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A13UN W

i 1 dnwagadla (halo zone) Miinannisteeatsawiumeeulediwagias
VUINIUTE 1% (wAv) 999 CMC JussAusyneu
N9 2 dnwairaald (halo zone) MAnaNNSURBaNsAesumeLaulesllyaua

UL 1% ves brichwood xylan WuessAuseneu
29 3 dunsdnuenleanyavessin (H28)

N ¢

Al 4 duvddiuenldainainan (T7)

Al 5 uansnsadenidouunaiideiugnaneifiusyavinm
mw‘hmwaaLauiszjﬁl,svaql,aaﬁqﬁu

a1l 6 meﬂ’lsﬁ’mﬁamﬁ?ﬁyaLmﬂﬁL%&Jﬂ'uﬁ:ﬂmaﬁﬁﬂﬁzﬁw%mw
nsvhaesioululleaiuaigey

il 7 nswlSeuiiisudidunseesilu endoglucanase 971 reBglC way reBglC M
Tnglusunsu Clustal Omega gnasdunatsdisddvozilufiuasulues
reBglC_M (K370E) Fsagludruuiim CBM

Al 8 drusznaundnveeuley endoglucanase deUsznaulusedosdiundn
A8 active site tag CBM

il 9 nslSeuiisudifunsnozilu endoxylanase 910 reXynA uag reXynA M
Tnglusunsu Clustal Omega gnasunstsdsddiverilufiudsulues
reXynA M (5162T)

Al 10 drulsznaundnveseulel 1,4-betaxylanase

AN 11 navesanfiteriifinefanssuvesoulesl BelC

AT 12 HATDIATNLDY anssuvesoulasd XynA

=
AN 13 ANUONIIARZ AR
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ENI91a)
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2> D)

anssuveseulesl BelC
Al 14 navesgunniindrefanssuvesoulasl XynA
29 15 Usunanisnasmigntaainnisgeennatnifuiunisusvaninkaimeeuley

ﬁwamwﬂﬁﬁaqﬂwam reBglC, reBglC_M, reXynA lag reXynA M

= a 3 Aa  say v 1 v v a 9 v v ¢
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UNANED

TusrmAfedlddnanaumdsnui P SnihliAnmsnaneiusvesuuafifeiifodfiuusyaninmnnsvau
vosloulwiiivagiaauazieuluiflsauaiondnoniueainiagudslinienisinums wu wisdnuagdudnlna
Bacillus subtilis waw Bacillus amyloliquefaciens SadununiiiFerinamevlusiwagaauazioulesfleaiuagndniils
\AnnnsnaneuslnenisszauBsienanauivesensneuniolulasiou lasldussdulunealuriandsauil 2.5 kv uaz
aruvuutuedlooalurng 1x10" 1 1x10" ions/em’ wuaiFeRugnansfiuansnuannsolunissesansnadu
wInnIuASUYARIUANgNAnEanlaen15gaunIed Congo red WagyiNsUTBULBUUTEANSAINATIINIUYES
ulsdszrnauuaiidetuinasuazuuaiiGsgpruaudenisTaihmaimddaiunaninnisdesansisiudeioules]
faildlaauBumagiaa (BelC) warBulsaua (xynA) fauuuunfuasiignininliAanisnaneiugandudsdietudau
vosBuwagaauazlvauaingnmes pETDuet-1 iaifiunisuanseenvesduluwuadiiordtu £ coli strain BL21
ﬁﬂﬂﬁf?}u’q%aLmaéqﬂmammmﬁuﬁlﬁ% Fail L%aégﬂmauﬁléf%ﬁu BelC uay XynA wuuun@isen reBglC uay reXynA
druwadgnuanilisudu BelC waz XynA finanewug Ae reBglC M and reXynA M snudadu aannsiUTeuliien
Uszansnmmsvhauseseulwsiluanmizeneg wuin wulwsiwagaauaslvaiuaiinanainivadganas reBglC M uaz
reXynA_ M uansuszdvBaimnsiauiiganineulesivuulninaenyntasgamaiuazan pH nsviausiuiuyes
wulnliwagieauarlvanuaanieadgnuas reBglC M uaz rexynA M Tunsgessdnuazduinlnaiiiiunisusu
anmudlinavestihmedfidgaianlnglienfa 22,16 uag 14.51 me/ml mudidu Faudenidoulailuldlunmsuanen
weaa et uazdutinlnefidunssuiunisusuannuazld a8 Saccharomyces cerevisice V1116 lu
nszvIuMInsin wuUTinateniueatinanliainwisinuarsudalnaiiiiunsuiuanmudalinamiifu 350 %

(USums/dsunms) wag 3.23 % (USuns/Jdsunng) auaiau



Abstract

In this research, Plasma immersion ion implantation (PIll) was applied to induce mutation on bacteria
for enhancing cellulase and xylanase activities for ethanol production from agriculture wastes such as rice
straw and corn stover. Cellulase and xylanase producing bacterial cells of Bacillus subtilis and Bacillus
amyloliquefaciens were treated by argon or nitrogen PIll at a bias voltage of -2.5 kV with various from 1 x 10"
to 1 x 10" ions/cm’ to induce mutation. The bacterial mutants exhibiting clear potentiality of enhanced
hydrolysis activity were screened by Congo red assay. Comparison of hydrolysis activity from the bacterial
mutants and non-mutants was investigated by measurement of reducing sugars liberate from substrates
hydrolysis. In addition, the original and mutated genes of cellulase (BglC) and xylanase (XynA) were cloned
into expression vector (pETDuet-1) and transformed into E. coli BL21 for overproduction of enzymes. The
recombinant cells which contained the original BglC and XynA were named reBglC and reXynA, while the
recombinant cells which contained the mutated BglC and XynA were named reBglC_ M and reXynA M,
respectively. The hydrolysis activity between the mutants (reBglC_M and reXynA M) and the control (reBglC
and reXynA) was compared under the condition of various pH values and temperatures and the result
showed that both of cellulase and xylanase activities of the mutants were clearly higher than the control.
The combination of cellulase and xylanase which produced from reBglC M and reXynA M showed the
highest hydrolysis activity on pretreated rice straw and corn stover by liberated reducing sugar at 22.16 and
14.51 mg/ml, respectively. Then combination of reBglC_M and reXynA M was chosen for the hydrolysis of the
agricultural wastes and then Saccharomyces cerevisiae V1116 was used in fermentation. Ethanol produced

from pretreated rice straw and pretreated corn stover has yields of 3.50 % v/v and 3.23 % v/v, respectively.
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1. msfauenydunidnadrseulediwagiaauazloanuaainunassings

q

Anwendunsdnaiveulediwagiaauarleaiuannunaseingg Wy Jueg1aRuInumaieg 1wy amdain

wWumewed  nsszvdnvesdniiAeddes dmdeu uarAuusinuninsivanveamyiaguaslinianmsinens w1 1

v
Y o o o

v a T o o & A a aa CR% ~ & v v v -l o= -5
NIy Lmﬂaﬂiuuqﬂau"zﬁmj@ﬂiﬂqmﬁ RGERIGR LGUEHGL‘WLSU']ﬂu ﬁ]qﬂuquﬂqﬁlﬁﬂaﬁ]’]ﬂLsuaslmfﬂﬂar]ulmﬂ?]ulgﬂu 10 239 10 @Yﬂ

v

= -5 & a ~ ax o
A199¥81891N%ADAAINNULIBIN 10 HINWIZLYDYAUNIYANIYIT spread plate UummiLL“ﬁd NA 9y carboxymethyl

'
1% v v =

Cellulose (CMC) wag brichwood xylan 1Juansasdu anududuay 5 91 vufieaumall 37 ssruwadea [Wunan 24

9 Y

el N o o

Tl AnkenFUVSENASYUNRIMIInedenydunsdniidnvardugineiuandsiuuvitliuians  mewmeda

streak plate vuesLsnTlgamndl 37 esmgaidea iunan 24 Falug vidludureudawnfaudielildideusans
2. wagauaNNEnIalunsaiweuluivegiunsd
donileuiavisusiarleleaniiléainns streak plate wnzdeslneds agar spot (Rgwsing, 2552) uu
pwnadsadeiiflanadiu 1A CMC war brichwood xylan LHussduszney antuhlutsfigumgi 37 oam
wadea Junen 20 il tufineuelaladveadoudazafinudmnaeunnuannsalunissdneulss  Tnew
ansazany 0.1% congo red  Wvhuimthewnsnegeuiicld 15 wil andumansavats congo red fauasiiiu
asazats 1 M NaCl fslidune 10 it uddavansazanefis thownmmadeulufauunaeiunfevesinala

(Halo zone) MAnTUUSsUWIBURUYWIATRslAlativasde (H/C) vimmaaes 3 4se 1 wlinvedioqdumsd

3. py2vdeufanssuvasaull (enzyme activity) vaudagduvsdngnaniden

= ¢

Andendedunsdnlnadadiuvesnsiauinaladevuavedalags wnsaaeuianssuvesaulasiuag

¥
] a

wavazlvanua  lngiudesdunsdwsaslolaanuinnzidedluevnsvalniasassuimunzauiueuledne 3 sia

q

o

8D
- mineaeueuleliwagiad: a1sawunld fe CMC
- mMsnadaueulvlleaiiug: asasunlY Ao xylan

a ]

Tnemzidssauvadluomsva NA fifuansdafu 1 % Uuns 5 Sadans vuilgumndl 37 esmuwaidea
Hunan 24 dalus luannsgideanuiisey 120 seusowd Mnduthenaidssdolutumiewesngiii 6,000
sousieund figaumall 4 ssriwaidea Wunan 10 uni maranssunsvhaureseulsinnUinamesinadfgd
Igannstosansiadulngld DNS reagent mudaues Miller (1959) uazmUsunadusiulagdtves Lowry (1951) e

AUIMIAINSIUT Iz veseuled (specific activity)
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4. Uweanvliavasgdunidignanidanlagnisinwanuaenisdugiuing U iunaznsmsauluaas
16S rDNA

4.1 Anwdnwaznieduguing U siuvaqaunsd
Ynderdunidngnandionundnuanvuriusawaen1sdnisesiilaen1sdouduuuunsuGram’s staining) kag
nsasunelinaesganssAtiaudusznay (compound microscope)

a

4.2 msmaduluavesdu 165 rONA Taswadia Polymerase Chain Reaction (PCR) ¥asqauw3diign
AnLaan

NNNsAnEngAUNIENTA1 H/C uazAAanssunshauveseulesiwagaatatlvaiuags wuingduv3sd
wenlfanamuanuazdldvesin TRanssumenoulusiie 2 viage Fuhuvafidersandlolsian wnadn Genomic
DNA snaSues Ifakut (2005) wieldidusifinwlunisiiuuiunadu 165 rONA Taewaia Polymerase Chain Reaction
(PCR) Iwfuiesfld Ao 16SF: 5-AGT TTG ATC CTG GCT C-3’ waw 16SR: 5-GGC TAC CTT GTT ACG A-3’ f\]’]ﬂﬁ?u
PINABUNAEIEINNIFUIUNTT PCR 1ag 38 Agarose Gel Electrophoresis udan3ondudufisuiofildliuiavsainiaa
(DNA purification) mutumey DNA Gel Extraction Kit (Fermentas, USA) ﬁﬂ%ud’maLéuL@U%QWéméjLﬁﬁamﬁiaﬁuw
anafin pTZ57R/T Tngld InsTAclone” PCR Cloning Kit (Fermentas, USA) uazdstenanaiingnueas (recombinant
plasmid) tdwwaduuailisy Escherichia coli strain DH50L 1aglld35 Electroporation MniufmdonuuniiZeTilasun
anafiagnaan uwazdilUlasgiddiuiuaresdy 165 rDNA 1ngd8 dideoxynucleotide chain termination method
(Sanger et al., 1997) Ingu3E First BASE Laboratories Sdn Bhd, Selangor DarulEhsan, Malaysia vinuSgutiisuiu

o

é’muma‘iugmsﬁaga GenBank (http://blast.ncbi.nlm. nih.gov/)

[

5. msdnidinisnanewuglugdunidignAnidanlaewanauingeiuan Pl (Plasma immersion ion
implantation %38 PIIl)
seaudauuafiiSefigndnidendmsnataindsnudmeuiaoineunazlulasiaulagldussiulunealuyas

s

o A | ' 15 = 17 . 2 & o o A AN a o
WAIUN 2.5 KV wazanuuwiuvedleesuluyls 1x10 §9 1x10 jons/cm ANUUNINITAARDALUAVILIINUY
narenifnssunsihnueteulslivagaatayleauanfniuuaiiseyaniuaunluiiunsseauds ¥n1snsiaaeuy
wagliasgrinsinnueeuledwagaualeawanuuaiiseiugnateiisuiuwuaiileganiuan luafisedl

N1UNN5SEANEN) nMsSeuieual H/C wazAnanssunisyinauueeuley

6. mafiuiinafidue (Cloning) uazdimirlhiinmsuanseaniiuniuvasBuwagiad uazleanud Taens
dedneBuiivouansaanty £ Coli snewug BL21
dedmdonlduuaiiFeriusnaneiifidnfonssunsitnueseuledganiuuaiiioyaniuauudninisiiy

Uszdnsnmnisvihnueseulesiannuualiieiudnatemewmaiianieniugeans lnenislaaudueagiaaualy
anudlaswaia Polymerase Chain Reaction (PCR) Tndesitlélunisifuusmadunanslumseit 1 9niudadne
JudruvasBuwagioanarlvanuadignmes pETDuet1 aifiumsuansoonvosduluuaiiBeditm £ coli

strain BL21 silldminawesgnuanvesduivagiaa (reBglO) uazleatiua (reXynA) MivesuwuafiiSeiugnatsuay

8



wupiliSegnmIvauddlUiiaTgiaiduuaresdu 1ngds dideoxynucleotide chain termination method (Sanger et

al., 1997) laau3Em First BASE Laboratories Sdn Bhd, Selangor DarulEhsan, Malaysia viUssuifisuiuansuiualu

gm"ﬁ'aga GenBank (http://blast.ncbi.nlm. nih.gov/)

a5197 1 nswesldlunsiuuinatueageanasleaiua

Primer name 5’ to 3’ Sequence

BglC 1F Ccggcacatatggcagggacaaaaacgccag
BglC 1R Ctaatgctcgaggcctaaagcttaactaatt
XynA 1F Aggaggggatccatgtttaagtttaaaaag
XynA 1R Aaagataagcttttaccacactgttacatt
BelC 2F Catatggcagggacaaaaacgccagtagcc
BglC 2R Aaactcgagctaatttegttctettcccca
XynA 2F Ggatccgctggcacagattactggcaaaat
XynA 2R Aaagataagcttttaccacactgttacatt

s

* Inswes BglC_1IF /R uag XynA 1F/R lddwiuinusinadusaginauagleanuaresfiunidnuenlinnyavessi
ANUARU

“Infiges BglC 2F /R uay XynA 2F/R l¥dwiuiindsinatuwagaauagloauaresqfunidnuenlaninanvain

ANUAIAU

7. asvdaufInTIuvaaulell (enzyme activity) 3nuuAiilSagnues

thuuafifognuanita 4 sialdun wuaidognuauiiifuwagias (reBglO) wuniiBugnuaniifBueagaaiin
meus  (eBolC M) wuafiSegnuaudiiiBulvaniua  (eXynA)  wazuuaiiSognuandifitulvauadinaneriug
(reXynA M) mmwmgﬂﬂummsmm LB LLasi’mmmszjuﬁuadmmsﬁmmmmﬁu = 600 UNlULLAT (ODgo) Lﬁa ODgpo
= 0.6 ¥u 1 mM IPTG (Isopropyl B-D-1-thiogalactopyranoside) 9nntuissdeseludn 16 Halus Tuanmsgrde
auaseu 120 seudewd anduhewmsidsadelulumisshesnsda 6,000 sousewnil figaumgil 4 eam
waidea Junan 10 wnit theulednenu (crude enzyme) fwdealdilumeanianssunmsvhoweseulsianysna
Yestmasianlaanmstevansaadulagld DNS reagent msdswes Miller (1959) uavmUSinalusiulagitves

Lowry (1951) ieAunamAin1syinaudinigussioulel (specific activity)

8. MsAnuAleY (pH) uazgumgiiivanzausenmiuvsseulesiiwagaauaslvanus
thioulwsivetu (crude enzyme) fwosldanitognuautis 4 siaunuusmiuansdeiu Hud CMC uie
brichwood xylan (1% wAv) #i pH 3.0 ~10.0 ﬁqmmﬁ 50 ssrwaded Wunat 30 wifl 9t Sansvheues
wuledadtues Miller (1959) @lonsuan pH Avmnzausensvhnuveseuleiusazuiintui wheulsiney
(crude enzyme) Unsaufuansieduiigamad 20 - 100 esrigadea Wuna 30 wit Mnduiansvinuvesieules

AL URe Miller (1959)



9. wagauANaTalunsEaEAvIagINISinAsTusTAUR U URNsUR L UATIS EgNHEY
thioulwsinetu (crude enzyme) Awdenldanidegnuanits 4 vialunasouniuannselumssesiedin
wazsudnlwadiunsuiuanimiie 2% wA) NaOH waesuidalethil 121 esmuwaideadunm 2 Halus Tnsuy
wulwsineumty 1% msiaduiigungll 37 ewwada Wuna 5 u Tesdeulumaveaeuuandumsad 2
neaouauanstlunsteslaeTaUinanhnaitdtadundesusiildannsteniay andneeulys Tneld DNS

reagent (Miller,1959)3n Tufufi 0, 1, 3 uag 5

M15199 2 uanaeulanisvnaesdesiawianaeliniinisinens

oulydinldbesTanmanld Jaqudalininisinens (w/y)

NNSINEAT

BglC 91 reBglC 1 % WetnMnEIunsUSUaN W 1 % AudnlnainunIsUsuanIw
BglC 91 reBglC_ M 1 % Wg7RIUAITUSUAN N 1 % sutMIwaNIUNTUSUEA N
XynA 910 reXynA 1 % WgnnEunTUSUaN N 1 % AudmlnainiunsUTuanIw
XynA 310 reXynA M 1 % Wt MnEIunIsUSUan W 1 % audnlnafiniunsUsuanIw
BglC samfiu XynA 310 1 % WemMEIunsUSUaN W 1 % AudnlnainunIsUSUanIw
reBglC uag reXynA

BglC s2ufuU XynA 910 1 % WIn7EIUAITUSUAN N 1 % sutMIwaNIUNTUSUEA N
reBglC_M uag reXynA M

10. NMINANLBNIUDAIINTANUAB LENIINITINYAT
WedesvhstnuaziudilnainiunisuSuanmmeeulesd (cude enzyme) Wunan 5 Tu v
Saccharomyces cerevisiage V1116  UagyiinmsunvaeanaaesitdlunisudniemuealuaniizlSeandiaudunan 5
o ° Ay v o A & a a ¢ 1a
Tu Fnisnsewesuainlaainnisveindwdansasun  0.45 uM WurasuakunsnsaaldimsesuSunaiem
upametimssidlasulnnsmiinisumesiainsdanauleseluwtu (Gas chromatography-flame ionization

detector, GC-FID)
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NANITNAADILALBAUIIYNANITNAADY
1. mMIfauengaunsgnairueulediwagiaaiaslaauaainurdeinsguaznmagauaua1nsalun1asng
L3
roulay
INNIAALENTAWNTINNUNAY Toun 913UaIn  duiiedied nssiwgndnuesds Yavesd Auainuuas
Ugniudugndsuazulasdning lagawnsadauenuuaiiSelinmun 71 lolewan Wenegeunisasiseuludilewiu
M85 Congo red plate assay WuLaIWIU 20 lelganiianansandnoulsdlainiaossdalnenisairseuleiasnsa
naaeuliannsasileula (halo zone) Aunmil 1 Anduvinisdadenwenila1 H/C g1 (AuNT1svesusnlan

o

Wndussvwnvedlaladvente) Tunageuinssunisiuveseuludilnenista reducing sugar Fadunandndign
anUasgoanuiainnstesansasnuradouleiudazelln  wulwuaiiserinenainanvainifanssuveseoulely

a d . aa A v Y aa ¢ ci d
awageiian Ae  13.99 U/mg protein wazwuaiSeiiuenliannyavesiiifanssuveseulediwagiadaiign fe

24.47 U/mg protein

Al 1 dnvaasla (halo zone) Miinanmsdesansawiumeioulyliwagaauuomnsudend 1% wiv)

299 CMC HusedUsznau

A 2 dnwaizdala (halo zone) Minannisgasanshasumeaulwiiloatuauueswienll 1% Vo4

brichwood xylan Hussduszneu

11
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2. vswenvinvasgiuvidiignanidenTaenisinudnumsnisdugiuinendesfunaznismaduiuaves
16S rDNA
theduvdiuenlinnnanvainuazyaveshdsddianssunsvhauveaeuluiivagieauaslvaiuageigan
Anundnuazyedagniing, susumsinGesiveasad msfindunsy uaznisaiiaUe’ numuaiiGefwenlsann
yavowh vie lelwian H28 WuwuafiSeunsuuin JUs ey dnvaznisiesinegiienn vieidugs ahiaves lalad
dvnduroutisnan damil 3 Suunegluana Bacillus dhuuuaiFeiuenlininanuain vie lelsian T7 fdnuay

lalalidvguiiu A3v5ese Snvausgaduuuiou Anda wnsuuin adivaves dunnia

AN 3 FuvEEnkenlaainyavein (H28) dnvarlalatinan voundn Hrvgvsy dvnyudy dnvaswaduuuyioudy

fndsae wnsuuIN a@sneauss

= a el v o e = a ) I i g a o
AN 4 ﬁgauw'ﬁﬂmwﬂlm’mmﬂﬂa’m (T7) aﬂwmgiﬂIGUﬁsﬂﬂsqumULLﬁﬂ RIVIUIE ANYAUSLYAALLUUNDUAU RGN LN

v 6
SUUIN @519dUD3

PNHANMINTANAN YN FUTINwes lolewan H28 uar T7 wuhwsaeslelyanagluana Bacillus 39

ynsusuanviiavaisandlelaanlinenisidnisadin Genomic DNA snadsves Ifakut (2005) wieldduwdfiuwlunig

12



WinU3uaBu 165 rDNA Tnemaiia Polymerase Chain Reaction (PCR) Twswesiild fie universal primers; 16SF: 5’-
AGT TTG ATC CTG GCT C-3’ uag 165R: 5-GGC TAC CTT GTT ACG A-3 mntiudendudumidueililiuiavian
wa  usseudetudwdiBueiiuiavitunataiin  pTZ57R/T uiodieswididuiuavesdu 165 ONA  Tneds

dideoxynucleotide chain termination method (Sanger et al, 1997) uwiwSsuiisuivaduivalugiutoya

GenBank (http://blast.ncbinlm. nih.gov/) Wevinmsiseuifisuivaviuualugmdeyanudt lelsian H28 fau
wilouriuwuaiiise Bacillus amyloliquefaciens f93aeaz 99 (accession no. NR_075005.1) uay lelgian T7 fimanu

willaufiuwuaiize Bacillus subtilis (accession no. NR_102783.1)

= -

3. msdnthnsnaneuglugdunidiigndmdaniaewanaumasnus1 Pl (Plasma  immersion  ion

implantation %3@ PIIl)

SlesvauBatololuan H28 uaz T7 fwensnownielulssiaunataulagliussiulunealudandanud 2.5 kv
wageuvuimedlenaulutag 1x10” to 1x10" fons/cm’ 9ndurhmsdadenuuafiFeiusnaisiidfonssuns
vhauveseulvilivagiaauazlvanuaifniuuaiifeyaaiuaudiliiunsseandsannisiuisuidioudl H/C uagen
Aanssumshaueneulss wwafideiugnarsduannnuiilossauBadesanslelaandenarauveseninou (Ar
PIl) Aisnnumuutuleasu 1x10'° ions/cm” TaglunmmeassiiagrhnmsdmdenideuunifeiugnansvesBusag.a
avnlelaian H28 asmniduleluaniilifianssunisiauveaeulusidime (specific activity) veawagiasgsiian
NHANTINAABINUTIA H/C vaauuniiBeirumsszmiBeenaannianuduusiaedvislolsandian H/C dinda
nguAIuAN (H/C = 1.05 + 0.09) uazlelotaniliidn H/C ganitnguaruay dsnwd 5 Tagdn H/C vesuuAfiGoyn
AuRuuielelan H28 Ao 1.43 + 0.08 dalelaandliien H/C gefigaiufianuinningaaiunuivasasin fe 3.12 «

0.24 Fsnsvauuafiseiusnatefidadenluldreluiin H28 M

= o A & A o A a a o ¢ S X I
Ml 5 uaninsAndendenunfieiudnaneniiusedniaimnisinnweteuleliwagiaaiagy  lngnmunns
a v s a ' 16 . 2 a a o
sEaNBagaIsnouNanaN) (Ar-Pll) fivaesanumuiuiulossy 1x10 jons/cm” nAdeuUsEdNSAIMNISINLYeY
wuledfmenisdeumaneanmsuleiig 0.1% congo red lae#l C (@nasdundy) Ae wuaiiselelean H28 yanIuAw

(ldnrunisseauds) d@umneavdugfsuuafiisefuiunisseauds ushala (halo zone) uanstisuszdnsnimnstes
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A1509A  (CMC)  vuiavasusalaniiaundiaisuiuruiavedalaiuuniise  wanafaoulesifiusednsSainlunis

aUgadu

mstnihlidansnaneiuguesuuaiieindaeuledlsanuatuldilaenisszauds lelgan 77 Wesanilulely

g va ° & o . .. ~ o
wnilananssunsieuvedieuleddnmg (specific activity) vaslgauagsiian 31NNANITNAABINUTIAT H/C 909
wuaSeiunMsseauBaenananiinuiuwlsufeiunmsmaassnstniiliiinnisnaneugvedleleian H28
lunsnaaesiinulelaianiidean H/C Mmndngualuau lngen H/C = 1.13 + 0.11 uazleloaniilvidl H/C gandngu
AIUAY AINNT 6 Tagen H/C vasuunfiisayaniuauvsaleleian T7 Ao 1.29 + 0.09 dyuleleianilvia H/C geian

Wudlen H/C fie 2.80 + 0.17 Jsns¥ouuafiseiugnanendndentulddeldn T7_M

= o A & Na o o§ o a a ° S X '
MUl 6 wansnsAndenweuuafiseiugnareniusransammsinuveseuledleanuaiigy  Tngsiunis
a v s P~ ' 16 . 2 a a °
syanBengeninounatann (Ar-Pll) fivasanunuuiulossy 1x10° ions/cm” MadeUUTEANSAINNITYINIUYDY
wuledmenisdeumanamsuleiig 0.1% congo red laefl C (gnasdindu) Ae wueiielelean T7 ganrunau (L
HUNITIZANEN) dunNNBaIdUgAoLUATISETNIUNITTzANBs USalla (halo zone) wanstisUsevdninnistesans
Aadu (brichwood xylan) wuiavesusnalaniiaundefisuivauavedalaiuuaiiie wansaoulsiduszdnsnam

Tunsvieuigeu

WieuuuaSeyanIuau (H28 wagT7) uwarwuafiseiusnaty (H28 M uazT7_M) 11vnaeufianssunisineuves
wulgdlaunisin reducing sugar Nignuanudesatnnistosansawsunudl H28 M 3§ specific activity vedeulusivag
waiiu 36.13 U/mg protein gendnlelaaian H28 fis 1.5 win @ lelawan T7_M # specific activity veslaaiua

Wiy 38.81 U/mg protein %aqmiﬂaﬁmaw T7 84 2.8 Wi
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4. madndinamiidue (Cloning) wazmilnnzissuiisudaunsaazilunaslasiadrlushiuwagiad
(BglC) wazlaaiud (XynA)

devhmsleswiueudioudduuanes 165 DNA veswunafidelolean T7 way H28  wuidl fiaan
witlouduwuAilsY B. subtilis wag B. amyloliquefaciens AUAGU ﬁwﬁmiLﬂ'uﬂ?mmmmﬁuﬁmﬁmaui%ﬁwuaql,aa
%30 endoglucanases (BglC) haglwaiiua (endoxylanase) LﬁaamﬂLfJuLauisuﬁwé’ﬂﬁiﬁi’ﬂumisjaamwi’a@mﬂmimwm
TagldlnswesfioonuuuliiimudimeAuuiidioinsmndduvavesdulugudoya GenBank (swaziBunuasing
wosuandlumaed 1) wazunsndudnluly expression vector fie pETDuet-1 LLaxa'aa'wﬁLSuLaQﬂwauﬁLﬁwhﬂumaé
Wthu £ Coli aneviug BL21 iiledmirlmAsmsaiaeulusiidesnislutiinasnnifiethlulflunsdes anmaely

namsnuasaely FagadfildsunsdeefiduegnuaudluiavSenineadanuau lag

wadgnHaNfidu endoglucanase anleleian H28 1Snin reBglC

By
\wadgnuaniifu endoglucanase 91nlelwian H28 M 5o reBglC M
Wwadgnuaniifu endoxylanase anloleian T7 5ondn reXynA

U

\wanaNKNANTINEU endoxylanase nleleian T7_M 136031 reXynA M

dlevhnsieseidisuiuavesdu BelC 910 reBelC way reBglC_M nudngu endoglucanase NGRS NNEX
W 2 ¥ile 3 open reading frame €17 1,416 flLud wasdinsdsuulas (Naeug) vesaAuLUaLed 1 Aunie 310
wa A wWaswduwa 6 fivnadiudars 3 devinsuwlssiaduddunsaesily  wuhdidunsaesiiluiins
Wasuwasly 1 dunidsann lysine 1u slutamic acid Fisumisnsaesdludl 370 (K370E) fanndl 7 evinis

4

AAseiuTnesnY (conserved domain) U3 endoglucanase NiBaRANNANN 2 ¥iin Inelusunsu CAZy (CAZy

classification (http//www.cazy.org/)) wazvinUSeuieuiuaduudlugiudeya GenBank (http//blast.ncbinlm.
nih.gov/) wuaneulesl endoglucanase UsenaulUmuassdiunande active site wag cellulose binding module

(CBM) anunnit 8

reBglC MAGTKTPAAKNGQLS IKGTQLVNRDGKAVQLKG I SSHGLQWYGDFVNKDSLKWLRDDWGI 60
reBglC_M MAGTKTPAAKNGQLS IKGTQLVNRDGKAVQLKG I SSHGLQWYGDFVNKDSLKWLRDDWGI 60
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http://www.cazy.org/)

reBglC TVFRAAMYTADGGY IDNPSVKNKVKEAVEAAKELG 1YV I IDWHILNDGNPNQHKEKAKEF 120

reBglC_M TVFRAAMYTADGGY IDNPSVKNKVKEAVEAAKELG 1YV I IDWHILNDGNPNQHKEKAKEF 120
reBglC FKEMSSLYGNTPNV1YEIANEPNGDVNWKRD IKPYAEEV ISVIRKNDPDNI I IVGTGTWS 180
reBglC_M FKEMSSLYGNTPNVIYEITANEPNGDVNWKRD IKPYAEEVISVIRKNDPDNI T IVGTGTWS 180
reBglC QDVNDAADDQLKDANVMYALHFYAGTHGQSLRDKANYALSKGAP IFVTEWGTSDASGNGG 240
reBgliC_M QDVNDAADDQLKDANVMYALHFYAGTHGQSLRDKANYALSKGAP IFVTEWGTSDASGNGG 240
reBglC VFLDQSREWLNYLDSKN I SWWNWNLSDKQEASSALKPGASKTGGWPLTDLTASGTFVREN 300
reBglC_M VFLDQSREWLNYLDSKN I SWWNWNLSDKQEASSALKPGASKTGGWPLTDLTASGTFVREN 300
reBglC I LGSKDSTKERPETPAQDNPAQENG I SVQYKAGDGGVNSNQIRPQLHIKNNGNTTVDLKD 360
reBgliC_M I LGSKDSTKERPETPAQDNPAQENG I SVQYKAGDGGVNSNQIRPQLHIKNNGNTTVDLKD 360
reBglC VTARYWYNAENKGQNYDCDYAQ I GCGNL IHKFAALHKPKQGADTYLELGFKTGTLSPGAS 420
reBglC_M VTARYWYNAKNKGQNYDCDYAQ I GCGNL IHKFAALHKPKQGADTYLELGFKTGTLSPGAS 420
reBglC TGNIQLRLHNDDWSNYAQSGDYSFFQSNTFKTTKKITLYHQGKLIWGTEPH- 471

reBglC_M TGNIQLRLHNDDWSNYAQSGDYSFFQSNTFKTTKKITLYHQGKLIWGTEPH- 471

2 7 nsilSeuiisuainunsnezilu endoglucanase 910 reBelC wag reBglC M laslusunsu Clustal Omega

o w

gnAsdunsUsdiadduesiluiiuAsuluves reBglC M (K370E) Feagludruuiim CBM

Query seq.

1 75 150 235 300 375 450 471
Specific hits
Non-specific

CBM_3
hits
Superfanilies AmyAc_family superfamily \ CBH_3 superfanily

Hulti-domains

PRK13307

2 8 drulsenaunanveseulwsl endoglucanase FUszneulumisaesdiundn fe active site way CBM

WoiNITIATIZAAINULUETDIBUY XYnA 970 reXynA Haz  reXynA M wud18u endoxylanase a1nLad

& a = . ' = o C = o w a o w a =
anwawss 2 vila & open reading frame 817 462 giua ilevniswlssviaduaiunsaesilu wudrdsunsnesilull
asasuntadly 1 dunuaann  threonine Wu serine Aiduuuansaasiilui 162 (S162T) §9A199 9 wazsile
Wiguiigudiuiuaiudeyalugiudeya GenBank (http://blast.ncbi.nlm. nih.gov/) wui1 IAnuadeafieiudy 1, 4-
beta-xylanase A 9% Bacillus subtilis §9598as 99 (accession no. WP 014477026.1) Tnevauleyl 1,4-beta-

xylanase A a&uisluﬂfjmaql,au”lsaﬂ glycol hydro 11 superfamily Fanmd 10

rexynA MFKFKKNFLVGLSAALMS I SLFSATASAASTDYWQNWTDGGG IVNAVNGSGGNYSVNWSN 60
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rexXynA_M MFKFKKNFLVGLSAALMS I SLFSATASAASTDYWQNWTDGGG IVNAVNGSGGNYSVNWSN 60

rexynA TGNFVVGKGWTTGSPFRT INYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTG 120
rexXynA_M TGNFVVGKGWTTGSPFRT INYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTG 120
rexynA TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQTKRPTGSNATITFSNHVNA 180
rexXynA_M TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSKRPTGSNATITFSNHVNA 180
rexXynA WKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVW 213
rexynA_M WKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVW 213

29 9 nseuLiBuaIdunIeeziilu endoxylanase 990 reXynA uaz reXynA M laelusunsu Clustal

Omega gnAsAunsUsdiadduezilufiuAsuluves rexynA M (5162T)

1 25 50 s 100 125 150 175 200 213

fuery seq. e

Specific hits
Superfanilies Glyco_hydro_11 superfamily

2 f 10 duuszneunanveouleyl 1,4-beta-xylanase

4 o a I:I lg = 1 U = lﬂ.
5. mstnildifanisuanseaniiuintuvesduaagiad (BelC) wazlaanusa (XynA) Tasnisdedieduine
uanseanlu £ Coli snewug BL21
5.1 nsadeufianssuvataulel (enzyme activity) 3nuuaiisegnnas

]

dawnzdeanuaiisugnuanns 4 wialaun wuaiSugnuaniidugagiaa (reBglQ) wunflSegnuauiiiu

'3

\waguaaTinaneiug (reBglC_M) uuniiiSegnuaniifituloanua (rexynA) uazuusii3ognuanidtulvanuainaneius
(reXynA M) Tupmwsivan LB wazdniliiinnisuanseanvesdulaunisidiy IPTG Mnthmsdumisaiiofiuien
wulwiinenu (crude enzyme) wasnaaeuauaInsalunsteuasHIiY CMC uag brichwood xylan Wiednusunm
dhmasmdniintuwasUSinalusivvenouled udifune specific activity KansNARDILERRINNIIST 3 WU
wulesiindnanuuafiFegnueas reBglC fanuannsoluntsgosarsiaiuldud CMC fien specific activity 1u 30,92
U/mg protein waziloi3euiiioumnuannsalunsgesansiedu CMC fu 8. amyloliquefaciens (wild type) wuinil
A1 specific activity 11012789 1.3 19 YenaInTuNIIRERUANANSELUNNSEREEReRY brichwood xylan WU
Lauvl,snﬁﬁmammﬂLwﬂﬁﬁ'aqﬂmau reXynA Smnuanunselunsdesansaadiu brichwood xylan 1§ Tnesidn  specific
activity WU 53.60 U/mg protein @sfidnunnnineulssifindnain B8 subtils 81 3.8 wih whdewSeuiiieu
auansalunstosanshai sewinneulesd BelC Aindnann reBelC M udanudn specific activity winfu 161.78
U/mg protein Fsganioulsiindnann reBglC fs 5.2 wi Tuvasdl toulwsl XynA findnain rexynA M Tl specific
activity WU 674.24 U/mg protein %ﬁqm’i’uaui%ﬂﬁwémmﬂ reXynA 9 12,6 Wi 9nmanisnnaesinetuiuuans

feusedvdnmluniswdaeuled BglC waz XynA mewallanisiaaudu lasihdunnessnisliitaunield strong

|

promoter WanseontumasuuafiseludiielriinisaaaeulvdluuiuaannniuueiZendu wild type wuafised
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TnivSawuaiisegnuauilanunsaihludssyndldussleviluiuanaimnssusiuinisdesfanudeldnianisinunsiie
iUl duansasiulunsyuiunissneg wu  nseanlulelenuea nMswananseay nsuanemnsndndmsudnd Ju

v

Y

=] a ° ° ¢ A a o
M1319N 3 ﬂf\]ﬂiiuﬂﬁliwqﬂqu%%wq%m@ﬂLE]'LJI"?J@JL"anLaaLLa%lQ]aqLuaVlNaC‘lf\nﬂLL‘UWWLiﬂ@]ﬂ&lall reBglC, reBgLC_M,

reXynA Lag reXynA M

wuATISEgNNE Specific activity (Unit/mg protein)
reBglC 30.92
reBglC_M 161.78
rexXyn 53.60
reXynA M 674.24

5.2 msfneAfesiimunzausenisinausasaules BelC waz XynA

mMsfnwaTeriivnzaudentsvhauveeuley BolC way XynA mﬂLL‘UﬂﬁL%EJQﬂNmmzﬂ 4 vila vinlenis
thieulwsifeSenlaunsin fu 1% CMC waz 1 % brichwood xylan itew 3.0 ~10.0 figauungil 50 ssmwaLdoa Lu
a1 30 wiit MnduiaUiinuhmaiiadfignuanudesluufizenlae?s DNS method (Miller, 1959) aniuun
A1 enzyme activity Way specific activity muddU man1svnaeansian g 11 wud teulwsl BelC aan
reBglC_M yhauldffiandifiioy 4.0 Fefluazdl specific activity gendeuley BglCan reBglC Wil pH Fonzasun
A1591197UY04 reBglC_ M Waguwan pH 5 0w pH 4 nswasuudasithasfunasinnsidsunlasdifuvesnsnesi
IumﬂﬂWSSi'fﬂﬁﬂﬁLﬁmﬂﬁﬂmaﬁuﬁ}uaaL%ya 8. amyloliquefaciens Ta8n35EANBIENATEINE 1 NERalRANNTS
WasuwUasnsaezdluan lysine 18 slutamic acid fisumisnsaezdludl 370 (K370E) 91nn1siaszilassasns
Iﬂﬁauwudw%mmﬁLﬁmmiﬂa’mﬁuﬁ:u‘%aﬂﬂﬁLﬂﬁsuLLUadﬁ’uagﬂuahwum CBM  Fimihiigaeuledfuansaadud

I a

fosnsgey  nisieulsdiianisnateiugiuiivssdvsnnlunisyihuifniiiveafaiiswinnisiuaeuiuaa

v
o

electrostatic Liasanmsidsuulamyilsiduvesnsaeziluainvydudauin (Lysine) WWungiifidrau (Glutamic
acid) Faavdmalviieulediiinfanssunisviauigdu (Santos et al, 2012) ANNITNARRINUI Loulesl BglC
MnwadgnNanTasssinauseinuldalugnie (pH 2- 10) Jadweulwifvuzaulunisiludssandldem

solulunaramu
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Optimum pH

120

100
M reBgIC

OJJJJJJJJJWW

pH

P o] [o°]
o o o

specific activity (U/mg protein)
S

= A A a ¢
AN 11 Naﬂ@Qﬂ’]WLE’J‘UWNm@ﬂ"ﬂﬂiill‘l]ﬁ]%@ﬁl“ﬂll BgLC

IINNsNAERUAINTIUNISINUYBdeUle XynA 31nwadgnuas reXynA way reXynA_ M TARan1svnaesn
Al 12 1eulesl XynA 910 rexynA M vhauldffigadifites 4.0 @il specific activity gendneulssiann rexynA
naidsuasiiasdurennnmswdsuwassiduresnsaegiTuanmsdninlffnmananeiusuesde 8. subtilis
TaonsseauBaenanamdssusdmaliAanisudsuansaozailuain threonine 1 serine fidumisnsnoy
Tl 162 (5162T) 9 nmsveaeswuin toules XynA nwadgnrauaansavialdfluganii (pH 2- 6)
ogslsfimuenAanssunisiaueseylesiann rexynA M azanadluuszana 40 % Wle pH gendn 7 uAdsannsa
vhawlsiaude pH 10 Tudisfleriigadosunnianssuoulesitasanuiafiosvoaeulesizanasenaifunaunainms
flassaisvesevlwidoanmlnaameusnuiiiwvdoonaivssquullsiudasuudasulivnzaudens

Ufisenduansnsduld (Li et al, 2008)
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optimum pH

800
700

600
500
40
30 H reXynA
20 Il reXynA_M
100
0

2 3 4 5 6 7 8 9 10

o O O

specific activity (U/mg protein)

pH

AMN12 wavesafiterniinenanssuveseulsd XynA

5.3 msﬁnmmqquﬁﬁmmxamian'ﬁv‘hmumaaLaulmﬁ BglC wag XynA

msfnwAguugifinzastenisvhawesoulel BelC uaz XynA nuuafidgnuausis 4 via vilag
nseulesifisFesldungam fU 1 % CMC uazl % brichwood xylan ﬁqmmﬁ&u’ulﬁi 20-100 e eaided \Ju
na 30 Wit Wedanisvinuveseulesinuinevlssl BglC 91n reBglC M fiAanssuvesievlusiguaniigumai 60
prwaed lnedlAn specific activity Winfiu 167.94 U/ mg protein  waganunsavinaulalugiseamaiigalaed
UsyAvBamlunisvhetugeis 70 9% figaumgd 100 ssmwaidea fuanduninil 13 Fuoulud BalC dfrgamgdd
mmzawiamiﬁ’mwaaLauleuﬁqan'j’uaulﬁzjﬁmm%a Mucor circinelloides (55 asAwaiwded) (Saha, 2004) , B.
amyloliquefaciens DL-3 (50 8sawaided) (Lee et al., 2008), B. subtilis DR (40 asALwaldya) (Wang Li et al.,
2008), B. subtilis CEL PTK1 (30 asAeaidea) (Sarawati et al, 2012), usidasninoulesiiléannde Bacillus
strains RH68 ﬁﬁqm%qﬁﬁmmzamgjﬁ 70 paAwaWua (Mawadza et. al.,2000) way ﬁ]’mL%EJ B. subtilis ﬁLLEJﬂlG’T
91 Archachatina marginata %ﬁﬁ”m’lulﬁaﬁqmwgﬁ 80 asrwalded (Oyeleke et. al.,2012) m‘iﬁﬂmmqmmgﬁﬁ
wanzaudensvhauveseulesl XynA nuineuluivinuianiieumgil 50 ssrwadea dafleilndiAsstuioules]
loanuaiindnan B. subtilis ASH (Ashwani et. al., 2009), B. licheniformis A99 (Archana et. al., 2003), Bacillus
sp. strain SPS-O (Blanco et. al., 1995), Bacillus sp. CCMI966 (Sa-Pereira et. al., 2000) wag Bacillus sp. Strain K-
1 (Virupakshi et. al., 2005)
et xynA anunsoviheldlurasgungiiniradaust 20 - 90 ssrmwaidea Tnefiuszansnmlunisvhausnnnd 75 %
flgamgll 90 esrnwalTea duaninwi 14 mﬂmiwmamﬁwudwLaulszjﬁﬁ'Lﬁmm'ﬁﬂmaﬁ’uﬁ:ﬁ”’qaawﬁmﬁwammﬂ
wediSegnuauiinuantifiozannsathluvselosdlususineld Tnsawiznszuiunisdesiidesihluan il
oumgiige viisluannziadenfigumaidnisiasuuvas wu mswdaluleleviuea MIkdanszay Amesng

q U

waznTsgeeiAyTanmasltusnviosU]ufnis
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200 Optimum temperature

<
2

° 150

o

o reBgIC
E
3 100 H reBgiC_M
>
=
© 50

@©
Q
8 o

2y

20 30 40 50 e 70 8 90 100
AWi13 avesguunififidefanssuveseules BglC
Optimum temperature
1000
800

W reXynA

S

20 30 40 50 60 70 80 90 100 °C

o o

o

specific activity (U/mg protein)

Al 14 navesgngiiidenanssuvadeulesl XynA

6. NINAFIUANENITAlUNMSEREIAYTAgINTSINERsYaRaulell BglC uaz XynA

o 1 g =~ v v L4 a a 0’-’/ a o

nsnaaesdes Taqudelivninisinuasingldioulesl BelC uag XynA nnuuafiiegnuauns 4 viin uazyiinis
naaedldiouled BelC waz XynA swuiudieiSeuiieulssdvanmnistesianmdslinianisinuns (eulunisneaes
wanslunnsen 2) eeldvntanmdeldmenisinues loun Wsdnuagdudninaiiiunsusuanmeae 2% (wiv)
NaOH wagszilaleund 121 esmiwadea uian 2 4ilue Tnsumeuleisiuiu 1% arsdssuigaumgil 37 o

wadva Wua 5 Ju nedgeuaruaiunsalunsteslaeinusunaiimasmddadundadusildainnisdesiy ae

'
a

mooulel 1neld DNS reagent (Miller,1959) WioTausunainaasmadlutud 0, 1, 3 uay 5 WUINWNINTEIUNNT
Usvanmlvitheasidasiigaluiui 5 dwnmi 15 Wnedeulunlinmaiindgeaade Teuled BglC sy XynA 7
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361970 reBglC_M waz reXynA M Tagrnthnasmdiisalalutuil 5 e 22.16 me/ml sesaunie nisgosvhedm
A28 XynA 970 reXynA M Uag BglC 910 reBglC M Tnenthmasmdlaviity 19.67 me/ml uay 13.76 me/ml
mudiu nstesdudlnaiiiiumsuiuaninudatunuin mstesdeioules] BelC $auifu XynA 910 reBglC_M uag
reXynA M IﬁmaﬁﬁqﬂimEJ‘LJ'%mmﬁ']ma%'aadﬁﬁﬁ’oﬂﬁu?uﬁ 5 fe 1451 mg/ml warn1sgaumsme XynA 210

rexynA M TUSsnaninasiaduiniu 13.98 me/ml feamdl 16

Pretreated rice
25

20

Day

reducing sugar (mg/ml)
(9]

HreBgIC mreXynA mreBgIC+reXynA MEreBglC_M MmreXynA_M mreBgIC_M +reXynA_M

= a H Aa  cay v ' Y A @ Y v ca a o
AN 15 ‘Uiiﬂm‘lﬂG]’]ﬁiﬂ’)‘d‘ﬂlﬂ’ﬂﬂﬂﬂ?iEJ’e]EJ‘WN‘UTJ‘VIN’]Uﬂ’ﬁﬂi‘Uﬁﬂ’]WLLaﬁlﬂ’JEJL@u‘l‘UiJVINaG]LL‘Uﬂ‘VILiEJQﬂNﬁlI reBglC,
reBglC_M, reXynA iag reXxynA M
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Pretreated corn

20

E

[-T4]

§15

©

%010

5

.g5

©

N i ™ a0 Hunl
0 1 3 5

Day

HreBglC HreXynA M reBgIC+reXynA HreBglC_M HreXynA_M HreBgIC_M + reXynA_M

= = S Na  cav v ' v v A o v v s a N
ATNN 16 ‘U'ﬁﬂmu’]ﬁﬂaiﬂ’mw‘lﬂf\ﬂﬂﬂﬂiﬁaEJG]‘U‘ZH?I‘W@WIN’W‘L!ﬂ’]'iﬂi‘Uﬁﬂ’]WLLa’JWJEJL’e]uVL‘lIEWINaGILLUWV]L?EJQHN?{M reBelC,
reBglC_M, reXynA uag reXynA M

nnansmaaesnuimaeules BelC uay XynA amwasiaamsé?ﬂﬁuﬁﬂiuLsziaQiaaﬁshumiﬂ%uamwﬁwia
thuavansaraeladeulensonledld  enadunamnannisifagudelinemanunsldgnuivanmudaiilesats
uaresAUsznoumaalivAsuasly  Tneflsenumsideninuimdanssuaunsuivanmaniuieglulasaiisazgn
fdneenly wardnunziuiivesienmdminnisuiuanmudiinsusnoenuazislnssdesrinety vhlmeulesan
wuafiSsannsainlugeslassaiunmeluldsdu (Bse, 2556) wavarnuanisneaoshuandlidiuineu il BglC uay
XynA  Tarwannsalumsgesrhstnuazduinlnn - Jaduveavdelimensinuasifiogunnluvsemelne  uas
ansathieuliilusosenanisliusslond wu nesdeluleleniuea  Aifesmsidsuasnsuaniumagladly

S i n" v a N 1A oA e = H S < '
U'Wnaﬂ@umﬁ]%aqﬁﬂﬁ!aumﬁﬂﬂQM@u LU gdn IUﬂqiLUaﬁuuqmqau‘ULUuL@‘V]']u@afﬂ@vlfu

7. mMsuaaenIueaIndagumtaldnInInnens

dlegosnstnuazdudnlnafiinunsuvanmieeulssineiulcrude enzyme) wuinistdioulsdsiufuaes
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Plasma immersion ion implantation (PIII) at low energy was for the first time applied as a novel biotech-
nology to induce DNA transfer into bacterial cells. Argon or nitrogen PIII at low bias voltages of 2.5, 5 and
10 kV and fluences ranging from 1 x 10'2 to 1 x 10'” ions/cm? treated cells of Escherichia coli (E. coli).
Subsequently, DNA transfer was operated by mixing the PIll-treated cells with DNA. Successes in
Plll-induced DNA transfer were demonstrated by marker gene expressions. The induction of DNA transfer
was ion-energy, fluence and DNA-size dependent. The DNA transferred in the cells was confirmed
functioning. Mechanisms of the PIll-induced DNA transfer were investigated and discussed in terms of
the E. coli cell envelope anatomy. Compared with conventional ion-beam-induced DNA transfer,
Plll-induced DNA transfer was simpler with lower cost but higher efficiency.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Low-energy (10-100keV) ion beam technology has been
applied not only in the field of material surface modification but
also successfully in the biological field such as mutation breeding
and gene transfer [1]. Plasma immersion ion implantation (PIII)
has been developed as a non-line-of-sight plasma-based ion
implantation technique for surface modification and deposition
of various materials including biomaterials (e.g. [2]). However,
low-energy PIII has never been applied to inductions of mutation
and gene transfer because of hesitations on short ion ranges of
low-energy ions of PIII so that the biological tissues cannot be trea-
ted sufficiently to induce desired modifications. In this study, we
explored application of the PIII technique to bombard bacterial
cells with low-energy ions for induction of transferring plasmid
DNA into bacterial cells and tried to understand mechanisms
involved as the result could not be interpreted by currently
understood mechanisms. The traditionally accepted mechanism
of ion-beam-induced DNA transfer is generally that energetic ion
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sion on Higher Education, 328 Si Ayutthaya Road, Bangkok 10400, Thailand
(L.D. Yu), Biotechnology Unit, University of Phayao, Muang, Phayao 56000, Thailand
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bombardment modifies and tailors the cell envelope in ways
of ion-radiation-induced chain scission of the envelope
polymers, sputtering-induced thinning of the envelope, and
ion-charge-induced decrease of the electrical impedance of the
envelope to eventually enhance the material permeability and
thus the passive diffusion of DNA across the cell envelope [1,3,4].
This mechanism is based on the ion range to be appropriately
within the cell envelope and an assumption that the cell envelope
is a uniform material. The bacterial cell envelope thickness is
about several tens of nanometers. The cell envelope material is in
principle polymeric. To have a tens-nm projectile range in
polymer, the ion energy should be about 20-30 keV for argon or
15-20 keV for nitrogen [5,6]. In normal low-energy PIII, the ion
energy is several keV, which is thought to be too low to appropri-
ately modify the cell envelope for subsequent DNA transfer. This is
why low-energy PIII has not yet been applied for DNA transfer
induction while ion beam induced DNA transfer has been success-
fully developed for two decades. However, the simplicity and
low-cost features of the PIII technique still attract interests in
trying this method for the biological application purpose. As the
bacterial cell envelope is not very thick, bacteria were then used
for trials. Moreover, the bacterial cell envelope is composed of
typical and basic biological layers and components which may play
some roles in favor of low-energy ion bombardment induction of
DNA transfer.
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2. Experiment

Escherichia coli (E. coli) strains DH5a and BL21(DE3) were pre-
pared at 37 °C in Lysogeny broth (LB) medium and used as hosts
for transferring various DNA plasmids. Three DNA plasmids,
pTZ57R, pBI121 and pETDuet™-1, purchased from the Fermentas
and Invitrogen (USA), carrying different marker genes, as described
in Table 1, were selected for transferring. A special gene was used
to confirm functioning of the DNA-transferred cells. The complete
open reading frame (ORF) of endoglucanase (bgIC) was amplified
from Bacillus amyloliquefaciens. The fragment was cloned into the
pETDuet™-1, which was then denoted as pBgl.

PIII treatment of the bacterial samples was carried out using our
in-house developed PIII facility [ 7]. The experiment had three parts.
First, to investigate the ion species and ion fluence dependences,
argon (Ar) or nitrogen (N) PIII was used with a bias of —2.5kV
and fluences of 1 x 10'%, 5 x 10'%, 1 x 10'3, 5 x 103, 1 x 104,
1x10',1 x 10'® and 1 x 10'7 ion/cm?, respectively. E. coli strain
DH5a was the target and plasmids pTZ57R and pBI121 were for
DNA transfer. The plasma was generated with 50-W radiofrequency
(RF) power and operated at a frequency of 50 Hz and a pulse length
of 10 ps. E. coli cells were deposited in holes of a stainless steel
sample holder, which was about 5 cm in diameter and had nine
holes on it with each in a size of 5 mm in diameter and 5 mm in
depth. A vacuum control was placed in one of the holes covered
by carbon tape. After PIIl, bombarded cells were separately mixed
with 1pg of various DNA plasmids respectively in sterile
Eppendorf tubes, and incubated for 15 min in an ice box. Then
3-ml LB medium was added to each sample and incubated at
37 °C for 2 h. Then, 100 ul of each sample were spread on selective
medium [100 mg/L Ampicillin/X-Gal/IPTG (Isopropyl p-D-1-thiogal
actopyranoside) for pTZ57R, and Kanamycin 50 mg/L for pBI121],
and incubated at 37 °C overnight. Gel electrophoresis with 1.5%
agarose was used to measure the molecular size. Second, to
investigate the bias voltage dependence, N-PIIl was operated using
negative bias voltages of 2.5, 5 and 10 kV and fluences of 1 x 10'®
and 5 x 10'5 ions/cm?. The following steps were the same as those
in the first part. Third, to confirm expression and functioning of the
gene in the host cells after PIII, E. coli strain BL21(DE3) was treated
by N-PIII at a bias of —2.5 kV and a fluence of 1 x 10! ions/cm? and
then recombinant plasmid, pBgl, was added for transfer. The recom-
binant cells harboring pBgl were spotted onto agar plate consisting
of 1% Carboxymethyl Cellulose (CMC), incubated at 37°C for 24 h,
and the Congo red method was used for enzymes activity test [8].
Moreover, SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) was performed following the method of Leammli
[9] to measure the protein molecular weight.

Scanning electron microscopy (SEM) was used to observe mor-
phology of the bacterial cell envelope subjected to PIII treatment.

3. Results and discussion

Under certain conditions of PIII, plasmid DNA could successfully
be transferred into the bacterial cells, as demonstrated in Fig. 1.

Table 1
DNA plasmids used in the experiment and their properties.

Blue colonies of E. coli were observed (Fig. 1a), indicating that
pTZ57R plasmid was certainly transformed in the cells
pre-treated by N-PIIIl. As the pTZ57R plasmid contained the lacZ
gene which would be seen in blue color on medium containing
X-Gal/IPTG, the blue color was the indicator of the presence of
the functioning pTZ57R plasmid. Similarly, living colonies
observed on medium containing kanamycin demonstrated
the presence of pBI121 plasmid which contained the
kanamycin-resistance gene in the bacterial cells. Therefore, the
observed living cells should possess the antibiotic-resistance prop-
erty provided by the transferred plasmids and this was another
indicator of successful DNA transfer into the cells. The observation
on the development of a clear cellulose zone (Fig. 1b) showed the
expression of bglC gene in pETDuet™-1 from the bacterial transfor-
mant. Table 2 summarizes the DNA transformation into E. coli cells
using pTZ57R and pBI121 plasmids after N- or Ar-PIII at a bias volt-
age of —2.5 kV to various fluences. Without PIII treatment of the
cells, the plasmid DNA was unable to transfer into the cells of
the vacuum control. With either N- or Ar-PIII treatment of the cells,
the DNA plasmids could be transferred into the cells in most cases
except high fluences. This demonstrated that PIII of the cells cer-
tainly played a role in inducing DNA transfer. N-PIII could induce
DNA transfer at higher ion fluences than Ar-PIll, indicating N-PIII
able to induce DNA transfer more easily and effectively than
Ar-PIIl. Bigger plasmid (pBI121) was slightly more difficult in
transferring than smaller one (pTZ57R). Table 3 shows the ion
energy dependence of the PllI-induced DNA transfer. DNA transfer
normally succeeded at lower ion energy and also bigger pBI121
was more difficult to transfer than smaller pTZ57R.

To verify that the transferred plasmid DNA indeed came from
the original DNA, the electrophoresis-measured molecular size of
the transferred plasmid DNA was compared with that of the orig-
inal, as shown in Fig. 2. The bands appearing in the lanes for the
DNAs extracted from the transferred bacterial cells were seen at
the exactly same molecular size positions as those of the original
DNAs, demonstrating the identity of the transferred plasmid to

Fig. 1. Demonstrations of successful DNA transfer into PllI-treated E. coli cells. (a)
Blue colonies of E. coli observed on selective medium, indicating that pTZ57R
plasmid was transformed into the cells after N-PIII at a bias voltage of —2.5 kV and a
fluence of 1 x 10'® ion/cm?. (b) Expression of bgIC gene of transformant using the
Congo red method by a clear zone appearing around transformant. The petri dish
size: 9 cm in diameter.

DNA plasmid [size (kbp)] Marker genes

Gene property E. coli host strain

pTZ57R [2.8] bla
lacZ

pBI121 [14.7] nptil

pETDuet™-1 [6.3] bla
bglC

Recombinant pBgl [6.9]

Resistance to ampicillin DH5a
Expressing blue in LB
Resistance to Kanamycin DH5a

Resistance to ampicillin
Encode cellulase protein

BL21(DE3)
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Table 2

Summary of ion-fluence dependence of DNA transformation into E. coli cells using
pTZ57R (A) and pBI121 (B) plasmids after PIII with ether nitrogen or argon ions at a
bias voltage of —2.5 kV. +: DNA transfer succeeded; —: not observed. The experiment
under each condition was done in 3 replicates.

Treatment condition Vacuum Argon PIII Nitrogen
control PIII

Fluence (ions/cm?) A B A B A B
1x 10" - - + - + +
5% 10'? - - + + + +
1x10"3 - _ + + + +
5x 10" _ _ + + i .
1x 10" _ _ ¥ _ ¥ .
1x 10" - - - - + +
1x10'6 - - - - + -
1 x 10" - - - - - -

the original DNA. To reconfirm the functioning of the transformant,
the recombinant vector pBgl containing bglC gene was transformed
to N-Plll-treated E. coli BL21(DE3). Fig. 3 shows the SDS-PAGE
result. For the controls of original bacteria (Lane 1) and original
even with IPTG induction (Lane 2), no band representing the speci-
fic protein size of 53 kDa (estimated) was shown, indicating no the
specific protein present. However, after PIII treatment, the bacteria
with the transferred gene bgIC showed a band of the specific pro-
tein size (Lane 3) and after the IPTG induction the band was signif-
icantly intensified (Lane 4), demonstrating the protein functioning.

The SEM-observed surface morphology of the PIII treated bacte-
ria E. coli cells is shown in Fig. 4. The cell surfaces of the natural and
vacuum controls are clear, but with increasing of the ion fluence
the cell surface is increasingly roughened and up to the highest
fluence, 10'7 ions/cm?, the cells are completely destroyed, col-
lapsed and thus died. The cell damage rate under various treatment
conditions as summarized in Fig. 5 is clearly increasing as increas-
ing of the fluence. At the same fluence argon appears more effec-
tive in the surface roughening and damaging the cells than
nitrogen. These phenomena should be related to the ion sputtering
effect. To a fluence of 10! ions/cm?, the sputtering-caused surface
losses of cellulose (the main material type of the cell envelope) are
about 2 nm and 4 nm for N-ion and Ar-ion bombardments, respec-
tively [6]. The E. coli cell envelope in the dense part is about 20 nm
[10]. This means that at the fluence of 10'® jons/cm?, the cell envel-
ope would start to be removed thoroughly. Due to a higher sputter-
ing loss for the Ar case, at this fluence Ar-PIII already causes severe
damage to the cells, while N-PIII starts to damage the cells as the
20-nm sputtering loss is just about the cell envelope thickness.
The effect of ion sputtering is thinning the cell envelope and con-
sequently increasing the envelope permeability to favor the DNA
transfer [1]. The permeability also depends on the DNA size. The
larger plasmid pBI121 is more difficult to be transferred than the
smaller pTZ57R. However, the sputtering-caused thinning of the
cell envelope is not the whole mechanism of PIII induced DNA
transfer. As seen from the result shown in Table 2, at very low flu-
ences such as 10'>-10'* ions/cm?, DNA transfer still succeeded. At
these low fluences, the ion sputtering-caused cell envelope surface

Table 3

Summary of the bias dependence of DNA transformation into E. coli cells using
pTZ57R and pBI121 plasmid after N-PIII with fluences of 1 x 10" and 5 x 10'” ions/
cm?. +: DNA transfer succeeded; —: not observed.

Plasmid pTZ57R pBI121
Fluence (ions/cm?) Bias voltage (kV)

2.5 5 10 2.5 5 10
1x 10" + + - + - -

5x 10" + + _ _ _ _

Fig. 2. The electrophoresis-measured molecular size of the transferred DNA
plasmids of (a) pTZ57R and (b) pBI121. Lane M: molecular marker. Lane 1: original
plasmid. Lane 2: plasmid DNA extracted from the transferred E. coli cells treated by
PIIl. The arrows point the bands with their noted molecular weights in bp (base
pair). PIIl conditions: nitrogen, —2.5 kV bias, and 1 x 10" ion/cm? fluence.

1 2 3 4

' 'l

— e

Fig. 3. SDS-PAGE analysis of recombinant cpx1 expressed in N-Plll-treated E. coli
BL21(DE3) harboring pBgl (PIIl at -2.5 kV and 1 x 10'° ions/cm?). Lane M: protein
marker. Lane 1: cell of E. coli BL21(DE3). Lane 2: IPTG-induced cell of E. coli
BL21(DE3). Lane 3: cell of E. coli BL21(DE3) harboring pBgl. Lane 4: IPTG-induced
cell of E. coli BL21(DE3) harboring pBgl. The arrow points the BgIC protein size at
53 kDa.

loss is negligible. The low-energy ion range in the cell envelope
materials was also considerably short, compared with the total
thickness, about 50 nm, of the bacterial cell envelope [10].
Therefore, some mechanisms else must be involved.

The E. coli cell envelope consists of four layers: a cytoplasmic
membrane, a thin layer of periplasm containing peptidoglycan,
an outer membrane composed by phospholipids and lipopolysac-
charides, and a polysaccharide surface layer [11]. While the outer-
most polysaccharide surface layer is in a fiber- or fur-like
morphology, the inner three layers are fairly denser. There exist tri-
mer barrel-shape porins in the inner layers responsible for trans-
porting molecules across the cell envelope to maintain the cell
living. Each monomeric porin channel is partially blocked by a
loop, called the eyelet. In general, the eyelet defines the size of
solute that can traverse the channel and hence it acts like a lock
of the porin [12]. At low ion energy (e.g. a few keV) and fluences
(e.g. 10'2-10" ions/cm?), ion bombardment is not powerful
enough to modify the cell envelope structure but able to sputter
out the outermost polysaccharide layer and injure or damage the
eyelet to open the porin. Simultaneously the linkage of the mono-
meric units of the trimer is scissored by the ions to open the entire
trimer. Now that the porins have lost the control and the trimer
becomes a big channel, they are freely available to transport
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Ar, 1x10"

Ar, 1x10"

Fig. 4. SEM images of various types of E. coli cell samples including the natural control, vacuum control, and those PIlI-treated with ether nitrogen (N) or argon (Ar) ions to
varied fluences at the bias of 2.5 kV. The scale bar in each image is 1 um, except one in last image that is 5 pm.
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Fig. 5. E. coli cell damage rate under various treatment conditions for the bias of
2.5 kV. NC: natural control, VC: vacuum control, N: nitrogen PIII, Ar: argon PIII, and
el12-e17: 10'2-10'7 ions/cm? for ion fluence. The damage rate in each case was
estimated from a large-area (low magnification) SEM image in the case by counting
the number of surface-damaged or collapsed cells over the total number of the cells.

exogenous DNA into the cells. At medium ion energy (e.g. about
10 keV) or fluences (e.g. about 10'® ions/cm?), PIII can greatly dam-
age and collapse the porins so that the porins cannot work, but on
the other hand PIII cannot modify the denser layers of the cell
envelope sufficiently to enhance the permeability, so that the
DNA transfer cannot be induced. At very high ion fluence (e.g.
10'7 ions/cm?), PIII completely destroys and sputters the cell
envelope to cause death of the cells and DNA transfer is impossible.

Due to a higher sputtering coefficient of argon ions than nitrogen
ions to polymers, Ar-PIII could destroy the porins more easily than
N-PIII and so at medium fluences such as 10" and 10'® ions/cm?
Ar-PIII stopped inducing DNA transfer but N-PIII could still work.

There were two steps in the whole process: plasma treatment
and transfer of DNA. From the first step a certain number of the
cells were surviving and these cells were ready for subsequent
DNA transfer. From Fig. 5, for the successful DNA transfer, the
plasma conditions gave the cell survival rates higher than 30%
and the highest rate at about 85% for the lowest fluence case. In
the second step, the efficiencies of ion-beam and PIII induced
DNA transfers were nearly the same. The E. coli cell survival rate
due to ion beam bombardment was about 30-50% [13], and there-
fore the DNA transfer efficiency using PIIl was higher than using
ion beam by 70% in maximum.

4. Conclusion

Although ion-beam-induced DNA transfer had succeeded,
low-energy PIII was for the first time applied to bombard E. coli cells
to induce plasmid DNA transformation and this success led to revi-
sion of our ideas on mechanisms of the ion-bombardment-induced
DNA transfer. Success in inducing DNA transfer was achieved
mainly at low ion energy (a few kV) and low to medium ion fluences
(around 10'?-10'®ions/cm?). The Plll-induced DNA transfer was
plasma ion species and plasmid size dependent. Instead of a single
mechanism governing the process, complex ion-energy and fluence
dependent mechanisms should be involved in the DNA transfer
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induction owing to complexity of the E. coli cell envelope structure.
As anew ion and plasma based biotechnology, the Plll-induced DNA
transfer had a series of advantages compared with the
ion-beam-induced DNA, including the simplicity, low cost and high
transferring efficiency.
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ABSTRACT

This report is on exploring low-energy plasma immersion ion implantation (PIII) as a novel bio-technique and an
improved alternative to ion beams to induce bacterial mutation for enhancing the hydrolysis of biomass mate-
rials, eventually benefiting environmental protection and biofuel production. Cellulase-producing bacterial
cells of Bacillus amyloliquefaciens were treated by argon or nitrogen PIII at a bias voltage of —2.5 kV with various
fluences from 1 x 10> to 1 x 107 ions/cm? to induce mutation. The bacterial mutants exhibiting clear potenti-
ality of enhanced cellulase activity which indicated improved hydrolysis capability were screened. Comparisons
in the cellulase activity between the wild type as the control and the mutant under various buffer pH values and
temperatures showed that the cellulase activities of the mutant were clearly higher than that of the control, par-
ticularly for neutral pH and lower and higher temperatures. The cellulase hydrolysis ability tests against various
biomass materials including rice straw, corn stover and corn husk demonstrated the mutant possessing the
higher hydrolysis activity, particularly for the corn husk. Physical and biological mechanisms involved in the bac-
terial cell modification induced by the low-energy PIIl were investigated and discussed in terms of the ion stop-

ping in the specific bacterial cell envelope and the modification of the DNA sequence.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Ion beam modification of biological living materials has been devel-
oped as ion beam biotechnology for three decades [1]. The technology
utilizes ion beams, particularly in a lower energy region, some tens
keV, instead of the MeV higher energy region, to bombard biological
cells to induce mutation or gene transfer. The technology has been dem-
onstrated to be novel and very effective, but, on the other hand, not very
convenient in operation and not cost effective either. Compared with
accelerator-based ion beams, plasma-based ion implantation at rela-
tively lower ion energy has been considered more convenient and cost
effective as well and widely applied in various material surface modifi-
cations. However, it has not yet been well addressed by experiments in
treating living materials for biotechnology applications due to the hesi-
tation of its low energy character which might not be able to cause

* Correspondence to: L.D. Yu, Plasma and Beam Physics Research Facility, Chiang Mai
University, Chiang Mai 50200, Thailand.
** Correspondence to: S. Anuntalabhochai, Biotechnology Unit, University of Phayao,
Phayao 56000, Thailand.
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(S. Anuntalabhochai).
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0257-8972/© 2016 Elsevier B.V. All rights reserved.

sufficient changes in the critical biological structures. Recently a few
studies have emerged on applying plasma-based ion implantation to in-
duce plant mutation [2] and DNA transfer [3]. This work was an attempt
to explore low-energy plasma immersion ion implantation (PIII) for in-
ducing bacterial mutation, aiming at enhancing the cellulase activity
and thus the biomass processing capability.

Several chemical agents such as methylmethanesulfonate (MMS),
ethylmethanesulfonate (EMS), diepoxybutane (DEB) and sodium
azide are powerful carcinogens used to induce mutation in various liv-
ing organisms including crop plants, fungi and bacteria, as well as phys-
ical irradiations including Gamma rays, X-rays, ultraviolet (UV) and fast
neutrons. [4-6]. Furthermore, a combination of both chemical (EMS)
and physical (UV) mutagenesis has been also applied to increase cellu-
lase enzyme activity in bacterial cells [7]. All of the chemical agents and
the radiations are powerful mutagens. In comparison with other physi-
cal mutagens, low-energy PIII technique is safer, more reliable and sus-
tainable. On the other hand, evidence for induction of mutation in
bacteria using the PIII technique has not yet been reported. Experimen-
tal evidences have shown energetic ion beam bombardment which is an
environment-friendly technique capable of inducing broad-spectrum
mutations of crops with high efficiencies owing to multiple physical
agents involved compared with other mutation induction methods
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[1]. With many successes achieved in ion-beam-induced crop mutation
breeding, PIll which is a non-line-of-sight ion bombardment process has
rarely been tested in this application. This motivated us to carry out this
study.

Lignocelluloses are the most abundant biomass providing carbon re-
sources with a worldwide production of 1 x 10'® MT per year [8]. Agri-
cultural cellulosic wastes are enzymatically hydrolyzed into reduced
sugar that can be converted to several chemical products such as alco-
hol, fatty acid, etc. [9]. One of the factors in limiting the converting pro-
cess is inefficient hydrolysis of the enzymes. Cellulases are a group of
hydrolytic enzymes capable of hydrolyzing cellulose to glucose and
they can be produced by a large number of microorganisms. One of
the approaches to develop higher cellulase activity is discovering new
cellulolytic microorganisms and constructing mutants with higher ex-
pression [10]. In this work, an integration of PIIl technology and biotech-
nology was conducted for enhancing the hydrolysis activity of the
cellulase enzyme and eventually benefiting the biomass treatment.

2. Materials and methods

The target material was the cellulase producing bacteria, Bacillus
amyloliquefaciens (B. amyloliquefaciens), which were isolated from hors-
e's feces. The bacterial strains were grown at 37 °C in Lysogeny broth
(LB) with vigorous shaking at 120 rpm. B. amyloliquefaciens cells were
harvested after overnight incubation by centrifugation at 6000 rpm for
5 min then resuspended with sterile distilled water. Bacterial suspen-
sions were deposited in wells of a stainless steel sample holder and
then placed in the PIII chamber [11]. A vacuum control was placed in
one of the wells covered by carbon tape. The bacterial samples were
treated by argon (Ar) or nitrogen (N) PIII with a bias voltage of
—2.5kV and to fluences of 1 x 10", 5 x 10>, 1 x 10'¢, 5 x 10! and
1 x 10'7 ions/cm?, respectively, in a vacuum condition of 10~> Pa at
room temperature. The plasma was generated with 100-watt radiofre-
quency (RF) power and operated with a frequency of 50 Hz and a
pulse length of 20 ps. After PIII, LB medium was added to each treated
sample and incubated at 37 °C on a rotating shaker for 1 h. Then,
100 w of each sample were spread on LB agar containing 1% of
carboxymethyl cellulose (CMC) and incubated at 37 °C for 24 h. Both
wild type control (without PIII treatment) and vacuum control were
cultivated on the same agar media.

Mutants were screened based on the size of the hydrolysis halos de-
tected by Congo red staining [12]. In the test, the bacterial colonies
placed at the central area of the CMC-smeared plate would gradually di-
gest the CMC to increase the central circle or halo size which could be
detected by the dye staining so that the bigger the halo, the higher the
activity. The qualitative cellulase activity of each bacterial colony was
evaluated by the ratio between the hydrolysis halo diameter and the
colony diameter (H/C). The isolate that showed a higher H/C ratio than
that of the control was screened and selected for further analysis and
tests. Genetic stability of the mutant with higher cellulase activity was
confirmed by Congo red staining for 9 generations. All the experiments
were carried out in triplicate repeats and calculated with statistical anal-
ysis at p < 0.01 (Duncan's multiple range test).

Tests of the cellulase activity of all bacterial samples were carried out
against various pH and temperatures. All samples were inoculated in
50 ml of LB medium and incubated at 37 °C with vigorous shaking
(120 rpm). To investigate the cellulase activity, the cured enzyme of
all bacterial samples was harvested by centrifugation at 10,000 rpm
for 15 min at 4 °C. The optimum pH of the cellulase activity was deter-
mined by incubation of the mixture containing 1% (w/v) CMC in various
buffers of pH 2.0-10.0 with suitable amounts of enzyme at 50 °C for
30 min. To determine optimal temperature, cellulase activities were
measured at different temperatures ranging from 20 to 100 °C. For in-
vestigation of the hydrolysis activity, releasing of reducing sugars was
determined by the dinitrosalicylic acid (DNS) method [13]. As cellulose
is an unbranched glucose polymer and cellulase degrades cellulose by

cleaving a glycosidic bond of glucose polymer into reducing sugar
[14], the more cellulase activity, the more the reducing sugar is released.
The unit of hydrolysis activity was defined as the amount of enzyme re-
leasing 1 mmol of reducing sugar/min. The protein concentrations of all
samples were determined using Lowry's method with bovine serum al-
bumin as the protein standard [15]. Cellulase hydrolysis activities of all
bacterial samples against biomass materials were determined using lig-
nocellulosic substrates including rice straw, corn stover and corn husk.
The hydrolysis activities were investigated by separately incubating
the crude enzyme in 5% (w/v) substrates in 50 mM citrate buffer
(pH 5.0) at 50 °C for 7 days. Then the reaction mixtures were collected
onday0, 1,3, 5 and 7. All measurements in the experiment were carried
out in triplicate determinations with standard error.

3. Results and discussion

From the mutant screening, among 1000 colonies, mutants
displaying the H/C ratio higher than that of the wild type were observed.
The mutants showed various H/C ratios from 1.05 to 3 while the H/C
ratio of the wild type was approximately only 1.45 (Table 1). The ratio
data in Table 1 were obtained from Ar-PIIl. Mutants under N-PIIIl were
not detected. This was supposed to be due to the physical fact that Ar
was nearly three times heavier than N and thus, to a cell-envelope mi-
metic target material, cellulose (CgH;00s, 1.5 g/cm?), the stopping
power of 2.5-keV Ar was about 3.4 MeV/(mg/cm?) while that of 2.5-
keV N was about 1.6 MeV/(mg/cm?), calculated from SRIM [ 16], namely,
the linear energy transfer (LET) of Ar was about twice that of N. There-
fore, at the same energy Ar should be more effective in inducing muta-
tion than N. The mutant with the highest H/C ratio in the CMC plate was
selected, as shown in Fig. 1, where the diameter of the halo of the mu-
tant was seen more than two times that of the wild type, indicating
the highest cellulose digestion capability. It was noted that most of the
selected mutants were observed from the Ar-PIII treatment with the
ion fluence of 1 x 10'® ions/cm?.

The qualified result on the enhancement of cellulose digestion capa-
bility was quantified. Figs. 2 and 3 display the results of the measured
hydrolyzed enzyme which represented the cellulase activity of the bac-
terial samples as functions of the pH value and the temperature of the
buffer, respectively. As shown in Fig. 2, an example of the cellulase activ-
ity with varied pH, the mutant obviously exhibited higher cellulase ac-
tivity than the wild type with the highest enhancement around the
neutral pH 4-6 by an increase of about 25-30%. Fig. 3, an example of
the cellulase activity with various temperatures, shows that the mutant
generally enhanced the cellulase activity over the tested temperature
range compared to the wild type. Particularly in the low and high tem-
perature ranges the enhancement was more pronounced, about 30-40%
increase.

The hydrolysis activities of the cellulase produced from the bacteria
on real cellulosic materials of rice straw, corn stover and corn husk
showed continuous increasing with the time in the activity from the

Table 1

H/C ratios of the wild type (W) and the mutants (M1-M9).
Bacterial sample H/C ratio
w 1.43 + 0.08°
M1 1.68 & 0.14"¢
M2 1.05 £ 0.09*
M3 2.71 4+ 0.18¢
M4 2.50 + 0.10¢
M5 3.12 + 0.24°
M6 2.53 4+ 0.15¢
M7 234 +0.17¢
M8 1.81 £ 0.11°
M9 1.33 £ 0.18%

Values are means 4 standard error. The letters indicate a signifi-
cant difference (p < 0.01) as determined (examined) by Duncan's
multiple range test.
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Fig. 1. Plate screening using the Congo red method to display the hydrolysis halo zone. (A) Wild type B. amyloliquefaciens. (B) Selected mutants. The hydrolysis halo zones at the central
area are marked by white dash circles. The halo diameter H is the diameter of the circle. The halo zone size indicates the hydrolysis activity. The diameter of the bacterial colony (both the
control and the mutant), C, is approximately 0.9 cm (not seen in this figure). The diameter of the plate is 9 cm.

measured reducing sugar liberated from substrates since the first day of
incubation, as shown in Fig. 4. Naturally the hydrolysis increased with
the time, but the mutant showed more significant increases in hydrolyz-
ing the biomass materials, especially on the 7th day, the last testing day.
Among the tested biomass materials, the mutant hydrolyzed the corn
husk in the highest enhancement of the capability, about 250% of an av-
erage increase compared with about 30% increase for the corn stover
and 180% increase for the rice straw. This demonstrated that the mutant
could be most effective in hydrolysis of corn husk.

To understand the biological nature involved in the PllI-induced mu-
tation responsible for the enhanced cellulase activity, gene sequencing
of the mutant was carried out. The result (not shown) demonstrated a
single point mutation occurring in CBM (Carbohydrate-binding mod-
ule) of the cellulase gene after PIII resulting in the lysine residue being
mutated into the glutamic acid residue. Since the glutamic acid residue
was a charged residue, the increased catalytic activity of the mutant was
probably due to an electrostatic change around the cellulose binding do-
main, caused by altering the positive charge side chain to the negative
charge side chain to provide higher cellulose recognition and binding
by the conformational change of the gene [17].

Mechanisms of ion-bombardment-induced mutation of biological
cells have been studied and understood as energetic ions thinning and
penetrating the cell envelope with abnormally high sputtering yields
and great projectile ranges so that they can finally interact with DNA in-
side the cell nucleus even with very low energy after energy loss in their
travel in the envelope materials to cause changes in the DNA structure

——W

Specific avtivity (U/mg protein)
7y

Fig. 2. A comparison of the cellulase activities between the wild type (W) and the mutant
(M) of B.amyloliquefaciens as a function of the pH value ranging from pH 2-10 at the buffer
temperature of 50 °C.

[1]. From this point of view, the induction of DNA changes should basi-
cally depend on the ion energy, as only higher energy is possible to re-
alize the induction, and the ion fluence as well, as the higher the
fluence, the more the sputtering caused thinning of the envelope. In
our case, although the ion energy of the PIIl was in the order of keV,
about an order lower than conventionally used tens keV energy, the
fluence of Ar ions to induce mutation was in the order of 10'® ions/
cm?. Ar ions with this fluence at ion energy of 2.5 keV could cause
about 40-nm sputtering loss of cellulose which is the main material
type of the plant cell envelope [18]. B. amyloliquefaciens is Gram positive
bacteria. The dominant material of the cell envelope of the Gram posi-
tive microorganisms is peptidoglycan, a polymer consisting of amino
acids (peptido-) and sugars (-glycans) [19], which is 30-100 nm thick
and contains many layers [20]. It is hence seen that the 2.5-keV Ar
ions with the 106 jons/cm? fluence might remove a portion of the
B. amyloliquefaciens cell envelope and a thinned envelope possibly
remained but the cell still survived and thereby the low-energy ions
could penetrate through the thin envelope to enter the cell and further
interact with DNA. The range of 2.5-keV Ar-ions was about 11 nm and
the maximum penetration depth could be up to >20 nm in peptidogly-
can (with the chemical formula of C49Hg7NgO>; [21] and a program-
estimated mass density around 1 g/cm?®) calculated by using SRIM
code [16] (though the program did not predict any sputtering), as
shown in Fig. 5. If the correction factor for abnormal penetration
depth of ions in real biological cell wall materials was taken into account
[22], the maximum penetration depth of 2.5-keV Ar ions could be pos-
sibly up to about 50 nm. The biological cell envelope is never uniform
in thickness and density over its entire structure and cells could never
all die from the ion sputtering and implantation. Moreover, even in nor-
mal biological environments, particles of approximately 2 nm can pass
through the peptidoglycan [23]. Therefore, penetration of Ar ions
through the bacterial cell envelope and interaction with DNA could
practically be possible. Our study has shown that ultra-low-energy
ions with energy as low as orders of 10-10? eV are still able to damage
DNA for potential mutation induction [24]. Also note that mutation is al-
ways a low-probability event and hence once a cell is mutated, no mat-
ter other cells are intact or dead, mutation occurs anyway. Therefore,
when the ions interact with DNA at very low energy after they lose
the energy to the envelope, they can possibly change DNA to induce
mutation. Ar ions appeared more effective than N ions on inducing mu-
tation. As argon is heavier than nitrogen and inert, this indicated that
the mutation induction was more dominated by direct interaction
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Fig. 3. A comparison of the cellulase activities between the wild type (W) and the mutant
(M) of B. amyloliquefaciens as a function of the buffer temperature ranging from 20 to
100 °C at pH 5.0.

between the ions and DNA. Certainly, in PIII, different from ion beams,
not only energetic ions exist but also other active physical agents are
present, such as radicals, electrons, X-ray and ultraviolet (UV), which
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Fig. 4. Comparisons of the hydrolysis activities, represented by the reducing sugar
collected on day 0, 1, 3, 5 and 7, between the wild type (W) and the mutant (M) of
B. amyloliquefaciens on various agricultural residuals of (a) corn husk, (b) corn stover,
and (c) rice straw.
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Fig. 5. SRIM-calculated 2.5-keV Ar ion range and depth profile in peptidoglycan.

(some even have more penetration capabilities than ions) may also
play some roles in causing changes in DNA. But, from our result their ef-
fects seemed negligible.

4. Conclusion

PIII was successfully explored as a novel biotechnology applied to
bombard bacterial B. amyloliquefaciens cells to induce mutation for en-
hancement of the cellulase activity or hydrolysis of biomass materials.
The selected mutant showed significant increases in the cellulase activ-
ity over broad ranges of the buffer pH and temperatures and the cellu-
lase hydrolysis ability against various agricultural wastes including
rice straw, corn stover and corn husk. The highest relevant enhance-
ments were achieved around the neutral pH, lower and higher temper-
atures of buffer and for corn husk. The biological mechanism was
attributed to a point mutation of the base substation in the gene to
cause the amino acid change in cellulose binding module (CBM). The
physical mechanism was related to low-energy but relatively higher
fluence ions sputtering of the cell envelope to make the ions penetrating
through the envelope to interact with DNA possible.
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