lunmindomns Wil 163 sequences Nf180nUIAI Muscle v3.8.31 (Edgar, 2004) udaaase 1dd
MegaX (Kumar et al., 2018) nazdauasito 1914 sequences fifinnusmduazgnldladuTomagaga
V04 phylogenetic tree %aﬂs:qnﬁmu Tamura-Nei evolutionary model (Tamura and Nei, 1993) Tﬂugﬂﬁmamr’ﬂu

1000 1 i Tnoifloadu wurive leTxanfiad nateSuazadninosIanga Ao MwWUT Paenibacillus

o & ] aa ﬂr
3.5 M3USvamNI¥ouUANGY Paenibacillus THAMMNNNIAD=BANSUAUGA



EY
Y

Tnosssumnvesnskaansaozaandon IS inmnsaozdangaiu  sufludonihliiadeiild
lunmswaansaozdanasadiuanmIddsuanmiifianududunsaorsangsd dnfulumsdnuiise
Sududuamsivanmindeiidadon donde 3.4 Wi 1ndn13 Tasdunmhininlifilsu i
AUt Tau3 2 (total concentration; TC) AU 80 n§uAeans (Aalinwaziduaiinantudalude 3.1) 1d
avl luvanguanving 500 ua. ifimsdevieliermend 1y lusns 4 Aasaownd mmsdwiagennds 3.4

[ i =) [} a [ 4 o =) o | o 1
Ysvanmiigungiives  nazqudlediauieiimsinsizimiulaounlavesSinaueansaoauazainnu

L'}

a

Wunsa (acidity) yniu elluiiodSuuneansgedluiminanasdiniimioniiny s nfuaedns winsas

Windneanin 40% udnimsmudati@n 3750 Te minu soasimeans 1111 40% vonimin (Krusong

etal., 2007, 2010; Krusong andVichitraka, 201-1)

a aa LS &
3.6 msnﬁuwﬁunmswnﬂﬂ‘s‘ﬂamnn?mm ﬂ]iﬁ%’liﬁﬁi:ﬂﬂl lozauuel . Over-oxidation VDY
aa g7 A o A 4 e aa . v o
WUANISE Paenibacillus NHIMNIIAMIINMAYITOUUANISHOZNAN Acetobicter_aceri . MulANTZUIUMINIIN
HUY High initial acetic acid concentration (HAA))
A | = & | ; , 1
AN INMIIHAANIABLFANN 1 IS ANYIROINOUVOUVD Pachibacillus Waz A, aceti LAn0Yy U
Wave 3.1 Tao¥inTsaau ludaun intermal Véntur injector (Vi) bioreactor (Krusong er al., 2015) ALY
YUIA 100 ANS ﬁmswumuﬁmﬂ'ﬂﬁ'w centrifugal pump (Grundfos Lid., Bangkok, Thailand) uaz Temman
T lugaminraum ta injeetor.nozzle (Mazzei Injector Com., LLC, Bakersfield «C Ay USA) 17.25-14.5 psi
UnanisiEudunisnanninosdantsenoud o 273133 — $2aTuRY (startup phase) HAZFIWUTUMS

& ) v 3 En ACAME @ . & 3y o™ ZgF o v A
WaA (Operational phase) lugaGuauidusanasesinisdsuaamTndnviimdnnonannnso e

Wwnanhmidni sy 25’ aesuaz 14einieha 7,25 psi (Krusong’et al/ 2015) ¥ uduileduga

'
o ! o

iledSunaeanesed (Wouos b, Tuhminmaehiuniesindl.s nfludoans (Fregapane ct al., 2001;
de Ory et al, 2004) dwiuTgwiunTsHAAEE DR RV MTRLaAGIT ) @Usudumauldianu
Wiy 80 nSuABANs LAIARNAS TS complex mediar) THI5 1105 75 Ans taz1¥audue e
145 psi (Krusong ct al, 2015) miwﬁm"luusia:ﬁau“lmhaﬁuﬁumswﬁm:m‘%%auuﬁsfﬁlﬁmﬂaﬂ?uW
ueaneaod (m3e tos1uea) hminmaemituniediniy 5 nfudoans
MMsfSoumeulssansmMumsHaaNTADL AN (acetification performance) ¥0ud0 Paenibacillus T
dawon'lduny A aceri iasnadudunaztnduiumsnan  vusRoatuAamumsfal it over

o 4 2 R 3 - — "
oxidation veu¥eNIBIMIIUTHAIINTISSimueanssad il minmAeniniy o nfudedns Taverdums



davraszeznmmsminnoldanmiiinsldeimanaiy  nsaemumsanaveInsAezFAnFazenI
@olatiaunialunsifa Over-oxidation

dIMTUMINIATILING (volatile components) TupAnsuati I40IMsnInINAe Paenibacillus 1nE
A, aceti ﬁumﬁamidaﬁmﬁa"lﬂfimﬂzﬁﬁ’m Gas chromatography—mass spectrometry ﬁﬁuﬁlﬂ?ﬂdﬁﬂ

Innmaas ymIncmdsauaIuaTun;

=Y -oa o 4 4 &
3.7 MIHAANSADZFANTININA IS ULNISHANMLLNIADILOINIENTD Pacnibacillus

£ g

ymsniinionannsneeAandIone Pacnibacillus Fai~9 300 (liswdnBudu) luanmw
ATTUIUMIHNNIUY  High hitial acetic- acid\ condentration (HAA ; UFuliinnududulavsiu (total
concentration; TC) miafiaf 80 nuoAng miiswazidoantargadsude 3.0, Weamin ivi funvue
100 805 (ATl watBoaiinaisnad g 36) Fnsaans (1) Snsmsad1insADLFAn (acetification rate;
ETA; fIL000INA10R 1853 THNSADEFANG 0 d NS DENAUMGTYN). Vo auAnss0UY0INTIHAR (2)
Biotransformation yield (magt%uﬁmmuaanagaﬁw?maﬂuaﬁﬁtﬂfﬂlﬂmﬂunwa:%ﬁn) (Fregapane et al. 2001;

de Ory et al., 2004;Krusong.et al.; 2015) 1182 (3) cell biomass TN MEVOIN 1ecell dried weight (CDW)

38 3§3Iﬂ115Analytical methods
S 1naileanosedaadinodinieantsod Ebulliometer WagA 11EINGR (acidity) d2035n151n
MSTUAIY IN NaOH
Cell biomass THANNYIZ YDA cell dry weight (CDW) mﬁ’umﬁﬂﬁwmigﬂﬂﬁuum (optical density; OD)
7 660 11 TuiuAs ARG § <peetrophotometer (GENESYS.10VIS) witigapmiafminezdoaiinmsionald
A1 OD agjixm'w 0.3-0.8 ua:uﬂauﬂuﬁh CDW @3t Kbinear cofrelation standard curve ‘UBQI%B

660u1 Tuns

Paenibacillus a0 1 DO iR 1A 03 1N3UA0AN (Kfusofig and Tantratian, 2014).

66011 TuAs

M3 dIulsznouve a5 Tme. (volatile—~eofiponents) AANLIUNAAT ST INMIHININ
L%‘ﬂ Paenibacillus \18% A. aceri Qﬂutm@ﬁ]ﬂﬁ}ﬁﬂ solid phase micro-extraction (SPME) (A@a111)a3910 Vas and
Vékey, 2004) uaziadan GC-MS dmiutunoussianeduviiinwazdoadail viwediandndusin s wa.
Tdaaluvaaniinua 25 va. andeinasmiledaedis 20 ua.) miv@y Nact (lugdveanda) 3 nfu uaz
Hathaviauiafie septum cap (Stableflex PDMS/DVB for SPME fiber size 60 [lm; Supelco Inc., Bellefonte,
PA, USA) ndamnasadluna 60 il fi 37 esnmaded msinneidnnlsznenvesaisszmodae

=} s 1 o { = gl o = 5 s
GC-Ms Tasiadledianazsnun 140 40 esmuwadoa iunar s il aimiulSuligampligaulusan s
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pamaBuadouil yudagungil 230 BaruATYT wagfnnlinaiidunar 5 it dmFumsm mass
spectrometry (MS) 1% electron ionization mode ﬁ ion source temperature MINY 230 DIAUFATUT ¥ scan
mass M1 35-300 amu 11@2 MS transfer line 71 240 oA uwaiFue Taold solvent delay time # 0 wf Wiz
Swund 'mll's:ﬂﬂmmmﬁzmﬁuﬁu retention times 110¢ mass spectra fragmentation patterns fmiunanms

nFuuiouEanmnm (qualitative comparison) Tnu19 Wiley, 275.L data library d1m5U5200 GC-MS

= < aa
3.9 MAAINCTHNIaNA

¥
ﬂ'li')iﬂi'lz?f'ﬂl'ﬂllﬂﬁ1

&z - ¥ o 1Y £ =~ =2 " 1 ¥ o ¥ & v 1%
nansiiluenansianulidmsumsldanuienisdinwivingu leygalmhlulduselesimunism

ludnsallagrsau Snvihudilvidauwdasilom uashesgdadadivedenarsynasaninisiluly
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4.1 MIAARAIUANIE Spore former-acid producing bacteria i]m*}'ﬂqawﬁnﬁﬁmﬂﬂﬂ

Tumssadenuuaiioiadnadeiiazaiionia (Spore former-acid producing bacteria) 1&donly

o " Y A " [ 4 [ P~
W'JﬂEJN‘UTJ‘VINWHﬂ']iUﬂUﬂ]Ul“]fﬂﬂﬂﬂllﬁﬂﬂﬁhljﬂﬂﬂ 4.1

d'. o 4 " 3/ ﬁi. ' ' A = E-1 d. ﬁ
M¥in 4.1 aﬂum:mamwn‘nmumitmﬂma“li’“!ummunuuﬂnmwﬂw U

1 4 o x & of r A A At %1 | EY ¥y
NATFUNUAIDTIINIAAUA 30128873 !Wﬂﬂﬁ’]‘ﬁﬂ?l‘h’ﬂuﬂﬂﬂﬁﬂﬂﬂul amm:mmﬂuuﬂlumiﬁ'sw

nsa TdnamsfAny daaa lusmstan 4.1

4 o A’ o o H ¥ ] (=] ¥
MINT 4.1 SnoUBenDaniE oited aiaduas atansa it aunind i fdsdasumsdoslidhnhina
a ' 4 A o a v % i ¢ v v &4 a4 v ¢
MDY DUIUDUUANLIBTINNNTA MU eNa; Nﬂljﬂﬁllﬂ:ﬂ? HNTA mawanunaaﬂamn:
Vv
AINNIA

1 2 5 P1,P2

2 NF NF -

3 NF NF <

4 NF NF .

5 1 ; .

6 1 1 P3

; 2 1 P4

8 NF NF .

NF = Not found



M3 4.1 (AD)

feda snoudenuaiiduansa | snouenadumleduazaiansa sitmienatamlaiuas
a5unia

9 NF NF =

10 NF NF -

I NF NF .

12 3 3 PS,P6,P7
13 . i PS

14 1 1 P9

15 NF NF 2

16 NF NF -

17 1 - .

18 I ] P10
19 NF NF -

20 NE \F .

21 1 1 Pl
2 i \ -

23 NF NF -

24 NF NF .

25 2 i P12
26 NF NE -

27 NE NF -

28 NF NF :

29 NE NE .

30 5 3 15

NF = Not found

= o ]

- F U da Ay a g o [
VINHANWLDINATITINN 4.1 i:'qulﬂ’ﬂ uupfisenasansanylu 13 Al081d (ﬂﬂl‘ﬂu 43.3% Y93IAIDU N

1 ]
= =

) ' o =) F é o oA pr e v oA ' | o ° ]
navua) o1 lsnaunuaidefaiensafinsranuiidios 15 weimiudlsdsailuales Tasmvualdl
sWa P1-P15 Fa 1 lumsdAnuiae 11 dmsusnd 4.2 nansanvuzvewuniiBoiadwaleiuaznsaficaiden

- 24 4= & : ;
18TAuINT YUUDMNTIABUTD Paenibacillus-basal medium NiANAAFuMSUBIUATITUNA TdNLLATE R

o =Y - -4 J :’J d” 3 s 1
afansavzaso liinausnule (Clear zone) vuomTAsureld Nt luninm 4.2 @) aunsadunan
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= a 2 d 1 a
HuuaienadiansaniilnTail 2 dnvae Ae Talatinaw iy vwa@an Muvnvesnm) uazTaladilug @

Y 2 { H o e ' J A Ao A g
vounsnuazIon @mdisvesnnw)  luvazfinmn 42 o) dudredaveuvenuaiiGendausnlanilu

nuaidoiadnadeiuazaiunsalddaihudhvunsveansdnm

a

M 4.2 Anyazefuua oM RANOT Paenibdcillus-basal medium NiANIAAIFONA IS UBIUA :

v
=]

(a) TnJatiaodnymenansonsala: (o) Talatvpwupiisonasnadosuazasanga

o oA A aa y aa
42 nsdnuenuuatiReianasoaeniao: 3an ldliaminsaessanga
P | a aAd Ao Vo A v A N v g
HAVDINITH UDINDHARVDIULLAVITUN ﬂl!Uﬂ1ﬂiﬂH3‘l—l 15 1%9 (FWa_P1-P15) mammsnnm'ﬂunm
30 u Tuap et uiaie (Total /concentration; \TG) (AL’ 80 ' pSumeans datluanmmsniin
mﬁ'nﬁwﬂuﬂs 2WAUNTT High initial acetic/aeid conéentration | IONIBUNT “HAA, process” (Krusong et al.,

: i d - &/ .
2015) Fanu e iviar Pe I Suunsagagaduianlunnii’43

Acetic acid (g/L)

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10P11P12P13P14P15

Culture code

=) @ M

4 o a P a o A @ @ A a
MNN 4.3 Suunsafinaannuuaisenaa@en 18911 15 1¥e sWa P1-P15 lumsniinmenaansalu

@NIW High initial acetic acid concentration ‘ﬁqmn@fi 35 osruraFoa iunal 30 Ju



14

S

43 168 sequencing 112z phylogenetic analysis Yoauuafisefiaiwaloinazad nnsaiansonan
NINBFANGIQA

4 4 . . - .
nnrai ldsadenisosia ps 1¥lumsdnuda lundoudmsiziawiuidao 16S DNA sequencing

¥y <

é = o\ J d' o o o 1
FanaveansinznIzy ureifaen 1AIua0WUY Paenibacillus azoreducens Aaudaalunni 4.4

® ~ Paenibacilus forsythiae DSM 17842
Paenibacillus sabinae T27 ¥
Paenibacillus zanthoxyl JH20 ~
Paenibacilus durus DSM 1735 "
Paenibacillus sophorae S27 1
Paenbacilus stelifer 1S
Paerwacilus typhae x7 ©
Paenibacillus odorifer TOD45 "
Paenibacillus wynnil LMG 22176
Paenibacillus terrets KACC 184917

o — Paenibacillis cookiLMG 18419 T

Paenibacillus relictisesami DSM 25385 "
o P8

P SS9 —————" S

A Paenibaclus fansporus GMPO1 23

5] Paeniacitus ciners LG 184307
Paenibacillus rhizosphaerae CECAP06 "

Paenibacilus aurantiacus L MG 296597
Paenbacillus celllosityticus LMG 222327
m M58801 1 Lactobacillus acetotolerans ATCC 43578
ol yaciobacius acidophilus BCRC 10695

T

010

{ : & o & o
NN 44 Phylogenctic trée o IFefUaiiia usHe P8 NaunToudansa laaaga

U q

]
al =

d g = a
TumsSuun¥ouuniis 05Md P8-81FUN15A3 19N 1L6S TRNA gene sequence (1515 bp) MINHATIAA

.
. a - A Aa o

Tusmi 4.4 uaaaliFuNinguAUNTINUIIANIMINNNGUREIAUTIUIN 3 nqy Nallvaves 16S
& e o ] o o o Vv =2 = A
rRNA sequence Vou¥auuaiisosva P8 Nilediuannunaiundana 99.855% v0¥0 Paenibacillus
Ei' 1 3‘/ J = o 1 ot
azoreducens CM1' TuvMzNA1 distant index VOINAFOUUANISUSHA P8 UaY P. azoreducens CM1' 110U
0.145% AIMUIWDY sequence similarity (VAL 99.855% UL UBANIALUAINNMIMUIVYDY  average
. 4 3 o o @ oo e A = o < o o ' & A
distant ¥0U¥ONI 21 Mewugmmsoduiivguldiuvenuniiesia ps Wumonusg Iniveuseuuniise

P. azoreducens
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o A o a 5 A aa )
4.4 m‘nlmamwmmmﬂmiu Paenibacillus azoreducens 1uﬁﬂ1wnun‘mawwmsuﬂuga

a

a a aa o Y s ) ° 3 ° 3 o 4 4 3
Taosssumaveamsnannsaerdaniinmldifsnunsaezsingaiu - Sulludenilivinyenly
Tumswannsaezdanannsaluanmlfidisanmilinnududuniaer3ange 1 lumsinuiidmun
d‘. 3y ¥ [ [ s o 5 = z:fa 2 EY H) 1 o L. J ﬂiu -
Innududulass iy 8o nfudedas dniulumsfnuiSusududuamssuanmiasendaden
g + 3 § o ; & X
& P. azoreducens Tty 1nidhn lsdaanalunv 4.5 milfSununiaidomusaainiudam 3 seu

(30 JuAoTUNTUTY) UAURAUININY 55+3 NTUADANT

1 o O £y s % . z s . A
NN 4.5 anvuem TS IIa-Paenibacitius azoredicens NI AN N High initial acetic acid concentration 1

ANt Tadsaumiiiy 80 nFuAoans NguULiviog

= - - Ay &
4.5 MsBeuMeuMsHANNIADEAANIININAIIASIETI 3Z1ME 1AZaNIRA Over-oxidation YOIUYD
- . . a A P - aa . v )
WUANISY Paenibacillus NHIUMIAAIADNIDZITOUUANISHOZBAN Acetobacter aceti MUIANTZUIUNMIHIN
11 High initial acetic acid concentration (HAA))
= = an o
msfSoungunMsHannIARSFANT 1NN
a w s ' A Aa H ) A A o & ¥ v W q VY
aulnamorasnniimsawwaiuaiiseadluiminuuaizeianusitudealsuar 1ddn
= ' ' T B ar = H)
nudanadenIni uannuansalumsdiuidiunudnsuzvesmoiugveuuniizoriv (Gullo et al., 2014)

v A‘ aH o a9 o o ) o o Y Y o = aa gy
AMIVIFONAALINODNN P. azoreducens 1‘]11'15!1 6 ﬁﬂﬂ1H1Uﬂl'i'lJiUﬂ’Jul'Hl'lﬂﬂllﬁﬂ'lWﬂTiNﬁ\’ﬂﬂ'iﬂﬂﬁclfﬂﬂﬂ’JU
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A5¥UIUMT high initial acetic acid (HAA,) Fuduanmmsminiuussdmiunuaiidediulng (mui 4.6a)

o 3 d’l’ e aa .q¥ ~ [ ci
Tumaasanudnu¥euuAnisvos¥an 4. aceti 5 1ies 6 (MNN 4.6).

(@) | :

wn =) ~ ==
] (=) o =
IO

40 =

Lo (7%}
= ()
-
FA
4
B
K
A

Acidity (g L'); Ethanol (g L")
® o
4
.‘
.I
.‘

Al |
4 4
Ty, PR\ L FZ/MmEON ) /O A . P |

- T
0 2 4 ] 8 10 12 14
Acetification period (Weeks) i

Boy TA et TN B U8 P Y Pee—d LV &

>

=)

- 4L
F
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-
—
B0
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e
=
«
=
£

5 48
-
o0
-
Ezn i { o < o
S
<

& B

9 2
0 2 4 6 8 10 12 14
Acetification period (Days) |

MNT 4.6 NIIHAANIABEFANKIONTLUIUNS high initial acetic acid concentration Suimonunaiie: )
Paenibacillus azoreducens; (b) Acetobacter aceti

Wiome : ANUNTUYDINIABL FANIAZUDANDEDAIMIN 45 LAz 35 NTUABANT MNAIAY
dryrydnval: 4 , acidity; @ , ethanol

AfnaaaiunaueIns AT iR IMuAm 3 9 nazierudlusmasiuaudoauuinas gy
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o o 1 o = = g J g d‘ ‘;
AMSUTNAWTUMTHANUUTO P. azoreducens ABAMINIANDL 6 da  luvasiiie A aceri
£y =1 a ] -1 AJ Ly @ & a = @ A a [
Apanisnaniien 4 Ju ednlsnawmavessSinunsalivensdesmmiuguaalndifuaru fie 73 nfudodns
‘l‘ o) J a 1 = J
‘YINﬂGITﬂtI!‘D’E] P. azoreducens 1182 79 NTUADANT NIYD A. aceti
ﬂuﬁ?\ Over-oxidation
lunstivoaninaaoulfiien  Over-oxidation IaverAumisAamuMI/asunasvenia
o n:i' s =] ' = d 1w s A 1 J
ndamnnnimsuinedvauysel GUSunueanesedviiiy 0 niudedns) TaswudfSunsaveie
P. azoreducens Mipamsnlasunilas (73 niudeans-aini 4.6a) MAININMININTUANN 12-14 weeks 1A
- @ 1A @ 1o & [ Y @ i
IHANTAAAVINIA (310 79 NS UABAATIIU 77 NSUADANT) VOISR Aracer VA9 1nMsHLNTUSUR 10-14
M3 NMIIUNY
aa - I =1 2 .«Q/ = .
“LJ’E]ﬂmﬂﬂ‘iﬂﬂz"ﬂﬂﬂ“ﬂgﬂﬁi']d‘\luﬂﬂﬂﬂl‘]ﬁ] P. ‘azoredicens 0% Aaeceti DIUT1IIZINY (volatile
components) SATIANNTUAIITH WA GCEMS pranaAnE T luman2 wazmsian 3 wuh lu
1 -y 4 - o J -] r o
SETUINANTIZNO A0 112237 FHiana i3t THRNAANUN N MYD.L. azereducens4ns 4. aceri MUAIAY T
20 ¥iia fnuluwdadudtyinneessaiing ez Tundua manlieaassave g via Hitlumsdszneu
HAN (main components) Fal5=navaan (1) ethyl acetate;;(2) methane, oxybis-; (3) isoamylalcohol; (4) 2-
butanone, 3-hydroxy-; (5) acetic' acid; (6) benzaldehyde; (7) propanoic acid, 2-methyl-; 1182 (8) pentanoic acid
3 = o U - oy = a
UBNNINLUA WA AL GC-MS. maisotuiiasaniaaz3anauisens Jonliduanssznoundnlu

a w A A A& &5 & a an 1
HAAAUNNHAR IAU1AD P azoreducens BINAAINIYD, P, azoredicens MIUATONARNTADLEAN 17 (15197 4.2)

4 5 al ta A4 al j 4 a o
MINN 4.2 255 UNY (Yolatile components)) YDA HAANUNNHARYINGD Paenibacillus azoreducens BINTIEN

A28 GC-MS
Component Compound Name CAS# Formula* Component Match % of
RT Area Factor Total
3.4066 Acetaldehyde* 75-07-0 CHO 4828477.5 91.3 0.03
5.0955 Ethyl Acetate* 141-78-6 CHO, 2353245444 94.6 15.69
5.8865 Methane, oxybis-* 115-10-6 CHO 1446391003 94.6 9.64
Acetic  acid,  2-methylpropyl

75917 | ester* 110-19-0 CH,0, | 1391274237 | 893 0.93
8.1925 Butanoic acid, ethyl ester 105-54-4 €H;,09; 94570465.9 93.8 0.63
9.0075 1-Butanol, 3-methyl-, acetate 108-64-5 C,H 0, 24353399.3 81.2 0.16
9.1197 Disulfide, dimethyl* 624-92-0 CHS, 3128137.3 68.7 0.02




9.6436 Isobutylalcohol* 78-83-1 CH O 2559288.9 82.6 0.02
10.7144 1-Butanol, 3-methyl-, acetate* 123-92-2 CH 0, 34999276.3 93.8 0.23
1,3-Dioxolane, 4,5-dimethyl-2-
11.5766 | pentadecyl- 56599-61-2 | C,H,O0, 793322.3 68.3 0.01
11.9103 Oxazole, 4,5-dimethyl- 20662-83-3 C.H,NO 20468078.4 84.2 0.14
13.3035 Isoamylalcohol* 137-32-6 CH O 185441662.4 95.6 1.24
15.1769 Pyrazine, methyl- 109-08-0 C.HN, 48512571.6 92.4 0.32
15.5356 2-Butanone, 3-hydroxy-* 513-86-0 C,H.0, 168997872.5 93.6 113
Propancic  acid, _+2-hydroxy-,

17.04 | ethyl ester* 97-6413 CH,O | 33654169.2 78.5 0.22
18.0772 3-(Acetyloxy)- 2-butamape™ 4906-24-5 CoHig O, 209344583 90.4 0.14
18.3692 Aceticiacid* 64-19-7 C,H,0, 5789197422 94.8 7.21
19.8976 2-furan-carboxaldehyde 98-01~1 CH,0, 670371399:3 A.9 4.47
21.2164 Benzaldehyde* 100-52-7 CH,O 540672023.9 96.8 3.6
21.7543 2-Butanone, 4-(acetvioxyj-* 10150-87:5 Cdt0, 25995012.6 73.6 0.17
21.8405 Propancic acid, 2-methyl-* o € .0 301178116.4 90.5 2.01
22,9552 Butanoic acid* 107-92-6 €10, 67991028.8 93.4 0.45
23.6423 Pentanoic acid* 109-52-4 CH 0, 752384100.6 92 5.02
25.1307 Naphihalene* 91-20-3 C A, 30879848 92.8 0.02
25.3551 (S)-(+)-Isoleucinol 24629-25-2 CHNO 16888981.6 73 0.11
25.6463 Acetic acid, ;phenyls; ethyl ester 101-97-3 CH{,0, 23761288.8 92.8 0.16
25.8559 Acetophenone;. 2.4,5-triethyl- 2715-54-0 c.H,e 20273514 83.2 0.01
26.1146 Acetic acid, 2-phenylethylester* 103-45-7 C .09 61756862.5 97.1 0.41
26.3835 Hexanoic acid* 142-62-1 i fOR 79128285.9 94.6 0.53

3-Buten-2-one, 3-methyl-4-
(2,6,6-trimethyl-2-cyclohexen-1-
26.7035 yl)- 127-51-5 C;H,,0 1576299.6 83.4 0.01
Adipic acid, 2,4-dimethylpent-3- | 2000532-52-
27.0345 yl isobutyl ester 8 C,H,,0, 3406092.8 68 0.02
27.436 Benzeneethanol* 60-12-8 C 0 348606610.5 97.3 2.32
28.6518 Phenol 108-95-2 CHO 1694766.4 76 0.01
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Pentanoic acid, 5-hydroxy-, 2,4-

28.7834 di-t-butylphenyl esters 166273-38-7 CH,,0, 892790.9 67 0.01
29.2712 Octanoic acid 124-07-2 CH,0, 39195729.5 93.5 0.26
29.4892 Caryophylleny! alcohol 913176-41-7 C,H,,0 2530766.1 64 0.02
31.8485 Decanoic acid 334-48-5 C,,H,,0, 1056726.4 72.3 0.01
5,6,7,8-Tetrahydro-8,8-dimethyl-
2-indolizinecarboxylic acid | 2000224-92-
32.2686 methyl ester 1 C HENO, 1650383131 82.1 11
33.8314 | Benzoic acid 65-85+-0 C.H,0, 74511359 71.1 0.05
3-amino-4,5;6-trimethyl-
thieno[2,3-B|pyridine-2- 2000501-84-
36.1808 carboxylic acidtert=butylamide 7 €, H; N;OS 16468136.4 60.6 0.11

4 I o < L & L4
» ‘lif)ﬁﬁﬂﬁzﬂal]llﬁ:’lﬂﬂi‘ﬁﬂﬂﬂﬂlﬂuﬂﬂﬁﬁﬂ?mu MNe0e MsUseno DA MnL Iy Ge-Ms chromatogram UDIVI¥D

P. azoreducens 0% A. aceti

4 = = a i = d’ A a
A9 4.3 A332nY (volatile components) UOIHANAY A NHAAINIVD Acetobacteraceri BIDINTIZNAIY

GC-MS.

Component Compound Name CAS# Formula* Component Match % of
RT Area Factor Total
3.4061 Acetaldehyde* 75-07-0 c.Ho 6999246.9 83.4 0.06
5.0465 Ethyl Acetate* 141-78-6 CHD, 1308584233 94.6 10.91
5.8372 Methane, oxybis=* F15-10-6 C.HO 3472792027 89.8 2.89
6.803 2,3-Butanediong 431-03-8 CH0, 271480011.7 92.5 2.26
7.5834 [sobutyl acetate 110-19-0 CH 0, 122616008.8 93.5 1.02
9.1324 Disulfide, dimethyl* 624-92-0 C IS5 11247301.7 64.3 0.09
9.6442 Isobutylalcohol* 78-83-1 CH,O 8118441.1 91.6 0.07
10.5573 3-methylbutyl 2-oxopropanoate 7779-72-8 C,H,.0, 25893946.9 92.2 0.22
10.8224 1-Butanol, 3-methyl-, acetate* 123-92-2 C.H,0, 98998845.5 96.5 0.83
13.4474 Isoamylalcohol* 123-51-3 CH,0O 348946523.7 95.5 291
14.2065 Acetic acid, anhydride 108-24-7 C,HO, 10738673.1 83.5 0.09
15.6043 2-Butanone, 3-hydroxy-* 513-86-0 CH0, 286712291 93.1 2.39
17.0678 Propanoic  acid,  2-hydroxy-, 97-64-3 CH,0, 82300126.9 96.9 0.69
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ethyl ester*®
17.5423 1,3-Dioxan-5-ol, 4,4,5-trimethyl- | 54063-14-8 C,H,,0, 47138752 62.9 0.04
18.0929 3-(Acetyloxy)-2-butanone* 4906-24-5 cH, 0, 13094275.1 91.9 0.11
18.2338 Acetic acid* 64-19-7 CH,0, 7142863733 95.1 7.89
21.2608 Benzaldehyde* 100-52-7 CHO 463180655.9 84.5 3.86
21.7532 2-Butanone, 4-(acetvioxy)-* 10150-87-5 C,H,0, 12569367.4 71.7 0.49
21.8385 Propanoic acid, 2-methyl-* 79-31-2 CHO, 253806031.2 91.8 212
2-Furancarboxaldehyde, 5-
22,1427 methyl- 620-02-0 CH,0, 55092770.7 91.7 0.46
200000843~
22.3792 1 - cyclopentene =3.4-- di-one 4 (=L O5 352331398 83.7 0.29
22.9643 Butaneic acid™® 107-92-6 CHO5 253571162 88.6 0.21
23.235 2(3H)-Furanone, dihydro- 96-48-0 CHO, 7850092:2 62.3 0.07
23.4808 Benzeneacctaldehyde, 122785t CH.O 8709543.5 854 0.07
23.6736 Pentanoic acid™* 109-52~4 CH 0, 216205300.7 89.9 1.8
24.2235 L-.alpha.-Terpineol 10482-56-1 C H,O 333150241 69.9 0.03
24.4952 1=Prépanol, 3-(methylthio)- 505-10-2 C,H,,08 8659909.4 81.1 0.07
24.7854 Acetic aeid, phenylmethyl ester 140-11-4 W.H O3 3705089 N 0.03
251377 Naphthalene* 91-20-3 C, 41 85448359 94.8 0.07
25.3566 2-Butenoicaeid : 3724-65-0 C:HO4 5065418.9 74.4 0.04
26.1187 | Acetic acidh2-phenylethyl ester* 103-457 e o 9820315073 98.3 0.82
26.3913 | Hexanoic acid* 142-62-1 CH,0; 9829103 90.9 0.08
26.9161 Benzyl alcohol L 100-51-6 C,H,0 7094432.2 943 0.06
27.44 Benzeneethanol* 60-12-8 CH, O 632879130.3 917.7 5.27
4.4-Dimethyl-3-(3-methylbut-2-
30.6742 enylidene)octane-2,7-dione 98419-10-4 C.H,.0, 1016732.5 65.5 0.01
.beta.-1,5-O-Dibenzoyl- 2000696-25-
33.8524 ribofuranose 7 C,H,0, 3794906.6 67.1 0.03
34.651 5-Hydroxymethylfurfural 67-47-0 C,H.O, 1561246.1 67.5 0.01

& & a od o o = - Y X
% Tﬂﬂ"ﬁﬂizﬂﬂullﬂi qﬂ?‘ﬂQWUWlﬂuﬂﬂﬂiﬂ?lﬂu HUTWN ?f"ﬁ'dizﬂ?]u'ﬂﬂi'mﬂﬂalu GC-MS chromatogram Y94N41%0

P. azoreducens 1% A. aceti.
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4.6 MIWAANIABSTANT INNAILIZUUMIMINUULNIAIHBIA YO Paenibacillus azoreducens

] = aa o
INNITANYIVOS Ndoye et al. (2007) 1Az Krusong et al. (2015) 51991171 MIHAANTADLTANIIASGY
auysaliiofSnaneansgeaiimasey hiniminminuniedni s niuaodns Aniunswiansaozsanda

w & 1 A A4 A ¥y A A = Y e a4 a a o o o d
sruuMsHInuLUNRatiovasuAudalmsauenimin  (luill fle wamnwy) eenuInndaniniu
Y3105 40% veaSunasihmini e lumswidn (80 aas ludansdn ivi vuna 100 aas) nmiuIuAnmihmLn
4 ¥ () H
MSuammuanudutunaua 80 NTUABAAS AZATDIMIT complex medium) Y311AT 40% voalSmasin

- w " 2 X a . w . )
wiin msviinlusevda lUSusududu dvsunanisuiiniiuiv 9 sou nandluaisan 4.4

M13191 4.4 HANIHAANIADZFANA sz DUNIRBILD N1 TADTZLIUN3 highuinitial acetic acid concentration

A < N - ¥ "W o 1
(HAA,) 1IM¥0 Pacnibagillus azoreducens N1l 30“Lodptlaadon (n1ududuniaiuaniiny 80 nfude

ans)
Experiment Time / Total acidity* Acid ETA Ethanol* Ethanel“Bio-transformation CDW
(Week) Initial  Final-~ | produced* (gL'iW") Initial ~Final - oxidized* Yield (g LY
LY @B et (LY @L)\ (gt (%)

Startup 6 44+0.2 (53400 9+0.1 1.5 35:0.11 | 4940 1 30:i+0:1 29,9 0.026
Cyclel 6 45103, 73+0°30 T 28F03 4.7 35F03. 1340.2 JTF02 87.5 0.029
Cycle2 5 45402 75+0.2/0 | 30:+0.2 6 354047 1+l 34+0.2 88.2 0.043
Cycle3 5 454013 78+0:2_ 1 33402 6.6 354017140 1 3410.1 97.1 0.045
Cycle4 5 45+07220 76+0.3 B1+032 i) 35+0.3)[:2+0.3 3340.3 93.9 0.04
Cycle5 5 45+0.5 78+0.4 33404 6.6 3503 102 3440.2 97.1 0.048
Cycle6 6 45+0,2°, 69+0.5 _ 24+03 4 354034000 32+0.1 ¥ 0.027
Cycle7 6 45+0.4 “7040.27 25+0.3 4.2 35+0.1 3+0.1 3201 78.1 0.031
Cycle8 5 45+0.5 79402 .34+03 6.8 I5HL3 A0 3540.3 97.1 0.042
Cycle9 5 45+0.3 78+0.5 33404 6.6 35+0.2 L0 34+0.1 97.1 0.048
Average** 5.7 90.1

* guanuiluravesmsinsigiiimuaii 3 5 nazienuiummissuaudsauunasgu

1 = . . . ° Y a [ ' 2
** URAY ETA LAz biotransformation yield 142910113 9 50Uv03n13HaA Tau 15 T35 UA Y (start-up
phase

Ao : ETA, acetification rate L1ag CMC, cell dry weight.
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=
unns

agUwamsidunas Yeravouuz

5.1 agUwamside
o M oo . i 4 (v a gy 4‘ v L
5.1.1 MInaadanIUANISY Spore former-acid producing bacteria 9103IAYAVVIINHIHUDY
namsaaRenuaznagevlsza@ninwmsadiansaozdanniol@anIw high initial acetic acid

3 A‘ A A Y L4 A A
concentration WUIFBLUANG oN a3 1valasuasdiansala 15 lelsanyaiisvia P1-P15

5.1.2 madaugalwnnGeRausarisnInesannlatuamwnsad: ang

NINUN UV Krusong and Taniratian (2014) Haz-Krusong et al. (2014) isu'jmﬁcﬁﬂiﬂﬂz‘%
An 45 niurpddsl TR AOLSITIADE AU s NARDIRBEEANA NS YU NI IS HAALY high initial
acetic acid condefitration W30 “HAA " JIgUszainio] $use ngnndunm siieus insno: Fandeyaunsd
wiindian sildnszuERalun HAA, B 8 unulunsesoni mimimaaiiosnlidefanudeuly
msaidelutimnin s TsAatueunRBuosSannaoius inemme - gcerobacier, spp. 3919 Tumswan
ninezdanluseAtipnd v TSI ORANNA AT iAo M uduYaensAez FAniiga
TRiflod sudidhibanwns nifnlus siugRaIMns s Weg1RBING (Azurta ctal., 2009: Gullo ct al, 2016).

uﬂﬂ'ﬂ‘1nf':u"aﬁiwmumnmiﬁﬂmffhaf}3:14imiﬂﬂz%ﬁnﬁﬂ’nm’fw”ugaﬂi"i 20 niusioansil
wagemssuduuAiGe vaia nudiigandao niineans wxdimar i withasedaihiviy
AURANUT LT LU0 TR T AN 60,13 A DANS n:a"matfmf’mduqa (70%Y{Sod Park et al., 1989; Lasko et
al,, 2001; de Ory et al, '2002) 0119310990904 Tonja ¢t a=42010) szyMAAUa s lumMsAununy

o

aa A . o ¥ om . 4 o o ¥
uduvesnsaozFanigalnadinnmananssy ethanol> oxidation * viefiad 1uuilumguaveansinuiii

7]

=

"y A - o Ny ¢ v Ha ' Y
yariulumsuoniseuunaiiisoiadwailesuazasinsadaiinaduso lumsnuaeanududuvensaaz
==Y 4 4 o= - 1 - 3’/ dy A A‘ or
Fanngalamel¥lumsnaansaezFAandunIns2iIUMIHAA HAA  H3i91nmMsAny wud 5o P8

= = a aa
Au'le Twanhmunsonannsnoztanla

5.1.3 16S sequencing Uaz phylogenetic analysis vaanuanisenad nadesuazadansanannse

= -
HaANIADZBANTITA
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Py = w a a a o n
Wwouuaiisvaiwadesuazaunsasvia 8 Idih lswunaeviuglaeoidy  nucleotide
Yo A

] o 1 o o { s & o
sequence taznai lasvtuduilunuaiiSumuiug Paenibacillus azoreducens MilnlosiFuanundronds

MDY 99.855%

] v
-

[ & - e
5.1.4 M3dSuamwieuuani3e Paenibacillus azoreducens TuammNinsavz AN HANGA
g A ; & o aa 4y 4 ¥
WOUUANISY  Paenibacillus  azoreducens  BuunuANFonaI NrlasuazaiaNIAmIUIG0
Ysuaudhruanimmsminilinsaordangald—itiosnang misondansa’ld lugnmnszuiunswaa  high

initial acetic acid concentration

5.1.5 M3FuiMeuMsSHANNIAYBANYINTIE MSAINATIIZ MY LAZANIA Over-oxidation V04
& . 4. oy w A & e aa _ v w
1BDUUANISEY Paenibacillus WAIHNTIAAIADDIALIYOULAYNIHDLBAN Acerobacter aceti mﬂ‘lﬂns:mummun
WUV High initial acetic acid concentration (HAA))
Msaunfnssumsad ez santo o Talen P -azoreducens JumiswiinTuanin HAA,
' o — A ' o a i o
WU acetification profile Va3 UAY (start-up (phase) MATHFNANUUNTHARA (operational phase) uanywue
a ¥ =1 J :4 ] 0 J
ARWATINUYIN Ao aeefi BUWIsNAMITD P dzoredutens 1¥110190 99003521 0UTUNINYD A aceri 19
190NN TT uD 0 Tl N AIs U 3 aldehyde ~dehydrogenase/ (ALDIT) 182 alcohol dehydrogenase
ﬂi :, 1 J A‘ 2 5’, g . 5 = ﬁ!' 3/ ot 4:; 4 A ¥
(ADH) NA1N U0 41¥0 130 'A,_acerr Maitaulanivisaosstamnsdeasunsilatuisanesedviowesiveald
o aa W = i QA = - I PR A
Wunsaozan AniiunsEnmge 1Rt WMo s ins L nanssuveeu Iminiasveue
P. azoreducens 0UIANI3ANEIN IASDAYAYURISANY WY Marwoto et al. (2004) Fa31001UNAWRUTVO
A‘ a aa [ o
¥ Paenibacillus spps, AURMWI P. polyniyxa-AFCE 12324 mNTonannsaozdanla o131 lsnawsuiudes
Y .-.Y( S A I w v 2 = = -aa -
WuINwe P. azoreducenssif@ontouiluaeiuglni (novel strain) Fsaintsondansnozdanldluanini
- ] = é o & a = e
0389 151 TunszUIUMS HAA anihuugvilaveansnan demslfinljatnssumsadunsaezganlu
09N internal Venturi injector bioreactor ALYV 100503
" o ¥, .
UszanEmMumsa319nsansFan (Acetification performance) YDYO P. azoreducens Tumswiin
4

3 Yy oy Y (Y v 1 a Yy gy NP o & K )
AlFanududunavuamIng 80 nunoans aealFIa 6 dUaM vuziye 4. acer 1910l 6 Tu AINTUYI

k4
S Y oA

2 ¥4 v X o w 1 =

SUAY (start-up phase) NIUsTozRAWEIITUAULTUNTISBAgUTzneuds ANududuGuAUYD]
Aaa aa A d a  w o a & o 9/ 1 1 4 gy &

nsABzIANIAZIORNUDA nIAoLFAn (Mbunaniws) uaz woanssuveaye Wudy TuszninaraEuduil

° & ' 4 10

FUIUVDATATVOUFDILTAAAIDI19TIAIT LDINANTLNUVDINITITOG (Maestre et al., 2008) HANAILNITD

o Y A4 < ' o o U2 o Rl o A a ¥ = = J . '
dunaldenaunsonsvqsua ldvai Idrndutiunsnanduastany 1dlunstives¥e 4. aceri ua
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w 9 o =1 c‘f & Y o Vo o Y = o a o @ o A‘
ATINUAINAUNTAVOUTD P. azoreducens Faudaslimunsuiludeslimswannmernumsisudaveaio
P. azoreducens Tutamiin ivi moldanmmsuinlunszuaums HAA ae'li)

= = P A ' '

Tunsdiveadinid Over-oxidation ¥0UFD P. azoreducens WuN hiilimsanasvenliumniao:
aa o o A L. o A L 2 a "W @ A = 1 (-]
Fannenasnautiumsminas lvasniSnaueaneged hniminminy o niuaeans Fauaaad Lill

- 2 . & o 1 oy = ° a
N3 over-oxidation MINIYO P. azoreducens ¥ 1a NTudeArom s 19 luFgaamnssuy

o P G o 3 y
AMTUNTUUBIA T TN ANAAVUNINTD P. azoreducens IWTOUNGUNUITO A. aceti 1AvDIAY
= ¥ 3 o = ¥ Aﬁ‘ = -
MIATINANTIZHAI GC-MS Haf laszyFanuuaztuiu1diuye P. azoreducens annsonanninozdanlea
MulATNINNITHINAIINITZVIUNIT HAK 0 IU TUNTAUVOINISIZINGNFONT “Organic volatile components;
q — ol " _aa J —~ = - dr
ovCs” Tunannmal WuILMBANNNSABSTANIAD (D P/ aforeducens AWISOHAAMITTZIMDN 19 ¥ilaliny

a o - a A » & 1 = {0 o @
Tundaiuaiinan Taule’s. acer-uazlunquanssziigana iimssemo 8 ¥iia Availuaisszimendn (main

: 1 1 sl L o = o 1 = o a ar dl Ll J
components) 0198 dIHARDTAMNNT Igen dudavesaaaiuat ndifsanuyaandaiuaiinanniniye

P. azoreducens W0¥ A. aceti

5.1.6 PIINAANINDSARNYAINMNAILIL UMV INULLANADINDAR 50 Paenibacillus azoreducens
13 ANBNANUDIN BHANNSADL FRNYOUYD | B azoreducens Tus¥1RIADINBAIUATEUIUMS
wiin HAA, Tadl¥natdiduimsinlhihminmf gonsuaeans Wi iigrimsy i lusad udunas
lugaeduiiuminan fazeetnim,. ot ilsnmsnansany ey IR0 B uzereddcans ansadmmiu
HANTENLITI (toxiceffects) UBIN TR FANMN TN uda | diozisaminsondnsass 3an I geninanin
MU NuATAoEF AN UAINIAL 45 | AS1IRbARS- BUAT SRATTOAs NS HARASA (acetification rate;
ETA) S TaonmmeiloSoudionii v ged mn s waiia e wu 22+006 nsunsansaaiu dmy
L‘i‘?mmﬂﬁﬁUaz?ﬁ?\ﬂﬂmqmﬂwﬂssnﬁwﬁn”luﬁmﬁnmmﬂ 100 @3 (Fregaparic €t al., 2001); 12 nSuADAATAD
$u doide 4 senegalensis sprnove(CWBEB418") Tudaniin‘acetifier Uuia 100 aA5 (Ndoye et al., 2007); 5
nfudeansApI Tue dIui¥e 4. pastellFianus 1UOINTN acetatof YUIA 150 8AT (Mounir et al., 2018) Hay
8.14+0.09 NSUADAATADIU TUDININ internal Venturi injector bioreactor YU1A 100 ans (Krusong et al., 2014).
dmsumamsmindwszuuiadeiioaildnszuiums HAA, voudo P. azoreducens WUMS
é”ﬂ'nmmﬁwn'iﬂaz%ﬁnﬂ'aamﬁnﬁuﬂlmijmﬂmmmswﬁwnma:fﬁﬁﬂ ﬁaﬁ;ﬁmmnﬁnnﬁwmﬂﬁﬁ?m
0ONTIATUVEUTD P. azoreducens BENIsAMUSATINIHAANIADE FANARAIIULINTOUYDIMIHAR (soufi

b ¥

L oA A Adaa ¥ o & oA o A aa
6-7) ‘nﬂuluaﬁiﬂﬂwﬁﬂiz'ﬂﬂ‘"ﬂQﬂ?n1ml°‘ﬂaﬂﬂ‘]ﬁ']ﬁ1uu1”uﬂ“ﬁa‘wuv\lﬁ’lfﬂuLﬂﬂ']ﬂuslulﬂlﬂﬂﬁﬂﬂzmﬂﬂ (Maestre

J = 1 ' 1 o & =
et al., 2008) ITAAVOUTD P. azoreducens 321930y 190613520132 1U521 3195298 1UIUMIHAA (operational phase)
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nazinansanaaluyiaradaiioni “Oscillation phase” ¥1aznsenudsunveasaa luimiin iiearnirad
= 1) o . ; - { = 45 1 o J ¥
INANTUBUAAIUAIDY (autolysis) BHINGANTIUNIAAYULARWAUNTAIVOUYD 4. aceri (Krusong et al., 2014,
2015).
) . . [ 1 ] o { o o = J
HAYBY Biotransformation yield W31 A1041UszAUNGIAIMIUNITZUIUMSHAR HAA, Y0¥
= = o aa 4 = y o s A
P. azoreducens M3 lunsdivoanuaiivezsanilylugadmnssuilisnlsmmiuginuueanssodgs wie
3 . v ¥ = A [} 1
i3Un71 ethanol-tolerant strain (Yuan et al,, 2013) aaiulunstiveu¥e P. azoreducens 319z OANN AN
& a o o e ¥ & s = 40 ¥ o
%0 P. azoreducens D1WTUMONUTINUNIAREARlAgaralnnssuluman/douneaneaed iillunsaey
Fanhgaazadonuuuniis vy FAnaeRiInuIoanogoa g I 1HgATIMATIN (Qi etal., 2013)
dmsun) wAuAugvodRINITHAANTABSEAN _(ETA) “way, 15maiwaa lugdvenimin
Al 130 cell dfied weight~(€DW) WISEHNIMIWINA 052N 1ADINDWBINTZUIUMITHAR HAA,
o ' ' = 2 ' 5 v P '
$1au 9 sou Wy sTnisoui-2 wiUTe. COW gelilpENsIaiFadwalauas e ETA Mg
3
amnsnnas AT uR e iR voRiEe P dsaredicens mb naAmANA LR IE uF Ve nsAo FAn

fige  wonyAnl Howiuhildiaziimsisos oozt uanide Minms <ant amveamsnaanines

aa 1Y aa ;R aa 3
‘-’ﬁﬂﬂﬂluﬂﬂ'lﬂll’lﬂﬂﬂu‘ﬂllﬂ'J'Illl'lf!J'IJl!‘lJﬂwlﬂi‘ﬂ’f]&"UﬂﬂliHﬂu‘ﬂgl

5.2 Usiauonuy
" = ] a o e & )
5.2.1 Mimssneide ftaaBuarviow Tnifann s uves e Puenibaeitivs cazoreducens U3znoufe
aldehyde dehydrogenase (ALDH) 102 alcotiol dehydtogenase (ADH) W 1191 lafianssumsnannsnozdan
4
YouUYD
522 ntaiauimadsullyanenssinied nseesgan Tudasin® Anemal  Venturi  injector
=y = L) - { g
bioreactor AULUVVUIA 100@ns WiilalszAnTnwhigadu
o J . r LV | = an a d‘
5.2.3 MsUsuanw¥e,_Paenibacitlus azbreducens nagahsolumswannsaoz¥anlusasif

< & A Yy oy o Ang
VU TNV AHAN HATUAUN UVDIN THARNAIAY
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unne

ajUnananauide

L

6.1 agdwaaniide
& ; p 9 i . . e
wouvanFonaiualesuaza1ania  (spore-former acid producing bacteria) NaAuunoanu 18
v oq Yy Y A o Y HAq ¥ y v 4 v
awnsolSuar idumuanmnadeuiiguusalunisminld  Teomwizluanminlsanuuduis uduvos

an o = a o ' % o o ; a
nsnezFANNgala uuahiSomoWug iAo Paenibacillus azoreducens Fullumeoiugiannsondnniney

%ﬁﬂ‘lﬁ”ﬁummn’fﬁuﬁ ?fﬂuﬁmwmiwﬁnﬁ”mixuuﬁaﬁatﬁm (semi=eontinuous acetification process)

EY

»
A A a da )

Fouvoams it no Al WlinHaAnsaozsanTiin RuTugs Sniudluseauusn
frwnuiuFounniis’ Paenibacitius | SANTAINI 0 TUTHAARAes AN MM 19nsaez Fan
Buduiigedrosziyfaaenior]d uonvinigaidaapnaottsaiu-ia n13ind 08,7, azoreducens v i)
msad1afuag lnadusgatintsraanseras lifia Over-oxidation Mgy Tnmalsminiad vauysal e
aossziuiidigadoofifatuin s 11 Alewbacier deeli Wn5RAR ANMITOP. woreducens Jasaiiiu
MR WIMIHARNIABLEANTBINT A 1ALNTIA 0N 15 aw LetFagaaing 5y AnimssuTiumsanm

A n Al b a aa A ' o A 1
aoiiled lumsnanInydn TTIumMIHann IR0 IANVBNTD. A, azoreducens 931 1e0 1 alaz 9=sutiunisae 1.

6.2 ayUrananOIY
= g o e @ o W @ .d'l = & ol v A & §
waqm'mu"lﬁ'ﬁuuumiWm1munnunﬂmmmaﬂwuw’lu’mmmNﬂimﬂﬁﬁlu'umim “Novel Strain
of Paenibacillus azoreducens: Capability in Acetification Under High Initial Acetic Acid Concentration

Processing”
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Abstract

Acid producing bacteriaswhich: cause\spoilage ©of alcohplic” beverages during-the fermentation
process, were isolated from saccharified upland rice during rice wine processing. An endospore-
forming bacterium designated as strain.P8, was the highest acid producing strain-both under high
initial acetic acid concentration and during/subseguent acetification processing,

Phylogenetic analysis-based on.16STRNA gene sequences showed that strain P8 was affiliated to
the genus Paenibacillus, mosticlosely related towPaenibacillusCazoreducens with 99.855 %
similarity.

Analysis of samples, using gas_chrematography-mass.spectrometry, confirmed that acetic acid
could be produced by P, azoreducens. When the-effects-of P. azoreducens’in semi-continuous
production was examined, it 'was shown that acetic acid in“the-range 0f.69+0.5 to 79+0.2 g L-!
was produced during nine conseeutive ‘cycles, with the average acetification rate at 5.7 g L!
week! and bio-transformation yield-at"90.1%. In addition,.beth.no cellulosic film formation and
no over-oxidation of acetic acid were observed..Ameng-40 volatile compounds associated with
the fermentation process, 20 were similar to those found in vinegar produced by Acetobacter
aceti WK (37 total volatile components) of which eight were the main components that were
common to vinegar product by both P. azoreducens and A. aceti. Our study showed that this
contaminating organism could have positive as well as negative effects and bio-acetic acid
production could be successfully produced from P. azoreducens, which may be a useful
bioproduct for future commercial production.

Keywords: Paenibacillus azoreducens, bio-acetic acid, acetification, high acetic acid
concentration, semi-continuous, acid-tolerant strain



Introduction

The Gram-positive aerobic endospore-forming bacteria Paenibacillus comprises over 30 species
was created to accommodate the former “group 3" of the genus Bacillus (Ash et al., 1993). In
Latin paene means almost, and therefore the Paenibacillus is almost a Bacillus. Most
Paenibacillus are aerobic or facultatively anaerobic, endospore-forming, rod-shaped bacteria and
motile by means of peritrichous flagella (Kim et al.. 2013: Liu et al., 2016). Currently,
Paenibacillus is one of eight genera included in the family Paenibacillaceae - Aneurinibacillus,
Brevibacillus, Cohnella, Fontibacillus, Oxalophagus, Saccharibacillus, and Thermobacillus
(Zeigler, 2013).

Many Paenibacillus species inhabit different enyironmental nicheswincluding soils (Yao et
al., 2014), roots, the rhizesphere of various crop plants(Holl-arid Chanways, 1992; von der Weid
et al., 2000; Raza et a/l.,/2011), water springs{Tang efal, 2011) and naked barley (Kim et al.,
2013). In our studys Paenibacillus-was “isolated from, contaminated saccharified upland rice
during rice wine making before subsequently-béeing used in acefification processing.

Some Paenibacillus.have ectonomicimportance. for-their use in industry (Priest 1977;
Slepecky and Hemphill, 1992;°Weon-Taek) et al.; 1999; Chung.ét “al.y, 2000), especially the
production of a variety of.enzymes with potential applications .in‘manufacturing for detergents,
food, textiles, paper biofuel; antimicrobials, exo-polysaccharides with rélevance in medicine and
bioremediation. They' also-have potential in agticultural in. improving crop. grewth directly via
biological nitrogen fixation, phosphate;solubilization, production.of the phytohoermone indole-3-
acetic acid and the release of sideropheres-that enable iron:acquisition (Grady et-al., 2016). Also,
Marwoto et al. (2004), showed-that.P. polymyxa ATCC (12321 can preduce-acetic acid from
xylose rather than fromglucose.

The aim was therefore (1) to“isolate the spore former-acid producing (bacterial strains that
contaminate uplandirice during the saccharification process;(2) to investigate/the production of
acetic acid via acetification by the_selected isolate_strain of-Paenibacillusy (3) to compare of
acetification between P, ‘azoreducens and_Aeetobacter-aceti WK (ot high/acid-tolerant acetic
acid bacteria) as well as the volatile components produced in the products./The high initial acetic
acid concentration process was used in-this-study,

Materials and Methods

Strains, medium and acetification conditions

Acetobacter aceti WK- is the high acid-tolerant acetic acid bacterium used in the
experiments, which had been isolated and screened from pineapple fruit over a ten-year period.
In order to develop its acid tolerance the strain of 4. aceti that was selectively adapted to have
high acetic acid tolerance at 30+1 °C by stepwise elevations of acetic acid (AA) content from 10
g L' (at the start) to 25+1, 45+1 and 65+1 g L' (at the end) over a six-year period (Krusong and
Tantratian, 2014). The AAB starter was prepared by cultivation in a complex medium (g per liter
of water; Krusong et al., 2007): glucose 50, yeast extract 5, MgS04.7H20 0.2 and (NH4):HPO4
0.5) under aeration at 4.5 L min"! for 7 days at 30+1 °C (Krusong et al., 2007).
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Upland rice vinegar, containing 8% acetic acid, was obtained from the Laboratory of
Fermentation Technology, King Mongkut’s Institute of Technology Ladkrabang, Thailand. It
was used in the adjustment of AA content during standardization of the fermentation medium in
the acetification process by the A. aceti strain, as described above, and the selected isolate of
spore former-acid producing bacteria.

Rice wine with an ethanol content of 90+0.2 g L' and acidity of 1.8+0.2 g L*' was used in the
adjustment of ethanol during standardization of the fermentation medium of the acetification
process.

Acetification condition - according to the high initial acetic acid concentration (HAA))
process (Krusong et al., 2014), the medium was. standardized to a total solute concentration of 80
g L' by adjusting the ethanol and AA"Contentsto 35+I-g.L""and 45+1 g L', respectively. The
following complex nutrients (se€_above) were added to the medium. Due to the antimicrobial
effect of AA, contaminant microbes could be destroyed, therefore, no'sterilization of the medium
was conducted.

Screening of spore former-acid praducing bacteria

Screening of spore former-acid producing bacteria\from 30 samples of contaminated or rotten
saccharified rice was conducted.-Samples.were diluted with 1% peptone water before conducting
the pour plate technique on sterile Paenibacillus+basal agar-medium consisting of (g per liter of
water) glucose 20, yeast-extract 5, tryptone 5 (INHs)HPO4 7, MgS04.7H,0 -0.25, CaCO; 10 and
agar 15 (modified from Nakashimada et.al., 2004). Afier incubation at 35-37 °C-for 3-5 days, the
acid producing colony, whichformed (a‘clear zone on' the agar’ medium, was picked up and
streaked on the ‘agar_medium_pldte “and repeated three’ times:. “All isolates ©Of acid producing
bacteria were examined. for their spore by spore(staining test, The spore formersacid producing
bacteria were kept, in Paenibacillus-basal-medium agar slant at 35-37 °C for the subsequent
study.

Selection of spore former-aeid'producing bacteria for aceticyacid prodiiction under high initial
acetic acid concentration process

All isolates of spore former-acid producinig-bacteria(as above) were cultivated individually
in acetification medium supplemented with the complex medium (see above) which was adjusted
to a total concentration of 80 g L' (as mentioned above in acetification condition) in a | L Duran
bottle with 500 mL as described by Krusong et al., (2014; 2015). The aeration was controlled at a
constant rate of 4 L min"!. The isolate, which produced the highest amount of acetic acid, was
selected and used for the further investigation. Simultaneously, the isolated cells, which found to
be spore-forming and rod-shaped, were further investigated by phylogenetic analysis.

165 sequencing and phylogenetic analysis of screened spore former-acid producing strain

To determine the phylogenetic position of the selected strain, the 16S rRNA sequencing was
performed. The gDNA extraction, amplification and sequencing of 16S rRNA gene was
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performed by Macrogen Inc. company, based on their procedures. The sequence was trimmed,
removing low quality bases, using Phred v 0.071220.c and assembled using Pharp v 1.090518
(Ewing and Green, 1998). The dataset was structured by downloading a total of 20 16S
sequences of Paenibacillus strains from NCBI 16S rRNA databases, selecting the strains isolated
in food matrices. The 16S sequences were aligned using Muscle v3.8.31 (Edgar, 2004).
Resulting alignment was imported in MegaX (Kumar et al., 2018) and trimmed in order to obtain
sequences with the same length. Trimmed alignment was used to generate a maximum-
likelihood (ML) phylogenetic tree, applying the Tamura-Nei evolutionary model (Tamura and
Nei, 1993), setting a discrete gamma distribution to model evolutionary rate differences among
sites. The ML phylogenetic tree was computed.using. 1000 replicates. The alignment was also
used to calculate the phylogenetic distant-matrix.

Comparison of acetification performance -and/ volalile components produced between
Paenibacillus azoreducens -and - Acetobacéter aceti |WK ' under—high “unitial acetic acid
concentrations

The acetification condition for both Pracoreducens and Al aceti was prepared (see above) in
a 100 L internal/Venturi injector-bioréactor (as reported jin.our previous'study; Krusong et al.,
2015) which comprised a stainless-steel tank;1.00 m high and/0.40 m-internal diameter that had a
maximum working -volume-of 75 L. The 'medium was.reeyeled using a ‘centrifugal pump
(Grundfos Ltd., Bangkok, Thailand), filtered and entrained.~Well-compressed aiv was introduced
into the medium lat the injector nozzle: (Mazzei Injector Com., O Bakersfield, CA, USA) at
7.25-14.5 psi creating-a plentiful amount of fine-air bubbles in the-bioreactor.

There are two phases.in’the initiation (of the acetification --start vip.and-operational. The first
phase served for the adaptation_of the culture in"the mew environment after‘inoculation of the
culture into the mediunm,_It was started with:25 leef working volume of the bioreactor at 7.25 psi
of air (Krusong et al.,\2045)..The end of this phase.occurred when the ethanol/content reached 5
g L' or less (Fregapane @t-al., 2004; de Ory. et-al., 2004 The second’ phase was started
immediately by adding\a'wolume of fresh-medium (With.adjustmentjof the/composition to TC
80+1 g L' and the addition of the’éemplex medium, see above), ta'maké up the medium volume
to 75 L at 14.5 psi of air (Krusong et“akl 2015). Acetification wasudged to be complete when
the remaining ethanol content in“the*medium had fallen to.less.than 5 g L-'. The acetification
performance of P. azoreducens and A. aceti-were compared in both phases. In addition, the over-
oxidation of both strain was tested after the ethanol content reached 0 g L' by extending
acetification period under the same rate of aeration supply. The reduction of acetic acid was
monitored and implied as the over-oxidation property.

For determination of volatiles components in the product, samples was taken at the end of the
operational phase of acetification by both P. azoreducens and A. aceti and analyzed qualitatively
using GC-MS.

Semi-continuous acetification by Paenibacillus azoreducens

Nine cycles of acetification using P. azoreducens were run with a high initial acetic acid
process (80 g L' of total concentration consisting of 45 g L' AA and 35 g L' ethanol) in 100 L



internal Venturi injector bioreactor while recording acetification rate called as ETA and
biotransformation yield. ETA measures the rate of AA production and is calculated as the
difference between the final and initial acidities during each acetification cycle.
Biotransformation measures the percentage of ethanol that is converted to AA (Fregapane et al.
2001; de Ory et al., 2004; Krusong et al., 2015). The means of the calculated values of these two
parameters were recorded for each cycle along with the cell biomass in form of cell dried weight
(CDW) values.

Analytical methods

Acetic acid and ethanol contents during.acetification.were analyzed using GC-MS (Thermo
Scientific Trace GC Ultra coupled-t6_an-1SQ Single Quadrupole Mass Spectrometer, Thermo
Fisher Scientific Inc., Waltham,~Massachusetts, USA). The DB-wax column (length 30 m,
Pressure 6.76 psi, Flow 1,0°mL min")-was used with an-inlet température of 250 °C and with
splitless injection of 75/mL min-l. Helium gas was employed as-the carrier at 1.2 mL min™'.
Samples, were introduced and-maintained.at 40 °C for 5 -min.—Fhe-temperature increment was
5 °C min! to 120 °C/for AA-er was,5 °Cimin’! t0:90 °C, for ethanol,.and this was then held
constant for 10 minand 3 min,(respectively.{dentification of the:AA or ethanol was based on
retention times compared with the: Wiley 7275 /L data-library! for the GC-MS. system. Standard
curve of AA and ethanol was carried out-and used for concentration evaluation.,

The cell biomass’ imyterms_ of. CDW “in’ each acetification’cycle was meéasured from the
absorbance at 660 nm with. a spectrophotometer (GENESYS 10VIS). The sample was diluted to
an ODgsonm value between.0.3/and 0.8/and converted ‘to. €DW| through ja dinear correlation
standard curve of Prazoreducens..one DQeso-was almostequivalent.to,0.3 g/!. The resulting
CDW was determined in.the same,way as’that 'in /the|fermentation 'medium (Krusong and
Tantratian, 2014),

The volatile componients of-theacetifieation products produced by P azoreducens and A.
aceti were removed by, solid phase ‘micro-extraction (SPME) (medified from/Vas and Vékey,
2004) and measured using GC-MS. First,; 5'mk of the sample was placéd in'a25 mL glass bottle
leaving a 20 mL headspace, volume. To this was added 3 g of solid NaCl and the bottle was
sealed with a septum cap (Stableflex'PDMS/DVB for SPME fibér-size 60 um; Supelco Inc.,
Bellefonte, PA, USA). After 60.min_at 37°C, to allow for_extraction, the components were
analyzed using GC-MS (as above). Samples were-introdtuced-and maintained at 40 °C for 5 min.
The temperature increment was 5°C min™' to 230 °C and was then held constant for 5 min. For
MS determination, an electron ionization mode was employed with ion source temperature of
230 °C, scan mass range of 35-300 amu, and MS transfer line at 240 °C with 0 min solvent delay
time. ldentification of the volatile components was based on retention times and mass spectra
fragmentation patterns and qualitatively compared with the Wiley, 275.L data library for the GC-
MS system.

Statistical analyses

Measurements were replicated three times and their means are reported together with appropriate
standard deviations (£Standard Deviation).



Results

Screening and selection of spore former-acid producing bacteria for acetic acid production
under high initial acetic acid concentration process

Thirty samples of contaminated saccharified rice were taken for screening of spore former-
acid producing bacteria. Among the screened isolates, fifteen that were coded as P1-P15, were
spore former bacteria. These fifteen were observed to make a clear zone around their colonies
when cultured on sterile Paenibacillus-basal agar medium supplemented with CaCO3, indicating
that they were acid producer strains. Subsequently, they were tested, using the method described
by Krusong et al. (2015), for their ability to-preduce.acid at 30+2 °C for 30 days under high
initial acetic acid (HAA,) acetification process with 80 g I=l.total.concentration of 45 g L' acetic
acid (AA) and 35 g L' ethanol(ET). The aeration was controlled.at4 L. min’!. Results (Fig. 1)
showed that the isolate coded.as P8 was the highest acid_producing among the samples and was
therefore used for subsequently studies:.

Acetic acid (g/L)

P1l- P2 P3 P4 _P5-P6“P7 P8 P9 P10P11P12P13P14P15
Culture code

Fig. 1. Acetic acid production_ by, scréenedgspore, former-acid_producing strains at 30+2 °C
during 30 days of cultivation. Eaeh Value_is the mean of-three parallel replicates + standard
deviation.

Phylogenetic analysis of P8 strain

In order to identify P8 strain, an almost complete 16S rRNA gene sequence (1515 bp) was
determined. From the multiple alignment of all 21 strains, the sequences were trimmed to the
same length, reducing the total sequence length to 1354. The ML phylogenetic tree obtained
(Fig. 2) showed the presence of three major clades. 16S rRNA sequence of P8 strain had highest
similarity (99.855 %) with Paenibacillus azoreducens CMI1". The bootstrap value of 100,
highlight the strength of the analysis. The distant matrix (Supplementary material) computed,
excluding the outgroup represented by Lactobacillus strains, showed that the distant index of



both P8 and P. azoreducens CM1" was 0.145%, meaning the sequence similarity was 99.855%.
The average distant values among overall strains was calculated resulting of 5,444%. Given the
high similarity percentage compared with the average distant calculated for all 21 strains, it can
be assumed that P8 is a new strain of P. azoreducens species.

Fig. 2. Phylogenetic tree of the screened bacteria Paenibacillus azoreducens which produce high
acetic acid at 30+2 C for 30 days.
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Comparison of acetification performance and volatile components produced by Paenibacillus
azoreducens and Acetobacter aceti under-high initial dcetie-atid concentration process

Normally, there are two phases of acetification consisting of a start-up phase and an
operational phase (fermentation). After inoculation, bacteria need to adapt to the new
environment, but their ability to adapt is a specific strain trait (Gullo et al., 2014). The isolate, P.
azoreducens was shown to require 6 weeks to adapt to the high initial acetic acid (HAA))
acetification, which is a severe condition for most bacteria (Fig 3a). On the other hand,
shortening the period of only 6 days for A. aceti was found to be suitable (Fig.3b). For the
operational phase, long period of acetification (6 weeks) was found to be necessary for P.
azoreducens, but only 4 days was for A. aceti. However, the results of acid production from both
strains at the end of the acetification cycle were similar, with 73 g L'! for P. azoreducens and 79
g L' for A. aceti. However, after the end of acetification process at 0 g L-! ethanol, there was no



change of AA (73 g L") for P. azoreducens after 12-14 weeks, but the reduction of AA (77
g L") for A. aceti after 10-14 days.
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Fig. 3. Acetification under high initial acetic. acid concentration®(a) Paenibacillus azoreducens;
(b) Acetobacter aceti. Acetic acid and ethanol-concentrations are adjusted constantly at 45 g L-!
and 35 g L', respectively. Symbols: ¢ , acidity; = , ethanol. Each value is the mean of three
parallel replicates + standard deviation.

In addition to acetic acid (AA) produced by P. azoreducens and A. aceti, their volatile
components were determined by GC-MS. Results revealed that among 40 and 37 volatiles found
in vinegar produced by P. azoreducens and A. aceti respectively, there were 20 components that
were produced by both strains (Table 1 and 2). Among them, only 8, ethyl acetate; methane,
oxybis-; isoamylalcohol; 2-butanone, 3-hydroxy-; acetic acid; benzaldehyde; propanoic acid, 2-
methyl-; and pentanoic acid were main components. In addition, results from GC-MS confirmed



that AA was detected as the main components in product of P. azoreducens, which showed that
P. azoreducens could produce AA (Table 1).

Table 1. Volatile components of vinegar produced by Paenibacillus azoreducens determined by

GC-MS.
Component Compound Name CAS# Formula* Component Match % of
RT Area Factor Total
3.4066 Acetaldehyde* 75-07-0 C:H.0 4828477.5 913 0.03
5.0955 Ethyl Acetate* 141-78-6 CiHsO: 2353245444 94.6 15.69
5.8865 Methane, oxybis-* 115-10-6 CrHsQ) 1446391003 94.6 9.64
Acetic acid, 2-methylpropyl
7.5917 ester* 110-19-0 CeHi O 1391274237 89.3 0.93
8.1925 Butanoic acid, ethyl ester 105-54-4 CsHi20s 94570465.9 93.8 0.63
9.0075 1-Butanol, 3-methyl--acetate 108-64-5 C7Hrs0n 24353399.3 81.2 0.16
9.1197 Disulfide, dimethyl* 624-92-0 C21582 3128137.3 68.7 0.02
9.6436 Isobutylalcohol* 78-83:1 - EiHO 2559288.9 82.6 0.02
10.7144 I-Butanol, 3-methyl- _acetate* 123-92-2 CrH 140 34999276.3 93.8 0.23
1.3-Dioxolane. 4,5-dimethyl-2-
11.5766 pentadecyl- 56599-61-2 C20H1002 7933223 68.3 0.01
11.9103 Oxazole, 4:5-dimethyl- 20662-83:3 CsHINO 20468078.4 84.2 0.14
13.3035 Isoamylalecohol*® 137-32-6 CsH:0 1854416624 95.6 1.24
15.1769 Pyrazine, methyl- 109-08-0 CsHeNa 485125716 92.4 0.32
15.5356 | 2-Butanonig,3-hydroxy-* 513:86-0 CHOr | 1689978725 [~ 93.6 113
Propanoic acid, 2-hydrexy-, ethyl
17.04 ester*® 97-64-3 @5H1003 33654169.2 78.5 0.22
18.0772 3-(Acetyloxy)-2-butanone* 4906-24-5 CatliiQs 20934458:3 90.4 0.14
18.3692 Acetic acid* 64-19-7 CH.07 5789197422 94.8 7.21
19.8976 2-furan-carboxaldehyde 98-01-1 CsHa02 6703713993 91.9 447
21.2164 Benzaldehyde* 100-52-7 C7HaO 540672023.9 96.8 3.6
21.7543 2-Butanone, 4-(acetyloxy)-* 10150/87-5 CollinO;s 25995012.6 73.6 0.17
21.8405 Propanoic acid, 2-methyl-* 79-31-2 CyH:0; 301178116.4 90.5 2.01
22.9552 Butanoic acid* 107-92-6 CiHsO: 67991028.8 93.4 0.45
23.6423 Pentanoic acid* 109-52-4 CsHi00: 752384100.6 92 5.02
25.1307 Naphthalene * 91-20-3 CioHy 3087984.8 92.8 0.02
25.3551 (8)-(+)-Isoleucinol 24629-25-2 CsHisNO 16888981.6 73 0.11
25.6463 Acetic acid, phenyl-. ethyl ester 101-97-3 CioH1202 23761288.8 92.8 0.16
25.8559 Acetophenone, 2.4.5-triethyl- 2715-54-0 Ci4H200 2027351.4 83.2 0.01
26.1146 Acetic acid, 2-phenylethyl ester* 103-45-7 CroH120: 61756862.5 97.1 0.41
26.3835 Hexanoic acid* 142-62-1 CeH 202 79128285.9 94.6 0.53
3-Buten-2-one, 3-methyl-4-(2.6,6-
26.7035 trimethyl-2-cyclohexen-1-yl)- 127-51-5 C14H220 1576299.6 83.4 0.01




Adipic acid, 2.4-dimethylpent-3-

27.0345 yl isobutyl ester 2000532-52-8 Ci7H3204 3406092.8 68 0.02
27.436 Benzeneethanol* 60-12-8 CsH 100 348606610.5 97.3 232
28.6518 Phenol 108-95-2 CsHsO 1694766.4 76 0.01
Pentanoic acid. 5-hydroxy-, 2.4-
28.7834 di-t-butylpheny] esters 166273-38-7 CisH3003 892790.9 67 0.01
29.2712 Octanoic acid 124-07-2 CsHis02 39195729.5 93.5 0.26
29.4892 Caryophyllenyl alcohol 913176-41-7 CisH260 2530766.1 64 0.02
31.8485 Decanoic acid 334-48-5 Ci0H2002 1056726.4 72.3 0.01
5,6,7.8-Tetrahydro-8.8-dimethyl-
2-indolizinecarboxylic acid
32.2686 methyl ester 2000224-92-1 [ CisHiaNO: 1650383131 82.1 11
33.8314 Benzoic acid 65-85-0 C7HsO2 74511359 71.1 0.05
3-amino-4,5,6-trimethyls
thieno[2,3-B]pyridine-2-
36.1808 carboxylic acid tert-butylamide 2000501-84-7"1 C1sHnN: OS 16468136.4 60.6 0.11

* Compound names and formutas-which-were-shown-in.italic-fornrwere found in both GC-MS
chromatogram of P azoreducens and A. aceti.

Table 2. Volatile/components of vinegar produced by Acetobacter aceti determined by GC-MS.

Component Compound Name CASH Formula* Component Match % of
RT Area Factor Total
3.4061 Acetaldehyde* 75-07-0 CaHaO 6999246.9 83.4 0.06
5.0465 Ethyl Acerate* 141-78+6 CyHs©s 1308584233 94.6 1091
5.8372 Methane, 'oxybis-* 115-10-6 C1Hs0. 347279202.7 89.8 2.89
6.803 2,3-Butanedione 431-03-8 Calls0: 271480011.7 9s 2.26
7.5834 [sobuty] acetate 110-19-0 CeHi202 122616008.8 935 1.02
9.1324 Disulfide, dimethyl* 624-92-0 Cofl4S: 112473017 64.3 0.09
9.6442 Isobutylalcohol* 78-83-1 CiH 00 81184411 91.6 0.07
10.5573 3-methylbutyl'2-oxopropanoate 7779-72-8 CyHiaOs 25893946.9 92.2 0.22
10.8224 1-Butanol, 3-methyl-, acetate * 123-92-2 CrH150: 989988455 96.5 0.83
13.4474 Isoamylalcohol* 123-51-3 CsHi:0 3489465237 955 291
14.2065 Acetic acid, anhydride 108-24-7 CaHsO0;3 10738673.1 835 0.09
15.6043 2-Butanone, 3-hydroxy-* 513-86-0 CyHsO: 286712291 93.1 2.39
Propanoic acid, 2-hydroxy-, ethyl
17.0678 ester* 97-64-3 CsH 1003 82300126.9 96.9 0.69
17.5423 1.3-Dioxan-5-ol, 4.4,5-trimethyl- 54063-14-8 C7H140;3 4713875.2 62.9 0.04
18.0929 3-(Acetyloxy)-2-butanone * 4906-24-5 CsH,100: 13094275.1 91.9 0.11
18.2338 Acetic acid* 64-19-7 C:H,0: 7142863733 95.1 7.89
21.2608 Benzaldehyde* 100-52-7 CrHsO 463180655.9 84.5 3.86
21.7532 2-Butanone, 4-(acetyloxy)-* 10150-87-5 CsH100;s 12569367.4 71.7 0.49
21.8385 Propanoic acid, 2-methyl-* 79-31-2 CiHs0: 253806031.2 91.8 2.12
2-Furancarboxaldehyde, 5-
22.1427 methyl- 620-02-0 CsHeOn 55092770.7 91.7 0.46




22.3792 1 - cyclopentene - 3.4 - di - one 2000008-43-4 CsHs02 35233139.8 83.7 0.29
22.9643 Butanoic acid* 107-92-6 | CallsO: 25357116.2 88.6 0.21
23.235 2(3H)-Furanone. dihydro- 96-48-0 C4HeO2 7850092.2 62.3 0.07
23.4808 Benzeneacetaldehyde 122-78-1 CsHsO 8709543.5 85.4 0.07
23.6736 Pentanoic acid* 109-52-4 CsHiO: 216205300.7 89.9 1.8
242235 L-.alpha.-Terpineol 10482-56-1 CioHi30 3331502.1 69.9 0.03
24.4952 1-Propanol, 3-(methylthio)- 505-10-2 CaHi008 8659909.4 81.1 0.07
24.7854 Acetic acid, phenylmethyl ester 140-11-4 CoH100:2 3705089 71 0.03
25.1377 Naphthalene* 91-20-3 CioHs 85448359 94.8 0.07
25.3566 2-Butenoic acid 3724-65-0 CiHsO2 5065418.9 74.4 0.04
26.1187 Acetic acid, 2-phenylethyl ester* 103-45-7 CioH 302 98203150.3 98.3 0.82
26.3913 Hexanoic acid* 142-62-1 CéHi20; 9829193 90.9 0.08
26.9161 Benzyl alcohol 100-51-6 CiH:© 70944322 943 0.06
27.44 Benzeneethanol* 60-12-8 Cyl10O 632879130.3 97.7 5.27
4.4-Dimethyl-3-(3-methylbut-2-
30.6742 enylidene)octane-2,7-dione 08419-10-4 CisH2402 1016732.5 65.5 0.01
beta.r1.5-O-Dibenzoyl- 7
33.8524 ribofuranose 2000696-25-7 CioHis0y 3794906.6 67.1 0.03
34.651 5-Hydroxymethylfurfural 67-47-0 CeHoO3 1561246.1 67.5 0.01

* Compound names and formulas-which.were shown in|italic-form-were-found. in both GC-MS
chromatogram of! P."and.d¢ aceti.

Semi-continuous acefification, by, Paenibacitlus azoreducens

According to'the findings‘of Ndoye et al. (2007) and Krusong et al. (2045)/A/A production
was normally considered’complete when the remaining ethanol in“the medium was 5 g L! or
below. Therefore, the subsequent AA-production cycle of the semi-centinous process was
started with the discharged’ of 40%.of the total.volume (80 L<in/100 Leinternal Venturi injector
bioreactor). The 40% of total volume of.thefresh medium was placed-in the/bioreactor and then
the new AA production cyele wasstarted. Nine cycles of AA production’by P. azoreducens were
conducted. In addition to the.start-up-phase, 69+0.5 10.79+0.2 ¢ L' AA was produced during
nine consecutive acetification cyeles with the average acetifieationrate at 5.7 g L-'week™ and a
bio-transformation yield at 90.1% (Table.3). Longer periods of each acetification cycle were
observed, which need further investigation in order to improve the activity of P. azoreducens.

Table 3. Semi-continuous acetification under high initial acetic acid concentration (HAA;) by
Paenibacillus azoreducens: 45+1 g L' acetic acid with constant 35+1 g L' ethanol concentration
at 30+1 °C (total concentration 80 g L').

Ethanol Bio- CDW
oxidized* transformation (g L")

Experiment Time Total acidity* Acid ETA Ethanol*
(Week) Initial  Final  produced* (gL-'"W-') Initial

Final



(gL (gL' (gL (gL' (gL (gL Yield

(%)
Start up 6 44102 53+0.1 9+0.1 1.5 35+0.1 4.9+0.1 30.1+0.1 29.9 0.026
Cycle 1 6 45403 73403 28+0.3 4.7 35+0.3 3402  3240.2 87.5 0.029
Cycle 2 5 45402 75+0.2 30+0.2 6 35+0.4  140.1 3440.2 88.2 0.043
Cycle 3 5 45403 78+0.2 33+0.2 6.6 35+0.1 1+0.1 34+0.1 97.1 0.045
Cycle 4 5 45402 76+0.3 3140.2 6.2 35+0.3 2+0.3 33403 93.9 0.04
Cycle 5 5 45+0.5 78+0.4 33+04 6.6 35403 140.2  3440.2 97.1 0.048
Cycle 6 6 45+0.2 69+0.5 24403 4 35+0.1 3+0.1 32+0.1 75 0.027
Cycle 7 6 45404 70+0.2 25+0.3 42 35+0.1 3+0.1 32+0.1 78.1 0.031
Cycle 8 5 45+0.5 79+0.2 34403 6.8 35403 0 35+0.3 97.1 0.042
Cycle 9 5 45+03 78+0.5 33+0.4 6.6 35402 140.1 34+0.1 97.1 0.048
Average** 5.7 90.1

* Values represent the mean.+ standarddeviation of triplicate, ** Average ETA and
biotransformation yield were-€alculated-among nine sémi<continuous eycles, not including start-
up phase. Abbreviation,/ETA, acetification rate; CMC, cel dry weight.

Discussion

Screening and selection of spore former-acid producing /bacteria for acetic acid production
under high initial acetic acid concentration process

Fifteen spore former-acid producing isolates.coded\as P1-PI3 were obtained from screening
and tested subsequently for: acetic| acid /(AA) production: under thigh initial acetic acid
concentration (HA AJ) process."As teported by Krusong and. Tantratian (2014) and Krusong et al.
(2014), the 45 gl L*°AA from this ‘process is initially ‘adjusted/to, the ‘medium before starter
inoculation. The aimrof theyuse of HAA; inithe process is forrthe sanitizing effect of AA on
microorganisms diffetent from”AAB. This process has beneficial effects including reducing the
operation costs in the preparation-ef the medium used for-acetification. However, it is known that
some AAB, Acetobacterospp., “‘which -are ‘normally used for commercial “vinegar production,
gradually develop increased resistance to-high AA. when properly.adapted to commercial
acidification conditions, (Azumaver al., 2009, Gullo et.al. 2016). Many reports suggest that for
AA content above 20 g [+ result$in bacterial inhibition, with significant’slowing of their growth
at levels above 40 g L-!. Strong, inhibition (70%) oceurred avhen thé AA content was 60 g L!
(Soo Park et al., 1989; Lasko etal'»200135 de’ Ory'et'al., 2002). Seévere resistance to high AA
content is also important for ethanol oxidation-activity(Toriaet al., 2010).This is the reason for
the selection of our screened spore-former-acid producing bacteria with high AA tolerance for
use in production of AA via the HAA; process. Results in Fig. 1 showed that the isolate coded as
P8 produced high levels of AA. P8 was identified by nucleotide sequence and confirmed as
Paenibacillus azoreducens (see the phylogenetic tree in Fig. 2) and used for further
investigation.

Comparison of acetification performance and volatile components produced between
Paenibacillus azoreducens and Acetobacter aceti under high initial acetic acid concentration
process

To investigate the AA production activity of isolate P. azoreducens (see Fig. 3a), the start-up
and operational phases of AA production were determined and compared with the activity of our



high acid producing strain of 4. aceti (see Fig. 3b), which showed the similarity of the
acetification profile by both strains. However, P. azoreducens took longer in both start-up and
operational phases than A. aceti. This may be due to the low activity of membrane-bound
enzymes consisting of aldehyde dehydrogenase (ALDH) and alcohol dehydrogenase (ADH)
which catalyze the reaction in changing ethanol to acetic acid. Further study in determination of
both enzymes in P. azoreducens was our aim. Our result supported the study of Marwoto et al.
(2004) who report that strain of Paenibacillus spp., especially P. polymyxa ATCC 12321 can
produce AA. However, it is emphasized that P. azoreducens is a novel strain, which primarily
produced AA under severe condition as exists in the HAA, process. Improvement of the
acetification activity in our 100 L internal Venturi injector bioreactor was further investigated.

Acetification performance of P. azoredmucens at 80-g.L' total solute concentration (TC),
required 6 weeks (Fig. 3a) while.A” aceti required only 6 days (Fig. 3b) for the start-up phase.
Normally, the length of this_phase is -dependent /on several“factors including the initial
concentrations of substrate (AA and ethanol), product (AA) and thewbehavior of the culture.
During this period, the fumber of cells decreases dramatically-with the addition of fresh medium
because of the dilution effect(Maestre et al.; 2008). Nevertheless, a gradual,adaptation of AAB
(A. aceti) occurs during this-period. The operational phase of acetification was thus shortened
(Fig. 3b), but there was a big-difference in" ' azoreducens, This result implies'a considerable
further study for/adaptation oflthe| P. azoreducens:.in the bioreactor under HAA, conditions of
good aeration by using thesbenchmark with 4. aceti| Moreover, afterithe end of acetification
cycle (with 0 g L. ethanol) there was no reduction of AA for P. azoreducens when the
acetification period was extended under the air supply (Fig: 3b). On the other hand, the reduction
of AA was found for#d. aceri(Fig:3a). It implied that there wasno-over-oxidation accurrance for
P. azoreducens. This is the beneficialapprodch of the Paenihacillus for.coomeretal acetification.

From the GC-MS, analysis| (Table: (). AA" was detected. in” the 'product/ of isolate P.
azoreducens, which confirmed that P. azoreduéens had the ability-to produce AA under the
HAAi process. Organic volatile_.components (OVCS) in products of P. azoreducens and A. aceti
(shown in Table 1%and 2. respectively), were determined, which showed that/besides AA, P.
azoreducens produced 19 OV.Cs which were similar-to.those produced. by A/aceti. Among these
similar OVCs, eight were'the main components. ‘All'thése.similar QVCs.may have an effect on
the sensorial tests of flavorand aroma of vinegar produced by beth'P. azoreducens and A. aceti.

Semi-continuous acetification by Paenibacillus-azorediicens

Acetification performance during the start-up phase and the 9 cycles of operational phase
was conducted using the HAA, process at 80 g L-! TC (Table 3). Lengthening of the adaptation
during start-up phase and an increase in the operational phase were observed. This result
emphasizes the importance of using well-screened P. azoreducens against the toxic effects of
high concentration of AA. We confirm that P. azoreducens exhibited high AA-tolerance and
resulted in good survival and high production of AA from initial concentrations of 45 g L.
Moreover, it was still at low acetification rate (ETA) when compared with that produced by
AAB such as 2.2+0.06 gL''d"! by industrial culture of vinegar in Spain in a 100 L fermenter
(Fregapane et al., 2001); 12 gL-'d"! by 4. senegalensis sp. nov. (CWBI-B418") in a 100 L
acetifier (Ndoye et al., 2007); 5 gL"'h"! 4. pasteurianus in a 150 L acetator (Mounir et al., 2018)

and our previous study on 4. aceti with ETA (8.14+0.09 gL-'d"!) (Krusong et al., 2014).



In this semi-continuous process, using the HAA; process, a gradual increment in ETA
occurred during the series of acetification cycles. This was due to the high oxidative activity of
our well-screened P. azoreducens. However, a decrease in ETA was also observed in some
cycles (cycle No. 6-7) due to the oscillation of cell viability as normally occurred in AAB
(Maestre et al., 2008). The adapted P. azoreducens cells grew in an exponential manner during
the operational phase and then went through a period of the oscillation with alternating periods
of growth and autolysis. This behavior is similar to that found in 4. aceti (Krusong et al., 2014,
2015).

Results of biotransformation yield (Table 3) show that a higher yield was found under the
HAA, process. Normally, the AAB used in industrial acetification processes is an ethanol-
tolerant strain (Yuan et al., 2013). This implies that our-well-screened P. azoreducens might be a
high acid-tolerant strain containing~high oxidative activity“and is.similar to the ethanol-tolerant
industrial AAB strains reported by others (Qi. et\al., 2013).

The relationships between ETA and-CDW-over/nine Cycles of semi-eontinuous acetification
using the HA A, process/(Table-3)-show that during the/27¢ ¢ycle-there was'a tapid increment in
CDW which resulted in high ETA;which-indicates the adaptation of-P._azoreducens cells under
conditions of high AA concentration. This further suggests that itimay be possible, in the future,
to adapt or improye this-etlture to increase'the speed of the ET A in-new enviconments with high
initial AA concentrations.,Moreover, over the first five cycles, the'ETA was slightly higher due
to the slightly higher €DW: In these:cases, the oscillation of CDW-resulted in-decteased ETA in
the 6™ to 7 cycles. This was not directly. related to the decrease-in viability of cells observed at
high final acidities but were probably related. to the:toxic impact of AA on eellssas mentioned in
a number of reports-of acetic acid bacteria (Saeki et al., 1997, [u et al; 1999, Baena-Ruano et
al., 2010).

There were interésting late results following the adverse increase in CDW between the 8%
and 9" cycles with a gradual increase|in ETA’ This'was the key factor influencing several semi-
continuous acetification operations and resulting in'increased acid tolerance of cells as suggested
by Arnold et al. (2002), and others. Our'results show that P, .azoreducens can/produce AA and
that there was clear oscillation in'CDW 'during the 6"t0-7" cycles.

Conclusion

After screening spore-former acid producing bacteria that can be adapted to resist the severe
surroundings during the fermentation process, especially high initial acetic acid concentration, a
novel strain of P. azoreducens was obtained. Using this novel strain there was high levels of
acetic acid production during the semi-continuous acetification process under these severe
conditions, which was confirmed by GC-MS analysis. The main advantage of this study is the
possibility to produce higher acetic acid concentrations in the finished fermented product. This is
the first report that a strain of Paenibacillus is able to produce high acetic acid content in the
severe high initial acetic acid concentration conditions under semi-continuous processing. In
addition, there were two beneficial results of P. azoreducens including no bacterial cellulose
formed during running acetification process and no over-oxidation after complete acetification



which normally formed by acetic acid bacteria, A. aceti. Therefore, this strain provides an
alternative to 4. aceti for the acetification process which may directly impact the fermentation
industry making the fermentation process more efficient. Therefore, the investigation of the
improvement on acetification rate by P. azoreducens is interesting and will be further
investigated.
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Supplementary material: Estimates of evolutionary divergence between sequences

The number of base substitutions per site from between sequences are shown. Analyses were
conducted using the Maximum Composite Likelihood model (Tamura et al., 2004). The rate
variation among sites was modeled with a gamma distribution (shape parameter = 1). This



analysis involved 19 nucleotide sequences. Codon positions included were [5+27d+3rd
+Noncoding. All ambiguous positions were removed for each sequence pair (pairwise deletion
option). There were a total of 1354 positions in the final dataset. Evolutionary analyses were
conducted in MEGA X (Kumar et al., 2018).
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P8 = Isolate; spore former-acid producing,bacteria
1 = Paenibacillus aurantiacus LMG 29659 10 = Paenibacillus relictisesami DSM 25385
2 = Paenibacillus azoreducens CM1 11 = Paenibacillus rhizosphaerae CECAP 06

3 = Paenibacillus cellulosilyticus LMG22232 12 = Paenibacillus sabinge 127

4 = Paenibacillus cineris LMG 18439 13 =Paenibacillus sopharae S27

5 = Paenibacillus cookii LMG 18419 14'= Paenibacillusstellifer 1S

6 = Paenibacillus durans DSM 1735 15 = Paenibacillus terreus KACC'18491
7 = Paenibacillus favisporus GMP 01 16 = Paenibacillus-typhae Xj7

8 = Paenibacillus forsythiae DSM 17842 17 = Paenibacillus wynnii LMG 22176

9 = Paenibacillus odorifer TOD 45 18 = Paenibacillus zanthoxyli JH 29
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