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L%ammqiiﬂwi'm”u 8.0+0.058 w4. LLazﬂszaﬂﬁmwmsaxmUwaaLWWLaﬁﬂqoq@ 209.91 lulasniuda
Y. LLaszia‘n@aauﬂs:ﬁn%mwmsmuqﬂiﬂlﬂﬁ;(Tmaw‘”uénﬂ:%é‘ﬂuamwﬁauﬂ@aaﬂuﬁu
fuznaInuIzead 72 1IUKUNITNARDILLL randomized complete block design (RCBD) WU 13
LL’ﬁviauw”uf%%aﬁmﬂm%avlaimm CasuT007 aansnaiugulialulnivasdudidenasldadied
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aatiaslaasonlod aniwAuaedraiadnmiAsaiunalnanudwmu woindnsszauuesans
lunszuruntsdiadfifivadesdunalnnisdaaiunisasydvlalasldinadia FTIR
microspectroscopy WUﬂa;NVL"UlJ”u"Hﬁ@ C-H stretching (~3,000- 2,800 cm™) ﬂéj&ﬂ"llﬂ%“ﬁﬁ@ C=0 ester
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Abstract

The objective of this study was to investigate the phosphorus solubilizing PGPR, Bacillus subtilis strain
CaSUTO007 and its role on growth promotion and induced resistance against leaf blight disease in
cassava. Therefore, this rhizobacteria was isolated and screened for antagonistic bacteria (BCA) that
has high inhibiting activity to X. axonopodis pv. manihotis, the causal agent cassava bacterial leaf
blight disease and then screen for phosphate solubilizing bacteria (PSB) that high phosphate
solubilizing activity, and then determine for the effects of rhizobacteria on the bacterial leaf blight
disease control and its mode of action under the green house condition. The results showed that 12
isolates were obtained. Among of there, isolates CaSUTO007 exhibited high antagonistic activity of X.
axonopodis pv. manihotis at 8.0£0.058 mm and showed high phosphate solubilizing activity at
concentration from 209.91 pg/ml. Bacterial leaf blight disease control was done by cassava stake
treating and spraying of CaSUT007 using the Randomized Complete Block Design (RCBD). Our
result was found that cassava treated by CaSUT007 gave the significantly lowest averaged disease
score at level 1. Analysis of biochemical composition changes in cassava tissue using FTIR
microspectroscopy, cassava treated by CaSUT007 gave the higher increase significantly of C-H
stretching (~3,000- 2,800 cm™), C=0 ester (~1,740 cm™), amide | (~1,700- 1,600 cm™), C-H
bonding, C-O stretching, polysaccharide (~1,450-1350 cm™, ~1,246 cm™ Was ~1,200-900 cm™ ), the
accumulation of these biochemical composition involve in plant defense mechanism. This result
indicated that increase content of plant biochemical composition in treated plant when compared with
healthy plant, suggesting that strain CaSUT007 might be inhibited X. axonopodis pv. manihotis
infection process might activate or suppress these elements accumulation for signaling transduction,
defense enzyme activities and cell wall construction in plant defense mechanism process. Results of
this study initial indicated that the strain CaSUTO007 could be used to reduce bacterial leaf blight

disease severity in cassava plant.

Key words : cassava, Bacillus subtilis, growth promotion, FTIR — microspectroscopy, cassava

bacterial leaf blight
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witefalsnlu'lnal (cassava leaf blight) §31891uauLFBWA vluwndsdgndudrdznasvaslan
(Fokunang et al., 2001; Owolade et al., 2005) #n3uludszinalng wuiwﬁuﬁwﬂ:%é’uﬁaunﬂﬁuf
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ngfiny fe flenstwifavlunazlansly assddrgnansly luigadaluesimivae uazvga
N I(ﬂUW”M:aTuﬁwﬂwé'dﬁdamm@iaimmaLﬁwwmﬂﬂdw 75 1Wofifud wonanit L‘%ﬂi’]ﬁ’]m@ﬂiﬂ
aananmuInda lunuvieunugle %&Lﬁaﬁwﬁauﬁufﬁﬂﬂﬂ%ﬂ mmifuvl,ﬂmmﬂwuuf ANNEINTD
lumm@m%uamaaﬁauﬁ'mfa:a@m lagazuannibalndifes 40-60 Wasidud uazrzuziiainsuan
wiaaztinivaunuiiuiznailng 7-8 Tu

nntfymainan maltaaadlumtdasnuiiae eiamlﬁmaauﬁﬂﬂwﬁmmmaaL%aa'll,%@
Tsn Bnvsgafamsazanaasa el nidusuanadainuasns atnglsianussinmsasiuinialasss
duirnnusanaunumsldmaadled wu nmswanssu msmuqﬂm%’ﬁ% (biological control) L&z
SEWauNE (integrated pests management: IPM) 1udwu G935manitefiiaudnendsausssurinanle
luiTagiiu famantniinldRmAaanudunin (induced resistance) iwiEnswitafiteldRoaansn
aﬁ’wizuugﬁ@j”uﬁ'u@maulﬁﬁmmﬁmmmiammﬁﬁwmwau%ammqiiﬂ %aé’amzﬁu (elicitor)
sanInnszguliiiaszuuaindild a1l edunidujdngd L%aqﬁuﬂ%‘ﬁﬁﬁﬂiziwﬁ wazaILad
F91AT12W @9 elicitors mdwﬁa:mmmm:ﬁumw@Tﬁumumaaﬁ’ﬂﬁﬁmiﬂi:ﬁnﬂLmuﬁwﬁﬁu
(induced systemic resistance) a4 lsfimuunuInvadna lnmssaasunaaiydulauaznnzdu
mmﬁmmuluﬁuﬁmmé’aﬁgnﬁ'nﬁ'u,ﬁiasl,ﬁ@iaéﬁu@ian'lil,ﬁ'lﬁ'lmwaol,’%?a swng laalulal 537408
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Aprrunalniiiedu Lﬁaﬁﬂﬁagama"rfzmLﬂuummﬂumiw”@uuﬁ%mnﬁaﬂmﬁu mquIiﬂ U
TRuRaRAaTasTRENznainaniassnmsitmsedde luluowan

Jagudnslfvs:lomiangfunidnanvansaiia Aigmaualunmsnszduniseiydvla
waztni AR TIAaa N unudalsane %dgauﬁﬁﬁﬂumju Bacillus daniauiAaanInazany
lasaunasinannastzneveiiunidweanas adnslaiauiinenuii lasafunidlung Bacillus
aﬁ&lﬂingugdﬂﬂiL%%@L@UI@]’IJEIGL%E]N’IL%@IW]W’H FetrulvNTaSyidulad (growth promotion)
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3.1 MsruNNTanuanIgazareadina

NUAI0819aBUTIMINNNUE1Uz®as (rhizosphere) $1%2% 50 @28879 1NIIRIA

BATITRU UAULRLILENUUANILIBUKONRITIREILTE nutrient agar INBBAINITUENAILLATLTE
azangWamNaldoIduuKa1nIILRILT8 glucose yeast extract agar NN 2 T4 (double-layered)
lapflaznau CaHPO, \ludiuliznavagTuunaia1m1s a1u35284 Katznelson and Boss (1959)
=3 & A A . . v o ' & 4 A v A A o
\WoagauuafliSuuuuia (spotinoculation) uwiain lutnafigunn Agduiaf 30 aseaifos auaz
v & o A ' A & Aa A ) o @
vufinanuniveslandnngagsevlalaiidauvaiiodetnld 3 uaz 7 Tulaslazuuuany
AN vaslaasitszaui (1) 0 faduas (2) 0-3 Aadluas (3) 3-6 AadluaT (4) 6-9 Aadiluas
Waz (5) ¥1NN31 9 FaRNAT HUNUNNTaIRsINLEaIANNNTI9v8929]7520L 6-9 HadluaTuas

YNNI 9 FaFNAT LNDNINARBIVLES 11

3.2 N135usINLAEnsuaNansalwnsialimialsauasdanuaiiiss Xanthomonas
axonopodis pv. manihotis salsalulusisndrilenas
ﬁ'm'lii'smwL%al,mﬂﬁﬁfﬂmL%@Iiﬂiuvlwﬁu"’uﬁﬁﬂmé’dﬁmumimaauaaﬂmLLazﬁﬁad’ﬂ
Gemmguiniasfianslsafizuacialuenaiis avindumaluladgsud lagvnsdaiionise
mm@ﬂmlu"l,%ﬁﬁuﬁmmé’aﬁl,ﬁu@Taashammnﬁ’wi‘ﬂuﬂﬁwﬁm 1w 15 laloian undwen
anumansalumsneliifalsareurinnsmanssnssi laginlalaiaor luidesluonmisivas nutrient
broth (NB) 3181013 100 Uaf&aa T vugaiduian 72 $alug unaiaswgnnuEy 150 saumfi A
amannlvias ﬂ%’ummmﬂjumadmaﬂﬁﬁmmm‘fu‘iwaaL%awhﬁ'u 1x108 cfu/ml I@Ui’@mmig}@ﬂﬁu
LLmﬁ?EJLﬂ%iad spectrophotometer ‘ﬁﬂ?’]wm’mﬁu 600 wluiuas liddn Optical density (O.D.) Wiy
0.2 mmfuﬁﬂmiﬂQm%au@iaz"lﬂmmLﬂ%'smLﬁyuﬁ'umsu?%'muQuﬁaﬁwnﬁuﬁaﬁwL%a AIUWLUNY
ﬁﬂﬂ:%é’dﬁuﬁféamm 284 72mﬂiful,ﬁm°"aashm@aauluna’aa%uﬂwﬁqm%gﬁﬁm 1A8ILRUNNT
NARBILUY completely randomized design (CRD) $1w2t 3 51 wazvimIdszduanuguusiveslan
ﬁé’dﬂgm,%a“qm”u Wwiaan 5 % I@]m”mnmm”ummgmwwaﬂmmm:ﬁu 0 f19 4 lagfiszau
azuuw 0 aalidsingerns, azuuu 1 Aedudlufiluunaionnin 25%, azuun 2 Aenuilufidu
WHATEWING 26-50%, Azt 3 AaNWALUTLTWLNATEWING 51-75% Uazazunn 4 AoRuiluiduuns
WNNTT 75% Wisuiisunuiuiluninuaveslusuddznss edanainluiuddenainaas
81M284l3n ﬁwmsl,mm%amm@ﬂiﬂﬁ'nﬂ% annlusiudlsnas (re - isolation) fiugasannsvaslsn
gumu‘ﬁ'q@ W&21AIN1T cross streak U 81%15 NAa ntiuneaatdanlaladiden
(single colony) LLﬁaﬁwmﬂgm%a Wi ﬂﬁl,’%'slmm@Imﬁl,mﬂvlﬁawulu Tudrdenaizalng
(re - inoculation) aﬂﬂﬁzdm&lﬂgmiﬂq%ﬂmmad Koch (Koch’s postulation) mnifuﬁ’n%aﬁuﬂﬂvlﬁm
streak U817 nutrient agar (NA) Lﬁ'aLﬁ'uﬂ%mmﬁamyw“’ufu’%qﬂﬁvlaismam;umaﬁq@ (aggressive
strain) WavnM3 AU uazAnunluduaaude’ly (Gassal Lﬁaqmuua:ﬂmz, 2549)
3.3 miﬁ'mﬁanqﬁuw‘%ﬁﬁﬁﬂs:aﬂ%mwa:mﬂﬁm\laamlm LL&I:S]"LIi%ﬂ'lilﬁ]%iyiladl%ﬂtmﬂﬁl‘%ﬂ
X. axonopodis pv. manihotis ﬁ'lmtﬁﬂiﬂinlﬁﬁﬁ%ﬁﬁﬂ:%é’d
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ﬁﬁﬁ;ﬁuﬂ%‘mnﬁaﬁ 3.1 NWRAIANNNTIVDINIIRITLAL 6-9 VaRLNATLATNINAIN 9 NARLNAT
o oA v A aecda A A A o A wa o X A A e
wnaaianlildafunidniidininwazaofunemna lusniwiesd Jidn1sasit inzafunidga
RINNTDAZANEAZNE% CaHPO, adlkh 81W1TLABLTaLHA Pikovskaya NilAuWaaWaaasn 0.0000
0.2500 0.5000 0.7500 L&z 1.0000 N3N A881W15 100 Jafaas pH 6.5 NUURLITauLATSY Lay
fruwaliUTuraeasdsia Ny 1 x 10° LTasdadafanIT0I819N5LRILT0 AT1931A TR
o { A A & Aada a
WaaWasanararwaanuilasifues Watanabe and Olsen (1965) Gaiduitiiaszin1dsum
WagWasanazaoiin lalaunsyinlitiadaionsanasnaOnNszusianty 3, 7 waz 14 7% wWisuifisy
NANITNARBITENINIBIAIITLALILAZ LN R U T BUUATIS Y AN AU aNAALRaNLEY b RITRY S
WaudadusiNaninaasddaty
3.3.2 nsAatdanyanwn3dnilszansnnduginswiyvessauuaiii3e X. axonopodis
. . Y o o [
pv. manihotis mmqu‘lnlmmumﬂwaa
& Aaa Aa & .
nm’mLmal,mﬂ“nLimuﬂiﬂwum:ga Bacillus 391NNNINARDY 3.3.1 1ILRWANITNARBILLY
completely randomized design (CRD) §143% 4 1 €az 3 petri dish anuwihiBauuafisaainglin

o

Tu'ln ﬁﬁ’um'ﬂ:‘ﬁﬁ’a"l,aiﬁma@lgumaﬁmumsw@aaummmmmsl,umiriaiiﬂ INTD 3.2 WaTLTo

A Aa

wuafiBendUsslomisinas sdsnsniwudalolaaalua1misiwad nutrient broth (NB) U510
20 in5803 UnLATEILEN 150 san/mfl 1uiian 24 Tl ﬂ%’ummwmjummmaﬁﬁmm BNINAT
600 w1 luluasaa1a384 spectrophotometer 1%iid1 0.D. ARy 0.2 AT T wTasUszunm
1x10° cfu/ml 31ntiuld micropipette QARITULIURBY (Suspension) L%aLLUﬂﬁL’%ﬂmmg}I‘sﬂlu"l%ﬁﬁu
éhﬂ:vsﬁ'ﬂaimamgmmﬁL@?Umvl'fﬂ%mm 1 ﬁaﬁﬁmwauaﬂummﬁmiﬁ;mm‘s NA 'ﬁ'%aauqmﬁgﬁ
Uszanm 45 asmaaifoatsunas 20 dadaas nawliidniuuaznasluanuamisiasagefriumsan
\Houd salwenmsudsd (pour plate method) 9MNHWIINT=ANHNTBINTOILLDT 1 (paper disc: VWA
W wgudnag 5 Jadluas) AIUHINUBIRIILEDIED NA &2 1% micropipette AAFITUIUADY
(suspension) vasuuailisuffiuslamd Bacillus sp. Masonligredudsunas 10 lulasdamoasiusn
nsEeNNIEILaY 1 fiausiniga LL@Tmm%a‘HﬁqnmgﬁﬁaaLﬂunm 48 F1lug iNN13ATIFELLSI
& (clear inhibition zone) 'iammuﬂi:mwwé“aﬂgm,%a (Aa2330h L%QHEQLLRZQRLZ, 2549) WSyufisy
AIUNTIBILS ML SIsaNN1TIsEs R edaldeniouu TS f SU s Tl lalsaand
ﬂs:f?m%mwgdq@sl,umiﬂ'uEF@L%aLLUﬂﬁﬁ"ﬂmm@ﬂ’miu%ﬁﬁuaﬁﬂmé’a iednmluanwiEounaaas
o'l

UIIMEVHS (NAANAT) =  ANUNTHUTRHUEINING - anunevedlalail
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3.4 @nmnalnnsnszduanamuniuealialulndvassindrznasnuiia PGPR B. subtilis
a181K3 CaSUT007
° ¥y ¥ o o & a &a L o &,

TWUKUMINARBILUL CRD $1W3% 4 61 F1az 10 d a9lh nIaluudn 1 udviauwuinan
ﬂgmm:ﬁ@WuLﬁamq 4 gUee 8L TauuANLSy PGPR B. subtilis mﬂﬁ'uif CaSUT007a NN VT
1x 10° cfu/ml NIAUUGT 2 uBriauwusnaudgnuazianuiiianiy 4 dlarwdruasiad benomyl

a &a L o & A ' A o ¢ v . . . v @

nIANuAN 3 usveunuineudgnuazdanmilenty 4 dlenvidroas salicylic acid auduTn

2.5 MM N3aLNuanN 4 aawWunilaany 4 FUa1WeI UL BanuANLSy PGPR B. subtilis maw”uﬁ:



CaSUT007 AaduTH 1x 10° cfu/ml NaLuuan 5 ﬁfWWuLﬁ'amq 4 glarveruar8aTLAl
benomyl N3ALUKAT 6 ﬁﬂWuLﬁamq 4 gdaraas salicylic acid AMNLNT® 2.5 mM N3Ia
LUWAR 7 Sanusieiin uganiugu

WAIINAANUAIBRITNITGU (elicitors) Lﬁlaa’lth 4 gUawt awnfuﬁwnwsﬂgm%ammq
Lsalylndduddenas luglvasmsusiusesadaianuidutu 1x 10° spore/ml unly m 3 F1919a0
A8 0, 7 uaz 14 4 WAIINNIZGU elicitors THAA1I9 nnimlfuezuuumsiialsa (disease
scores) laglwazunuszaumsiialsaidu 5 suau de 0= ludslingasannis, 1= Aaunatasnin
25%2aaNuAlY, 1= 1iaUNA 25-50% asuiily, 3= Aaunaunnnin 50-75%asiuiily, 4= Aauna
NINNN 75% BaIWIRLNAINNIAAUGT 7 naminasasfildundensilasldldsunsuiinmesd
9afia SPSS for Windows V.14.0 wazidSauifinusniadsssninamsaiwudlag3in192e9 Duncan's
Multiple Range Test (DMRT)

3.5 @nvimsilasnudasandaivasaragssinarlenasnrsmnaina FTIR
microspectroscopy S2INNUNN511 multivariate data analysis LU principle component analysis
lLaz Hierarchical Cluster Analysis (HCA)

a 6 o 1 4
3.5.1 nM1TIATviaratelaalniaIas FTIR spectroscope

iaragiiaioNfita3ana1nn13vii cryosection It lduuialszanm 10 tm 2198904 IR
Slide anuuin lvinlwaragrauislu vaccum desicator Luaa 2 34 fawhluFieszianimeaiia

FTIR microspectroscopy f186192:¥NTIATZANFANUWIBURITUIATATAN (2IANITURITH) Lae

dda o

lﬁm%iad IR spectrometer (Tensor 27, Bruker optic) NNUILUVUAIIIIALU Y Mercury Cadmium
Telluride (MCT) ﬁ’]Nﬂinf@ﬂﬂigﬂﬂﬁuLLﬁdauWiﬂL‘i@vl,@%/@%LL@i“ﬁ’J\‘i 700-4000 cm™ MMARIUAATNIZIA
WLUROWNSLUATLUL§0INIY TANAT resolution 6 cm™, scan 64 lasldlUsunsa OPUS 6.6
(Bruker optic, German) (Manrique and Lajolo, 2004; Kenneth and Lawrence, 2005; Dokken and
Davis, 2007)

3.5.2 N13711 Data pretreatment HAZN1ILATIENNaDALAsIS Multivariate data
analysis

sansuilaasinun/iunszuIns Pretreatment lagn13vin second derivative Waz vector
normalize WUU S-Golay 3 polynomial 7 9 pt NIWIINNIATIERNIaAlasn13Yin Multivariate
data analysis LU U Principle component analysis (PCA), laoldlysunsy The Unscrambler 9.7,
CAMO

3.5.3 NMIATENN9EDALALAS Hierachical Cluster Analysis (HCA)

fFnsumsiensiaaiailafessriimyiessiaaslsunsy Cytospec Fadwldsunsy
NI IRIUINUNI9AT% IR Imaging analysis 1@ &IN1TAYINNNT Pretreatment fagam 296028874
LﬁaLﬁaLﬁaa@ﬂ@ ®121NN1ILNG artifact 6149 L7 % mie scattering, dispersion artifacts, slopping
baselines, poor quality spectra %é’ammfuiagaﬁvl,@ﬁzﬁwmmumzmums Pretreatment lagn13vin
second derivative L& vector normalize 91N1W3LAT12H HCA LUL Ward Algorithm @suai leazld
iagalua”ﬂwm:ma\‘lﬂmmmﬂ@mmﬂm?ﬁﬂuLaqamaa@?’aammﬁmﬁa fanAunaNNIANNLANENITD
é’ﬂﬁmzmmi@@ﬂﬁuum wazndilanmnlunissasiuunanuuandvessiaasy lagazuaas

é’ﬂwmyﬁa;ﬂaluuuu color coded NUANANINL
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3.1 MsPUrNBatuaiEsazatsWasne

AMNNIALABENABUS I UIINUBE1UZHRAY (thizosphere) 31%7% 50 A18E19 3INTINIA
WATTITENN UAALBBILNULUATISUUENMITIAESLT8 nutrient agar RBLENMILLATISD Rz BN FING
wunmwnsausnideuvaiiieldvisnue 177 lolman uazwuinlalafideuued3oidativle 3 uaz 7
4 3wu 12 laloae Jewevssanunisvensla lasldasuuuainanuniisvesisla (clear
zone) 32611 6-9 FaALNATUAZNINNGN 9 Tafiwas asuaasluasned 1 HuTuuEeldsfiugas

AMNNIGY am\ﬂa LNENINARDIT LG avl,ﬂ

AN 1 IWIAVBIANNNIVBI LRV ITBLLATIS YAz A WarWANLEN leaNa a8 19A LS I

NNABEUzAad
uuafiiselaloaa awaanuniesla wuafiselaloae  aweanunitsweadls
(W) @)
CaSuUT002 8.1 CaSUT0057 8.4
CaSuUT007 9.2 CaSUT069 6.6
CaSUT008 8.7 CaSUTO075 7.8
CaSuUT034 6.5 CaSuT097 7.2
CaSuUTO038 7.3 CaSuT101 8.3
CaSuT044 6.8 CaSuUT168 9.1

3.2 N133UTINRAERIRANEINIT IBAITNalRNAlIAYaITalLANIISY X. axonopodis pv.
manihotis awmalsaluludandizva

wngauuafiise X. axonopodis pv. manihotis 8 lsalulnaiiud1znas fiknunimasenlse
wazifaduifeanginieslfidnislsadsuazdiluanaiis uniavinaluladguii laode

Aa o ' Y o o o A o a A s ¢ A = o '
BUATHSHAINE wonlaanauiUsnainuaadatnsiu nd unafndondnin SoAuTIuTING8819

A 4 o o a o A Ao A A A A '

lsamnnndundgnludiniauasnadun Swau 15 lalasadliansnzvedlalail Aindeauniasdan

a A o o P = a A o ' v a a
vaulFoy yu A2l anwaznaw wdandy (nwd 4.1) iduduanusanialunianalwifialadn
avstaunIiinIInaaasaieis wududauuafifennlelowasmaisanaldifaanislulnduns
A A Y o o o o &, Y . & o &
awdpndhuuluduidzndaiusdanue szoas 7216 laswuamsdiihmasandgniedszanm 18
g Mnuwifaura rdrwaEnuImuns (i 1) iWedszfinanuuusizatainmasiiazd
Unnguulududdenas nasvimadanide 1, 2 uaz 3 T4 wudwuafiSoudazlolananaliifa
anuuunvasansazamlulwiiandanueinsfidbidn lavlaloan Xam11 Hanusansnlu
msﬁaiﬁﬁ@km‘gumaﬁq@ mmsm%’ammLﬁuéi'nwm:mmsmaﬂiﬂﬁal,l,@ii'umﬂﬁé’ami'ﬂgm%a laad
azuuumMaialinuiniazgIgada 4.15 Azuun (77 2) AIwINMINAaeIdsldrimAaidaniae
wuAfli3a X. axonopodis pv. manihotis lalwiaa Xam11 Nfanusuusgsgaidudiunulunsdnsdu
da'ld
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M2 wansbuduanuannsalunisnalsavasi@auuafiiss X. axonopodis pv. manihotis

awnglanlulnaduduznas

mstnalsalulusl
Tolman AZLWIBNT 33zANNlSALEAIBNNNIHAIDNN
tnalsa? ﬂgﬂt"fﬂﬁ%‘lﬂ@ﬂﬁﬂ (Tw)

laloian Xam1 3.85a" 1
loloiaa Xam2 3.33c 1
loloiaa Xam3 1.33e 3
loloiaa Xama 1.31e 3
lolaiaa Xams 1.33e 3
loloiaa Xamé6 2.04d 2
loloaa Xam?7 1.32e 3
loloiaa Xams 2.05d 2
loloaa Xamo 3.68b 1
laloiaa Xam10 1.36e 3
laloaa Xam11 4.15a 1
lolomiaa Xam12 3.39c 1
loloiaa Xam13 3.47¢c 1
loloiaa Xam14 3.25¢ 1
loloiaa Xam15 3.33c 1
Control (ﬁmé:w&hl,%a) 0 -

F-test >

CV (%) 12.11

]
Aa A

1 a A ) o A o sL . o m/l' VA ' a I A < o
ANARUNAUAIDDNBILAL oUW ULARZABANYE M A ANNULANA NN IRRA NITAVAINNLTONY 95%

P<0.05 la3% DMRT

U e o QI o de. . dd’i’dldq o .
szauazunumialia szauazuun 0 Aa lidsngains, azuun 1 Aadunluimduunaiosnin
25%, AU 2 AaNUN UMD ULHATZAING 26-50%, Azt 3 AaNuNluNLdwiNaszRiNg 51-

75% WarAziu 4 AW UM TULNANINATT 75% Lol unounuUN A luNInua



1

i 1 usassnemzlalafiuedisia X. axonopodis pv. manihotis awwglialulwaiiuduznas
. a o a A A A 1 a a a
U813 nutrient agar (NA) lasfiansuzaaslalail finiasnfosden veuiSoy wu A

ansaenay tullanudy

[

~ ' & A a . . .
NN 2 LLE"(@I{'INﬂﬂqiﬂﬂaaUﬂqsﬂaISQﬁla\‘]L"]jaLLﬁJﬂ'ﬂLifJ X. axonopodis pv. manihotis ﬁ"ILW@JISﬂIU

Tndaiuddznas uuﬁuﬁwﬂ:%é’ow“ufdauua 289 72
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a a gda

ﬂa = a a a s an a A:l” a A
3.3 myAalianmawn3gnadszansnwazarsiwaaila uazduginisiyvasiauuaiilse
X. axonopodis pv. manihotis mmq‘[m’ln”lm?ﬁuﬁnﬂmé‘a
3.31 msﬁ'@\L§anq%un%si‘ﬁﬁﬂsz%n%mwazmﬁﬁuﬂamﬂm
ﬁﬁﬁ;ﬁ%ﬂ%ﬁﬁﬂﬂ“ﬁaﬁ 3.1 NWRAIANNNTVDINIIRITLAL 6-9 VaALNATLATNINATN 9 NARLNAT
o A v A A eda a A A o A wa L A A
mﬂmaaﬂlﬂﬂqaumﬂmﬂi:aﬂﬁmwa:mwu%lamﬂm luamwmaﬂgwmi WUINUIUI
Wamwafiazarwagluaniniad (culture filtrate) MendInsidsasauuafiioudas laloaluoimis
nagay tuan 7 Tu wuuuafiiSelalane CasuT007 aansnazansvemnalaginga lasusunm
NogwWasanazaiunl o 209.91 lulasniudadadans 09898108 balaiae CaSUTO08 was
4 - “ 4 v e . omoan s
CaSUT168 GawulSinmnaawasanazaioii e 194.78 uaz 191.26 lulainiudaiadday aud oy

s ' A A ' oA e o aa 4:'
Gﬁdig\‘iﬂ’ﬂLLUﬂVlLi&IvlaIﬁma@auG] RN RNEY uﬂﬁ’]ﬂfy'ﬂ’maﬂ@] (@]’]Sq\‘l'ﬂ 3)

P a A i . o kg & A a '
AN 3 l]ilﬂm‘v‘lﬂﬁLW@]“ﬂﬂZﬂ']Uﬂ%Iuﬁ'ﬁﬂ?a\? (culture filtrate) NYRB/INTIILRLILDBLLANLILLUARE

lalaaaluavimasay tuwan 7 4

wuaniselaloan Paarlasinafiazarelu culture filtrate (ug P mL") *
CaSuT002 110.21e
CaSuT007 209.91a
CaSuUT008 194.78a
CaSuUT034 124.32d
CaSuUTO038 132.65¢
CaSuT044 117.21d
CaSuUT0057 129.36¢cd
CaSuUT069 154.75b
CaSuT075 116.30d
CaSuT097 182.10ab
CaSuT101 157.85b
CaSuUT168 191.26a

F-test b

CV (%) 14.10

a { v g 1 A a {
* 1Sunasnanazans levastanuanisoudaz laloaa GeauaanandSuianasnan
szantluze muquitliimuisadaunafiiela g Sduaduwininy 109.2 mg P L
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3.3.2 miﬁ'mLﬁamﬁuﬂ%ﬁﬁﬁﬂszﬁﬂ%mw {fm‘f\mﬁtﬁmumaoﬁ;mmﬂﬁﬁﬂ X. axonopodis pv.
manihotis auwalsaluludandizvas
HavaInIRALAan sz AN S wIdanuaTiS oA s Ted Bacilus sp. viswwa 12 loloaa lu
mi{]"usfamnﬁzymau%auuaﬁﬁ'a X. axonopodis pv. manihotis s1qlaalylnafiudznas lals
1a@ Xam11 #1855 paper disc diffusion WU wasMILNBasIuRwminaa 48 $1lus Wauuefisof
fivseTowed Bacillus sp. vionaa 12 leloiaa duszansawlumsdudinisieiyvesdaunafie X.
axonopodis pv. manihotis s lialulwiiuduznas laloiaa Xam11 1ot FouvafiZendus:lomy
Bacillus sp. lalaoiaa CaSUT007 ﬁu’%nmﬁ'uﬂzamﬁlﬂgaqﬂwhﬁu 8.0£0.058 AaAluaT (A13197 4)
Gt sinmseadanidanuaiSofdus:lomil Bacilus sp. lalaian CasuT007 Aflanuniia

a s ﬂq/’ = a t:ll &) et =S QQ: 1
UIN MV LILAZTANNFINITORZAUABNIRING Lﬂatlfﬁd q@] Wuan LLY]%I%TTW?IT] HITUG BVIJJ

a A A & AAa Aa & 3 o & a
M199N 4 ﬂi:ﬁ‘ﬂﬁﬂ'lW‘lla%’ﬁaLLuﬂﬂLiﬁﬂuﬂi‘;’Iﬂ"ﬂu Bacillus Sp. luﬂ'lif_l‘umﬂ’]iﬁ]imvmad

a

\a X. axonopodis pv. manihotis siwalialunidliiudlznas leloaa Xam11 62035

Paper disc diffusion

nuaiiiselalaan USmEuss (mm.)"
CaSuT002 7.5+0.032
CaSuT007 8.0+0.058
CaSuUT008 6.0£0.080
CaSuUT034 7.0£0.061
CaSuUT038 8.0+£0.006
CaSuUT044 7.5+£0.032
CaSuT0057 7.0+0.058
CaSuUT069 6.0+0.080
CaSuT075 7.0+0.061
CaSuT097 8.0+0.006
CaSuT101 7.5+0.032
CaSuUT168 7.0£0.058

VySnmgugs (@afwaT) = (ANUnTeLTnatugInInta-anunsvadlalait)2
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a a v v 1 v L% o o Y t:iy
3.4 ﬁnmﬂszaﬂﬁmwmsniz@;umwmumumafswﬂﬂﬁNmmuumﬂwaamﬂwja PGPR B.
subtilis §18Wg CaSUT007

¢ a Aa 3 2 o v & .
nmabauuafisanddszlopt Bacilus sp. lalaiaa deiianuaaunsalumsgugenmsiaia
Va9 TauuAfii3 X. axonopodis pv. manihotis &g lalulwidiiinduznasuazianumaninazans
AunasWalafugIga unasaudszaninwminiugulialyndvesduiuznasluzauiSeunanas
WNUIINITNATN 1 ﬁﬁuﬂi'ﬁauﬁ'uijﬁauﬂgmm:ﬁ@ﬂmﬁamq 4 §lanvieluBanuafiisy PGPR B.
subtilis mﬂw”uﬁf CaSUTO007a N Na% 1x 108 cfu/ml wazn3INITN 4 LLﬁﬁﬂ%W”%ijﬁauﬂgmLm%Wu
Lﬁamsq 4 glaRal8@aLUATILSy PGPR B. subtilis mﬂw”uﬁ: CaSUT007a NN XY 1x 108 cfu/ml &
mﬁufﬁviauw”uﬁ:ﬁauﬂgnuazﬁ@ﬂmﬁamﬂq 4 §UANRA 8L TakUATILSY PGPR B. subtilis awﬁ'uﬁ:
CaSUT007anudugn 1x 10° cfuml wudaaunsaaiugumafialialulwizasiudlindsvasled
UseAnFnwganga Ixﬂﬂﬁs:d‘umﬁmmmmaﬂiﬂluvlﬁﬁﬂ‘ué'lﬂmé’a WD 1 N9&aINIINAD (079N

A a A a ' ' ) ' R Aaa o ad A Aa o L
5) SadllszAnTnwlduandrennedeiivesayneadanunyinisg 2 mmimuqﬂmmmmmu
o 6. a ' A % & o a & a & aad Aa '
Wuseulanuazdanuiiionny 4 slveusTaiaalilaseandnas 136 waznIINITN 3 NUNTUT
' o &, a ' A o I3 . . . v o A o

riawnugnaunlanuazdanuiiioay 4 §la1vians salicylic acid ANNTNTY 2.5 mM lagdszauainy

v o o . @ & aa A ' ' o o Aa o
guu,‘swaﬂiﬂsl,uvl%uuumﬂwm Wi 1 N98aInIINIT denandvaddnudraunieaiany

and) o8 o A ' ¥ ' ' Aa Yo o o v & o o

nadsnldinauiesinge wohlisunaugumufalialulwiinddenasld Gl szduainu

guujwaakaim%ﬁﬁuﬁwﬂmé’a Wi 4 (@13797 5)

M13199 5 i:@i"uﬂmm;mmkﬂluvl%ﬁmaau”uﬁ'mwé‘uﬁani:@juﬂ'smﬁ'lumuﬁwL%a PGPR B.
subtilis FNEWUT CaSUTO07

nIINID LA mw;mwafsﬂ’lu
v > o %
Twaluassindrznas

(disease score)

nITNADTN 1 : LL°ﬁ°n'auw”ufﬁauﬂgmm:ﬁ@ﬂmﬁamq 4 gL TanuANLsY 1
PGPR B. subtilis mgw‘”uﬁj CaSUT007a NN D% 1% 108 cfu/ml
AadA o a 6 1 = 1 A a 6 v a 6
NI 2 : usviewusraulanuazdanuiiioany 4 dlanvdiomsiadneiilet 1
a 6
aandaaalsa
add L o &, a ' A % & o . .
NI 3 : wivauwusieulanuazdanuiiioans 4 dlanvidruans salicylic 1
acid AN NTY 2.5 mM
n3sN3sN 4 : ﬁ@WuLﬁamq 4 §lanviensLTanuafitsy PGPR B. subtilis 818 1
WuT CaSUT007 Aandudu 1x 10° cfu/ml
add a ' A o Iz o P & a &
NIINIEA 5 : danuliloany 4 fUararualasninalilaseandane ba 2
n3AtN 6 : danuilianny 4 dlandruans salicylic acid ANITNTY 2.5 mM 1
N33835N 7 : danualeIin 4

(EQUIVTE inausidssiliuazunumsiialsn (disease scores) laglinzuuuszaunmsiialsadu 5
AUAU Ao 0= TUNTLNLRAIBNMT, 1= LNALNARAINTI25%VBINWN b, 2= LAALNA 25-50% UDINWA

11, 3= LAAWNANINNTT 50-75%VINUALL, 4= LAAWNANINATT 75% VDITIWIBLNAIINITNIDN 7
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a ¥ =) = o 1 C%] o o Y a
3.5 Anvanaidfswudasaudadivesnlogeinsdrlenainrginaia FTIR spectroscopy
INNUN1INN multivariate data analysis LU principle component analysis tta& Hierarchical
Cluster Analysis (HCA)
o o ' A A A A o o . @
dladnaiialliaNaNiaIuuannIs¥in cryosection M laumasszanm 10 lulasiuas 119ad
U IR Slide  9nwisiin luvinldaraenaustslu vaccum desicator tuinan 2 14 nauih lUiieneriens

Waka FTIR microspectroscopy AILEAITIEAZLAEATIIES

Plant tissue were harvested

/

placed in saline-buffered 10% formalin solution for 12 h (formaline 1)

/

placed in saline-buffered 10% formalin solution for 12 h (formaline 2)

y

dehydrated in 100% ethanol for 12 h (EtOH 1)

dehydrated in 100% ethanol for 12 h (EtOH 2)

/

placed in Collodion solution solution (Fluka)for 24 h

/

Tissues were embedded in paraffin wax

left for 3 days in molten paraffin to allow full infiliration of the biological
fissue

MNNIANBINTREFUVDIAN T WNITZUINNNTT ANV s wEmsnasNiNITasnuna bnng
' a a a o P . oA o & Aa Aa &
sassumaaiaidulalasldinafia FTIR microspectroscopy wuitlaltizauuadiiieniys: lamiae
WuT CasuUT007 Awsnldunanudaslgnduddenasfidnonwgalunsdasiumaasyiavlavasdn
Audenaalad naluanuuizranssaaiunsiantaiiaunus uLazdIaTuNITATYTAITTULTIN
. o . s . L X e - o
uazfIAuaINA wananinan1Inanaswudl FT-IR mansndsiiuiunmnglasuazdiano lipid &
a tdl J A = = 1 tdq‘d L > s ' a a a v
USunafigedu Sesnsuadmarilienuduiusiunssasianmaeiyifvlauaznizuiunisaing
goslunvadnrradiudtznad asuaadlunind 3 — 4 laglunssudsninsldiBenuaiisons
o A A A o o o A & A
Uszlomstanawig CasuUT007 azlinsszanvaisslunszuiunsfiafvesuiudUsnannugsdu 1iie
a a o aady o < & & A ' o )
wWisuifisudunssndsaldiinauiiseinge (1w 3) lavawizlunguvesladu C-H stretching
(~3,000- 2,800 cm™) ﬂﬁjwadvlw‘”u C=0 ester (~1,740 cm™) Ngy amide | (~1,700- 1,600 cm™) N§u
2891310 laLasa C-H bonding, C-O stretching W&z polysaccharide (~1,450-1350 cm™, ~1,246 cm™

WAE ~1,200-900 cm™' ANE1AL) (A3 6)
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a)

Control

0.003 — Treated

Normalized absorbance
o
o
o
?
>
S

1800 1600 1400 1200 1000
Wavenumber (cm-1)

b)

0.006]
0.004] | |
0.002] Al (.
0000 (|} J " WAV A LY VA
o2 1693 11 Y

10,0041 1648 |

Normalized absorbance

-0.006+ 1621 1078

1800 1600 1400 1200 1000
Wavenumber (cm-1)

a ' o o ' o o o adda o & Aa da & o &

2NN 3 LLa@ldﬂ’laLﬂﬂ@liﬂﬂlE]\‘l(v’l’aElEI'N&I‘LLEI’]‘]J:‘V\mﬂﬁulﬁﬂuﬂ’ﬁl‘ﬁmaLLUﬂY]LiEIYISJﬂS:IEI%%mEIWWD;
= = =) L 3 o s lal g 4

CaSuT007 (treated) YTUNINIRNSRUY E]\‘iaﬁﬂuﬂizU’JuﬂﬂT’]j’JLﬂNmaduuaﬂﬂ:ﬂauwwizdmu Lﬁﬂ

WisufisununITuA ST nauitiainga (control)
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a) c)
0008,  Control 0.014 Control
0.006] 0012}
0.004] 0010]
0.008]
0.002]
-, 0.006]
g o0 2 0.004
-0.0027 0.002]
-0.004] 0.000]
-0.006] -0.002]
-0.008] 0,004
0010l -0.006]
ooz ‘ ‘ ! ‘ ‘ -0.008 . . . . . . :
Y Y Py Py e 10 0015 0010 -0005 0000 0005 0010 0015 0020
pCI PC1
b) d)
020 1729 1064 03] 1621
0.154 1099
0.10- 1587 0.2
2 OAO&i 1645 1646
© 1 0.1
3 000
-0.05 2 ool
] 1340 e
010 1517 1448 1022
015 12011043 0.1 1149 998
020 1078 1076 104p
1800 1600 1400 1200 1000 1800 1600 1400 1200 000
Wavenumber (cm-1) Wavenumber (cm-1)

A i o ' o o @ adda o & AAd Aa &
ATNN 4 LLead PCA anaIyS|s PYDINIDLNIN WY Z‘Viﬂ\‘lﬂii“')ﬁﬂ&lﬂ'ﬁl"ﬁ LDaLuUaN Liﬂﬂ“ﬂiziﬁl’ﬁuﬁn H|
[-%] = o L= QI J 4
WuE CaSUT007 (treated) azdimiazauvasmslunszuiuntsfuadvesiuddenaninugiln (e

a a o aady o < A &
L‘IJSEHJ N UUﬂUﬂSiN?ﬁﬂl“ﬁuqﬂﬂuuﬁmq L8 (control)
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~ ' aa a v @ i A A A
M1319%1 6 LLRAIAN IR spectra NUANULNLIVBINURIT functional groups luiitaLtiadie

Frequency range

Functional groups

(em™)

1730 C=0 ester from lignin and hemicellulose/Pectin

1650 Amide | band (C=0 Stretch (80%), C-N stretch (10%), N-H
bending (10%)

1550 Amide Il (N-H bend (60%), C-N stretch (40%)

1510 C=C aromatic ring from lignin

1450 Asymmetric CH, and CH; bending from lipids, protein, lignin

1370 Symmetric CH, and CH; bending from lipids, protein, lignin

1246 C-O Stretching from hemicelluloses and lignin

1200-1000 Mainly C-O-C of polysaccharides; very complex and depends
uponcontributions from polysaccharides, cellulose,
hemicellulose, and pectins

1105 C-0O-C glycosidic ether mainly hemicellulose

1155 C-C ring cellulose

1022,1047,1080

C-C, C-O Stretching from carbohydrates
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ayduazivnsaluamsnaaas

AMNNIALABENABUS I UIINUBE1UZHRAY (thizosphere) 31%7% 50 A18E19 3INTINIA
WATTITHUT UAULRLILENUUATILIDUBOIMITLALILDD nutrient agar WNaLENRILUANISEaza 18 WaaING
wuhaansauenganuafiselandvue 177 lelmaa wazwuinlalafiibauuafisulavyle 3 uas 7
4 3w 12 loloae Sewievesanunievessls lagldazuuuainanuniisvessls seau 6-9
URBLUATUAZUINNTN 9 UARLNGT

\Tauuafil3u X. axonopodis pv. manihotis awaglalulwiiiiudlenas Aflansuzvaslaladl &
A A ' a a s s =1 ‘;/ 1 t§’ a A
whaaniasdeu vauiToy yu Al ansoenan wlendy woidauuafiieynlelomasuin
dalifinamslulwiunadwdsudiiuulusiudznawuidauus szoas 72 1o laswuamadin
wasnUaniedszunm 18 $alus MntuAaunslniawaidnuinauns wwafisslalman Xam11
ﬁmmmmmlumiﬁa‘l,ﬁl,ﬁﬂkﬂgw,mﬁq@ RNIDFINALAUANHULOINTVDILIAAILATUUINAR
nmIdgnige lasdazuuunisiialinuiiazgigada 4.15 azuuu asnuanmImanasdsldninig
AALdaNLTawLATLSY X axonopodis pv. manihotis ba lalas Xam11 nauTwUIIgIgaLduen wnulu
= <
mIdAnsTuaa b
A o A A Acda A A A o & a &
uwaztilorinmsdaianadaunidndussaninwazasAunesiie uazdudinisiaigvadiie
wuAfliSy X. axonopodis pv. manihotis siwalaalulnaiduiuznss wuunafiiolalana casutoo?
sanInazmenemnalaginge lasdSanmwasnadafiazanoin da 209.91 lulasniudedadias ua
vaimsnaliandszintamwiseuuafiSoniyszlowyl Bacilus sp. naviua 12 lalalaa lunsguginns
\winvaddauuafii3u X. axonopodis pv. manihotis swglsalulwaliiudmuznas laloaa Xam11 dau
aa i . i ' o ' & o o o & Aa Aa &
3% paper disc diffusion WU31 waINTUNLTesINAULTuIIAT 48 Talug WWeanuaiiiSoNHUs oy
Bacillus sp. snaa 12 laloiaa Suszdntawlunisdugenisiaiyvesbauuniiise X. axonopodis
pv. manihotis s lialulwaiiudznas laloiaa xam11 16 iwauvafiiFanfvslomt Bacilus sp.
lalaiae CasUT007 AU AIUGIaRgIgALYINAY 8.0:0.058 Hadluas AIUIINNIAALReNLTe
wuafiSufiuszlowt Bacillus sp. laloiaa CasSUT007 fdanunTsuSmbugILazianusIuiTm
azmpfAunasaaiogegaiialtlunis@inmida’ld uenandt Baker and Cook (1974) Maawitnaln
vasmudweydunidujIndinanmudsdundmnegonds und e uszlin1sniaas secondary
metabolites 8aNUHLLINTIATYVBITFIMALIA uaasinTauuafiFuaanamdanuamanalumaiu
& a & A6 . ' . = A A
Weufjing naftlud 2008a uaz 2008 Buensanteai UazAmk 318NWIN Bacillus spp. iuuuailizoniend
dnunmlunimuguliadizlasfii5lesfina lnlumsdudimaeiyvesteudazsfiauandanuly ua

A ad A A &, & A A A Aa & )
sunnnAns Il jFusdslignideeuuafisoang lsais uananiiiansm ey (2551) la
° 2 AA da ' ° o & A & A A
msfnsuuefiFenduelonilumimuqulmuineenzndnanaannduginaniyuedeuuailiss
Erwinia carotovora ¢ 28198 U5:8nT A1 seandadny Asaka Waz shoda (1996) Berger LazAthe (1996)
Cho UAzAtHE (2003) Araujo LasAthe (2005) LAy Liu LazAmke (2006) AnsnuwituuanSenddselosd B.
subtilis §3198171 ﬁ Fawznarorha 13w bacillomycin, iturin, basilysin, fengimysin, mycosubtilin L&
mycobacilin TINNIENNINEI190% % subtiin Laz levansucrase TunsgugImM I3 guasNuazLUafiSe
g l3AAT 91n91UT98289 Buensanteai et al. (2009, 2012) ndnaiudaluana Bacilus naualFd

a G qul 4‘» ' ) U a a A a o o
mmwmmmlumiﬂumLmaﬂaiiﬂwmmfz@u maasadulevasiy uazdanoniwlunsirlu gl

v @ '
v AdA

wladianueaineaIng mmmmm’jmmﬁﬁyﬁﬁmmmmmlumm’ammuvxlamvdmﬂm%aﬁag
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a

luaqa Pseudomonas, Azospirillum, Burkholderia LL8s Bacillus 51i<1L‘Haﬁgauﬂiﬁmmummwmm‘mh

v
A

masaEsuMIasAuRTLRz TN ATIRE W wdam s ﬂmaalmaml,mﬂiﬂﬁ‘n (Kloepper and
Schroth, 1978; Rudriguez and Fraga, 1999; Chen et al., 2006; Arvind et al., 2010; Perez-Garcia et
al., 2011; Sol et al., 2011) aenulunmIinasasadsit WanvafiSunddsslowyd Bacilus sp. laloiaa
A a o & A A A aa A A &, & A A
CaSUT007 HuTnmkdudiaisgige anaasnanmunansamliusdilonidaiauuaiise
A A 2o ca o X A & o o o = v A & '
g liais Ssmnunaalstmuadulandisamsnsnalndsdndmivindnsiuiadnmda
. & AAd Aa B A a o &
nnmsgeuuaiSunluselowil Bacillus sp. leloae Selianusuisalunsduginig
W3y veTauuafiiie X. axonopodis pv. maniotis snglialulniiuilzndiusziianusunin
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Abstract

The objective of this study was to investigate the growth stimulating properties of
Bacillus subtilis CaSUT007 applied to cassava plants using fourier transform infrared (FTIR)
microspectroscopy to monitor the production of cellular components involved in plant growth
and development. Cassava stakes treated with CaSUTO007 or sterile distilled water were
germinated in soil. After incubation for 2 months, CaSUTO007 treated plants had higher
growth rate and greater biomass than the control. FTIR analysis revealed that the leaves of
cassava plants treated with CaSUTO007 display FTIR spectra changes in the epidermis and
mesophyll tissue. These changes associated with proteins, lipids, and pectins, which are
related to changes in plant cell growth and development. FTIR microspectroscopy can be
used as a new tool to examine the biochemical changes within the plant tissue. This technique

allows us to reveal structural chemical makeup and features of different tissue types.

Keywords:

Fourier transform infrared (FTIR)
Cassava

Growth promotion

Bacillus subtilis

Biochemical composition

Hierarchical Cluster Analysis (HCA)

Introduction

The cassava plant, Manihot esculenta, is one of the most important economically

crops in Thailand. The aim of commercial cassava production in Thailand is to increase root
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yield and starch content in addition to enhancing the crop’s adaptation to a wide range of
plant growth conditions (Chavalparit & Ongwandee 2009; Buensanteai et al. 2012). In this
regard, plant growth promotion by beneficial bacteria has been widely used; however, there
are limited studies on the use of plant growth promoting bacteria with the propagation of
cassava stakes. It is well known that various commercial strains of Bacillus sp. can control
and enhance plant growth by triggering signaling pathways, leading to a more vigorous
growing phenotype and tolerance to biotic and abiotic stress. Furthermore, it has been
demonstrated that Bacillus cells can colonize plant roots, triggering stimulation of plant
growth and development through biochemical and physiological mechanisms
(Prathuangwong & Kasem 2004; Prathuangwong et al. 2005; Prathuangwong & Buensanteai
2007). B. subtilis CaSUTO007, a plant growth promoting rhizobacteria (PGPR), has both direct
and indirect modes of action involved in enhancing plant growth and development. Some
direct modes of action are production of phosphate solubilizing substances and modulation of
auxin levels. The rhizobacteria contributes indirectly by inducing plant defense mechanisms,
which is a means of biocontrol of cassava pathogens (Buensanteai et al. 2012; Buensanteai et
al. manuscript submitted).

Standard methods for the detection of changes in plant cellular components are based
on enzymatic analysis and histological assay (Buensanteai et al. 2008a, 2008b; Buensanteai et
al. 2009). However, these methods rely on the use of bulk samples resulting in averaging of
the intrinsic inter-tissue and cellular heterogeneity. Hence, the precise interaction of
important cellular changes involved with Bacillus cells with plant tissue is not fully
understood. Therefore, we proposed the use of FTIR microspectroscopy, a technique capable
of resolving biochemical changes at the plant cellular level (Yu et al. 2003; Skotti et al.

2014), to study biochemical changes in cassava plant.
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FTIR microspectroscopy is a nondestructive analytical technique that is less time
consuming and cheaper than the present "gold standard" methods, providing unique
molecular chemical information based on the FTIR spectrum (McCann et al. 1992; Yu 2004).
For example, the amide I protein band that contains vibrations of the peptide bond containing
C=0 (80%) and N-H stretching (20%), appearing between 1700 and 1600 cm™ can provide
information about protein secondary structure. The carbohydrate fingerprint region (1,200—
800 cm™") of the FTIR spectrum from cells and tissues is obtained via vibrations of C-O
bonds, which depend on bond linkage and sugar types. In addition, FTIR spectra from plant
tissue has revealed absorbance bands uniquely assigned to higher plant cellular components
such as lignin (ring vibration around 1515 cm™) (Kagurdkova et al. 2000; Wilson et al. 2000).

Combining FTIR microspectroscopy with multivariate data analysis can enable to
distinguish spectral fingerprint that can be related to the biochemical changes in a plant
(Manrique & Lajolo 2004; Dokken & Davis 2007). This is an emerging technique for
studying biochemical changes of plant tissue (Yu 2005). For example, functional
characterization of plant tissues at high spatial resolution has been conducted using
synchrotron infrared microspectroscopy to image the structure of plant tissues at a cellular
level. The results can lead to a better understanding of plant components, such as lignin,
cellulose, proteins, and lipids (Yu 2008).

In this study, we applied FTIR microspectroscopy to define plant tissue within
cassava leaf sections and used this information to detect variations between control and those
treated cassava stakes by B. subtilis. In particular, we demonstrate the use of FTIR
microspectroscopy technique combined with multivariate data analysis to discriminate major
tissue types in the cassava leaf, and demonstrate how this information enables us to track
biochemical changes in cassava leaf tissue related to enhancement ofgrowth and development

of cassava.
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Materials and methods

Beneficial bacterial strains and culture conditions

B. subtilis CaSUTO007 was cultured in 500 ml volumes of nutrient glucose broth
(NGB) containing 2% glucose and incubated at 28 + 2°C for 48 h with constant shaking at
180 rpm. Cells were collected and washed twice by centrifugation (13000 rpm; 20 min) and
the bacterial cell pellet was washed three times in sterile isotonic saline (0.85% NaCl). The
cells were re-suspended in sterile distilled water, with cell concentrations determined
turbidimetrically and adjusted to an optical density of 0.2 at 600 nm, corresponding to 1 x 10°

cfu ml™". A portion of the cell suspension was used in experiments in live form.

Plant materials and treatment

The cassava stakes cultivar Rayong 72 were surface disinfected using 95% ethanol
(v/v) for 2 min, followed by soaking in 10% commercial bleach (v/v) for 20 min. The cassava
stakes were then washed with sterile distilled water five times in order to remove the bleach.
Before planting, cassava stakes were mixed thoroughly with 50 ml of a bacterial suspension
treatment. The cell concentration in the culture was adjusted to 1x10® cfu m1™ on the basis of
absorbance. The experiment was conducted under greenhouse conditions, with treated
cassava stakes placed onto sterile soil. Pots were kept in a greenhouse with a 12-h
photoperiod (28+2°C and 75-80% relative humidity during the light period, 25+2°C and
>93% relative humidity during the dark period). The experiment was arranged in a

completely randomized design (CRD) with four replicates of 20 plants per treatment with one
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cassava stake in each pot. At 14 days after germination, cassava plants were harvested for
measurement of growth parameters and biochemical composition changes using FTIR
microspectroscopy. The experiment was performed three times. For statistical analyses,
analysis of variance (ANOVA) was determined according to Duncan’s Multiple Range Test

at P <0.05 by using SPSS version 14.

FTIR microspectroscopy

1. Sample preparation for FTIR microspectroscopy analysis

Cassava leaf tissue was fixed by placing it in a FAA (formaldehyde-acetic acid-
ethanol) solution (Yu et al. 2003). Tissue was then rinsed in distilled water and dehydrated in
increasing ethanol concentrations ending in absolute ethanol, then cleared in xylene. Cassava
tissue was then embedded in paraffin and microtomed into thin cross section (~4 pm
thickness) which were then placed on indium tin oxide coated IR slides (MirrIR slides, Tienta

Sciences, OH, USA) for subsequent infrared analysis.

2. FTIR microspectroscopy analysis

The experiments were performed at the Synchrotron Light Research Institute,
Thailand (public organization) by utilizing FTIR spectrometer (Vertex 70) connected to an IR
microscope (Bruker optics, Germany). Measurements were performed with the synchrotron
off-line, using a conventional IR source. The x-y raster maps comprising IR spectra were
generated using a Hyperion 2000 IR microscope equipped with 36x objective and a mercury

cadmium telluride (MCT) detector using a mapping stage controller at 10 micron intervals in
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the x and y direction. The IR spectra were collected using point to point mapping with the
aperture setting at 15x15 pm square aperture with 7.5 pm steps, in reflection mode at 6 cm™
resolution, with 64 scans co added, and converted to absorbance using Bruker OPUS 7.0
software (Bruker Optics Ltd, Ettlingen, Germany).

IR maps acquired from leaf samples were analyzed using Cytospec 1.3.4 (Cytospec
Inc, NY, USA). Data preprocessing was required to remove spectra showing signs of Mie
scattering, dispersion artifacts, and sloping baselines. Subsequently, the spectra were
converted to the second derivative using the Savitzky-Golay method employing third order
polynomial fitting with nine smoothing points, and vector normalized to compensate for the
effects of differing sample thickness across the sections. Hierarchical Cluster Analysis (HCA)
using D-values with Ward’s algorithm was carried out over the spectral ranges of 1800-900
cm™, which contained most of the biological bands in the IR spectrum. The outputs of HCA

were visualized as dendograms with a unique color to assign for each spectral cluster.

3. Principal Component Analysis (PCA)

Individual spectra from each group were analyzed using principal component analysis
(PCA) to distinguish different chemical components of the samples using Unscrambler X
10.1 software. (CAMO, Norway). Preprocessing of the data was conducted by performing a
2" derivative by the Savitzky-Golay method (3 polynomial, nine smoothing points) and
normalized using Extended Multiplicative Signal Correction using the spectral regions from

1800-900 cm™ in Unscrambler X 10.1 software (CAMO, Norway).
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Results and discussion

The strain CaSUTO007 was effective in promoting the growth of cassava seedlings
under greenhouse conditions, as measured by changes in the length, weight and lateral root of
the seedlings after 14 days of planting. This strain, when applied to cassava vegetative
propagation, increased shoot lengths by more than 35% (Figure la), and increased dry
weights by more than 90% (Figure 1b) compared to the distilled water control. Cassava
vegetative propagations treated with the strain CaSUT007 also increased the seedling
germination and number of lateral root by more than 30% and more than 90%, respectively,
when compared to the control treatment (Figure 1c and 1d). Similar results were obtained
when the experiment was repeated. In order to investigate the effects of CaSUT007 during
the early stages of plant growth and development, the cassava seedlings of untreated and
CaSUTO007-treated seedlings were evaluated and their biochemical and cellular composition
evaluated.

Cassava plant tissues are comprised of a diverse group of molecules, including
proteins, lipids, lignins, pectins, and polysaccharides, with each molecular class having
characteristic conformations dependent on the individual cell type. Typically, the leaves of
higher plants are composed of epidermal (approximately 10% of total mass), mesophyll
(approximately 55% of total mass), and vascular bundle (approximately 33% of total mass)
tissues. Previous studies (McCann et al. 1992; Kacurakova et al. 2000; Wilson et al. 2000; Yu
et al. 2003; Manrique & Lajolo 2004; Yu 2004; Skotti et al. 2014) have shown that these
three tissue types can be readily distinguished in higher plant leaf tissue sections on the basis
of macromolecular chemistry using FTIR microspectroscopy. In this study, we attempted to
discern changes in macromolecular biochemistry in the different tissue types of cassava after

the stakes were treated with the CaSUTO007 strain of B. subtilis. Figure 2 shows maps of the

URL: http://mc.manuscriptcentral.com/tjpi E-mail: jpi.dbv@unito.it

Page 8 of 26



Page 9 of 26

©CoO~NOUTA,WNPE

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

Journal of Plant Interactions

integrated area of spectral regions equivalent to absorbance intensities over the ranges 1700-
1580 cm™ (Figure 2c) for untreated cassava leaf (control) and cassava leaf treated with
CaSUTO007 (Figure 2d), over a spatial area of 120 um x 100 wm within a transverse leaf
section from a control sample (Figure 2a) and cassava leaf treated with CaSUT007 (Figure
2b). The map was contrasted using a color scheme to indicate absorbance intensity: blue (the
areas of lowest level of absorbance) < green < yellow < red (the highest level of absorbance).
As shown in the Figure 2c and 2d, the integrated spectra in the region of protein (1700-1580
cm’™) are mostly dominated in the mesophyll region.

Hierarchical cluster analysis (HCA) was used to compare differences and similarities
between tissue spectra involving spectral regions with information about Amide I protein
(1700-1500 cm™), C=0 ester from lipid or lignin or pectin (1770-1700 cm™), and C-O-C
from polysaccharides (1200-900 cm™). The cluster analysis of spectra from an untreated
(control) leaf were shown in Figure 3. The spectra from each cluster can be saved to perform
multivariate data analysis with all spectra. Each cluster is displayed in a different color based
on the similarities of protein, lipid, lignin and polysaccharide spectral regions. The grey color
represents spectra from mesophyll, while the spectra of the vascular bundle appear in two
clusters indicated by light green (cluster 2) and light blue (cluster 3) colors. The clusters
coded with pink (cluster 5) and blue (cluster 4) were related spatially to epidermis tissue. The
average spectrum from each cluster is shown in Figure 3b and 3c. These results indicate
stronger ester carbonyl absorbance in the epidermis spectra (1729 cm™), and weaker in the
vascular bundle spectra. We assumed that higher levels of endogenous lipids in the epidermis
and higher levels of lignin in vascular bundle tissue accounted for these spectral similarities
and differences. The highest level of protein (1621 cm'l) was seen in the spectra coded with
grey and assigned to mesophyll). The amide I band maximum centered at 1621 cm’

indicating that these cells contain proteins with pronounced B-sheet secondary structure. By
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contrast, spectra related to epidermis tissue have an amide I band profile presenting both a-
helix (1648 cm™) and B-sheet structure (1618 cm™) with less intense absorbance of p-sheet
and more intense absorbance from o-helix protein secondary structure compared to
mesophyll tissue spectra.

The HCA of spectra acquired from a cassava leaf after treatment with B. subtilis is
shown in Figure 4. Interestingly, the cluster colored with green (cluster 4) represents both
mesophyll and vascular bundle. While the pink (cluster 1), red (cluster 2) and green (cluster
3) spectra from epidermis represent high extracellular matrix proteins and macro molecules.
The average spectra from the spectral clusters assigned to epidermis all show high lipid
absorbance (1729 cm™) similar to spectra assigned to epidermis in the control leaf. The amide
I band profile in the average spectra from clusters assigned to epidermis in the treated leaf
indicate a mixture of a-helix (1648 cm™) and p-sheet (1621 cm™) secondary structure, similar
to average spectra from clusters assigned to epidermis in the leaf control. The average spectra
from clusters attributed to mesophyll and vascular bundle tissue also show an amide I band
profile consistent with higher levels of B-sheet secondary structure content (1621 cm™)
similar to that observed in the mesophyll cluster average spectrum from the control leaf
(Figure 4b and 4c).

In order to compare spectral changes occurring in the protein, lipid, and
polysaccharides, average spectra between control and treated cassava from the epidermis
region were performed as shown in Figure 5a. Significantly, the band in the region from
1770-1700 cm™ assigned to lipid is higher in absorbance in the average spectrum from the
control group. The comparisons between spectra from mesophyll tissue are shown in Figure
5b. Apparently, the B-sheet secondary structure of protein, indicated by an amide I band

maximum centered at 1621 cm™ is more intense in the control group compared with treated
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cassava. In contrast, the absorbance in the polysaccharide region (1200-900 cm™) is shown to
be higher in the treated plant (Séné et al. 1994; Wang et al. 2012).

The characteristic band from FTIR spectra of the main biopolymers of the plant cell
wall depends on the crystallinity and conformation of the polysaccharides. Fingerprint region
contains several polymers of different types, such as proteins, aromatics, polysaccharides,
having a particular molecular conformation and interacting with neighboring molecules in a
specific way as shown in Table 1. The cassava biochemical changes of epidermis and
mesophyll in control and treated cassava showed the significant spectra shift: 1550-1600 cm
! 1350-1450 cm™, less than 1000 cm™, which can be associated with a change in the
construction and formation of the plant cell wall. It is known that bacteria affect the structure
of plant cell walls. In some cases, the bands in a particular spectral region cannot be assigned
to a specific functional group, but they are characteristic as a whole and constitute a
fingerprint for the molecule (McCann et al. 1992; Séné et al. 1994).

Multivariate data analysis, in particular PCA technique, was employed to characterize
biochemical changes in the cassava leaf tissue induced by B. subtilis strain CaSUT007 . Score
plots were used to visualize any clustering of similar spectra within the datasets, and loading
plots were employed to identify spectral variables that best explained clustering patterns. The
results were interpreted by taking second derivative spectra showing the negative peak. The
second derivative can help resolve nearby peaks and sharpen spectral features. Therefore, the
positive loading plots showed an opposite correlation with the negative score plot, and the
negative loading plot showed an opposite correlation with the positive score plot. The
criterion to apply the band assignment was supported by the previous section, based on
observation of the average second derivative spectra from control and treated cassava.

The use of multivariate analysis, in particular Principle Component Analysis (PCA),

has proven useful in the analysis of biospectroscopic data, providing two types of
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information: the visualisation of the clustering of similar spectra within datasets in scores
plots and the identification of variables (spectral bands representing various molecular groups
within the samples) in loadings plots to explain the clustering observed in the scores plots.
The PC1 and PC2 loading were shown that differences in bands associated with lipid, pectin,
lignin, protein. and polysaccharide were responsible for the separation of the sample clusters
treated and un-treated cassava stakes treated with bacteria CaSUT007 (Figure 6). Lipid or
lignin bands (at 1729 cm™) and complex changes in bands associated with polysaccharide
regions (at 1120, 1078, 1043, 1022 cm™) were predominantly observed in Figure 6b,
corresponding to the large difference observed in the average spectra in Figure S5a.
Considering the complex biochemical changes of spectra was associated with the Amide I
protein (at 1646, 1621 cm'l) and polysaccharide regions (at 1149, 1076, 1046, 998 cm'l)
(Figure 6d), involved in difference clusters of the average spectra in Figure 5b.

This study indicated that FTIR microspectroscopy technique could investigate cassava
leaf sections at a high spatial resolution and reveal macromolecular differences between
control and treated leaf tissue CaSUTO007. This technique combined with HCA and PCA can
be used to resolve chemical structural information related to the various tissue types in the
plant leaf. Importantly, both HCA and PCA enable the exploration of spectral changes from
epidermis and mesophyll tissue after treatment with B. subtilis CaSUTO007 compared with
untreated controls. Our results suggest spectral differences in both the epidermal and
mesophyll tissue regions consistent with changes especially in proteins, lipids, and
polysaccharides. This study is consistent with other studies in which PGPR, Bacillus species
in particular, elicit the production of plant biological molecules that lead to structural and
physiological changes associated with the plant growth and development in cassava
(Prathuangwong & Kasem 2004; Prathuangwong et al. 2005; Prathuangwong & Buensanteai

2007; Buensanteai et al. 2012). The results from this study show changes in the epidermal
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tissue after treatment with B. subtilis strain CaSUTO007 indicative of lower levels of proteins
with B-sheet secondary structure as well as lower lipid levels compared with the control.
Moreover, the results of the accumulation of pectin and polysaccharide in cassava plants
might be associated with cell wall formation. Plant cell walls are complex composites of
cellulose, cross-linking glucans, protein, and pectin substances. This technique can be applied
to analyze stems of wheat cultivars via the spectral fingerprinting of cell walls and to identify
chemical differences between genotypes with varying levels of lodging resistance (Wang et
al. 2012). From our results, we found that the shifts in the absorbance intensities at different
frequencies between control and treated leaves can be related to the concentrations of
different molecules such as cellulose, protein, pectin, and lignin. In related report, ectin plays
an important role within the cell walls of a growing plant. It was mentioned that pectin and
pectin methyl-esterification which involves plant defense chemical compositions with mainly
associated with beta-sheet secondary structure which play an important role in cell wall
metabolism (McCann et al. 1992; Yu 2004; Skotti et al. 2014). These biochemical changes
may possibly involve enzymes implicated in degradation processes such as pectinases that
catalyze de-esterification of pectin by the action of pectin esterferase and other pectin
enzymes (Kacurdkova et al. 2000; Manrique & Lajolo 2004). Interestingly, the peaks in the
carbohydrate fingerprint region (1200-1000 cm™) show an increase in absorbance,
particularly in the bands at 1076 cm™ and 1153 cm™. This might be related to pectin
polysaccharides, such as homogalactruonan, rhamnogalacturan, or beta-glucan (callose),
known to be found in cell walls of plant leaves (Yu 2005; Dokken & Davis 2007), increasing
in response to the B. subtilis strain CaSUTO007 treatment of the cassava plants. In this context,
we hypothesize that plant growth promotion by CaSUTO007 results from the activation of
enzymes in the plant cell walls of the epidermis (Yu 2005) that are related to growth and

development processes. Due to its integral role in carbon fixation, the ribulose 1,5
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biphosphate carboxylase/oxygenase (RuBisCO) enzyme comprises 50% of the total amount
of proteins found in the leaf, which means that changes in its concentration in the leaf can be
tracked using FTIR by looking for changes in the spectra associated with alpha-helix proteins
since the secondary structure of RuBisCo is predominately alpha-helices (McCann et al.
1992; Wilson et al. 2000; Yu et al. 2003; Yu 2004; Buensanteai et al. 2009; Skotti et al.
2014). On the other hand, the epidermis appeared to have predominantly alpha helix
secondary structure with an overall decrease in protein content detected in the treated group.
It is unknown whether this difference in protein secondary structure could be occurring due to

the environmental growth condition.

Conclusion

In conclusion, FTIR microspectroscopy can be used as a new tool to examine the
biochemical changes within plant tissue. This technique allows us to reveal the structural
chemical makeup and the features of different tissue types. The use of PCA and HCA was
applied to characterize the spectral differences between epidermal and mesophyll tissues. In
addition, the results showed that cassava stakes treated with B. subtilis CaSUT007 produced
leaves that displayed changes in FTIR spectra from epidermis and mesophyll tissue regions
that may be associated with compositional and concentration changes of proteins, lipids,
pectins, and polysaccharides. These changes are related to the changes in cell growth and
development that might be result in yield improvement. However, further research is needed
to better understand and characterize these chemical and structural changes directly caused by
B. subtilis CaSUTO007 treatment. In the future, we plan to collect the leaf samples at differing
harvest times in order to compare spectral differences that could be occurring during the

growth and development of cassava plants with an emphasis on relating the effect of the
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treatment to the stimulation of plant growth regulators and yield improvement. Moreover, it
might be useful to study cell wall modifications in order to understand the biochemical
changes resulting from treatment of cassava stakes with CaSUTO007. In particular, the mid

infrared region at 1200-800 cm’

can be used to identify polysaccharides with different
structures in order to examine the composition of leaf cell walls. This study represents the

first steps toward the achievement of our goal.
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Table 1 Band assignment of IR spectra presented in the plant tissues.
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Frequency range Functional groups References
(em™)
1730 C=0 ester from lignin and hemicellulose/Pectin Kenneth & Lawrence 2005;
Dokken & Davis 2007;
McCann et al. 1992
1650 Amide I band (C=O Stretch (80%), C-N stretch (10%), Yu 2004, 2005, 2006, 2008;
N-H bending (10%) Pelton & McLean 2000;
Nelson 1991;
Wetzel & Levine 2000
1550 Amide II (N-H bend (60%), C-N stretch (40%) Yu 2004, 2005;
Pelton & McLean 2000;
Nelson 1991;
Wetzel & LeVine 2000
1510 C=C aromatic ring from lignin Colthup et al. 1964;
Campbell & Sederoft 1996;
Wetzel & LeVine 2000
1450 Asymmetric CH, and CH3 bending from lipids, Kenneth & Lawrence 2005;
protein, lignin Colthup et al. 1964
1370 Symmetric CH, and CHj3 bending from lipids, protein, Kenneth & Lawrence 2005
lignin Colthup et al.1964
1246 C-O Stretching from hemicelluloses and lignin Dokken & Davis 2007;
Faix 1992;
Kenneth & Lawrence 2005
1200-1000 Mainly C-O-C of polysaccharides; very complex and Kacurdkova et al. 2000;
depends uponcontributions from polysaccharides, Cael et al. 1975
cellulose, hemicellulose, and pectins
1105 C-O-C glycosidic ether mainly hemicellulose Dokken & Davis 2007;
Wang et al. 2012
1155 C-C ring cellulose Dokken & Davis 2007;
Wang et al. 2012
1022,1047,1080 C-C, C-O Stretching from carbohydrates Dokken & Davis 2007;

Wang et al. 2012
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39 Figure 1 Effects of PGPR Bacillus subtilis CaSUTO007 on the growth and development of cassava
41 seedling under greenhouse conditions, as measured at 14 days after inoculation. (a) cassava seedling
43 under greenhouse conditions in sterile soil, (b) percent of seedling germination, (c) dry weight, (d)
number of lateral root. The data are the average of four replications (three plants per replication) for
each treatment. Error bars represent the standard deviation. For each growth parameter, different letters

50 indicate significant differenced (P < 0.05) among treatments.
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Figure 2 Functional group area maps of a part of a transverse leaf section from cassava achieved
using FTIR microspectroscopy point to point mapping with aperture setting at 15x15 pm square
aperture with 7.5 um steps. a) A micrograph of the untreated (control) transverse section. b) A
micrograph of a transverse cassava leaf section from CaSUTO007 treated plants. ¢) Integrated
functional groups maps obtained under the spectral region between 1700-1580 cm™ for untreated
(control). d) Cassava leaf treated with CaSUT007. Dimensions of the area studied of 120x100 pm
E: Epidermis, M: Mesophyll, VB: Vascular bundle.
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39 Figure 3 FTIR mapping of a cassava leaf (control). a) 2D HCA map performed using five
40 clusters on the range of 1800-900 cm™. Different clusters are encoded by different colors. b)
41 Representative original average spectra of the spectra cluster. ¢) Representative second
42 derivative average spectra of the spectra cluster. Mesophyll (cluster 1), vascular bundle
(cluster 2 and 3), epidermis (cluster 4 and 5).
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Figure 4 FTIR mapping of a cassava leaf section from CaSUTO007 treated plants. a) 2D
HCA map performed using five clusters on the range of 1800-900 cm™. Different clusters are
encoded by different colors. b) Representative original average spectra of the spectra cluster.
c) Representative second derivative average spectra of the spectra cluster. Mesophyll and

vascular bundle (cluster 4), epidermis (cluster 1, 2, 3).
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Figure 5 Overlay of the 2" derivative of the average spectra from a cassava leaf (control)
compared with CaSUTO007 treated plants. (a) Epidermis (b) Mesophyll.
derivative spectra after 13 points of smoothing and normalization with extended

multiplicative signal correction over the spectral range of 1800-900 cm™.
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Figure 6 PCA analysis of a cassava leaf. (a) Score and (b) loading plots from PCA analysis of
epidermis control groups compared CaSUTO007 treated plants. (c) Score and (d) loading plots from
PCA analysis of mesophyll control groups compared CaSUTO007 treated plants.
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Answer Reviewer Question
Your manuscript ID is TJPI-2015-0043.R1.

Reviewer: 1

Comments to the Author

Following are some corrections and queries that require attention:

1)  The title of the manuscript should be slightly modified. The title signifies that Infrared microspectroscopy
has only single application that is to determine leaf biochemical composition. It would be better if the title is
changed to ‘Use of Infrared microspectroscopy to determine leaf biochemical composition of cassava in response
to Bacillus subtilis CaSUTO007’. However, it is up to the authors to incorporate this change.

Answer: Our title was changed to “Use of Infrared microspectroscopy to determine leaf biochemical composition
of cassava in response to Bacillus subtilis CaSUT007"".

2) In abstract fourier transform infrared is abbreviated as FTIR but the full form of IR is not mentioned
anywhere.
Answer: The IR abbreviation was changed into FTIR in all manuscript.

3) In abstract sentence ‘These changes may be associated with protein, lipid, and pectin, which are
apparently related to changes in plant cell growth and development’ has comma (,) before ‘and’ ‘lipid, and pectin,’
and such grammatical error is observed at several instances throughout the manuscript where author needs to
perform corrections. This error is being repeated for 22 times in manuscript.

Answer: All the corrections were performed.

4)  On page 3, ‘In this regard, plant growth promotion by beneficial bacteria has been widely used, however, up
to now there are no good studies on the use of plant growth promoting bacteria with the propagation of cassava
stakes’ has to be rewritten. Terms such as ‘good studies’ doesn’t appear scientific.

Answer: The correction was rewritten in term of “good studies” to “limit studies”.

5)  On page 4, under Introduction section sentence ‘These results can lead to a better understanding of plant
intrinsic structures, such as lignin, cellulose, protein, lipid, etc.’ has to be reframed. Use of word ‘These’ in the
beginning of the sentence should be avoided.

Answer: The correction was rewritten.

6) Last line of introduction section ‘In particular, we demonstrate the use of FTIR microspectroscopy technique
combined with multivariate data analysis, in particular PCA and HCA, to discriminate major tissue types in the
leaf, and demonstrate how this information enables us to track biochemical changes in cassava leaf tissue
related to beneficial bacterial B. subtilis CaSUT007 treatment and enhancement of growth and development of
cassava plants’ is highly complex and it should be rewritten.

Answer: The correction was rewritten.

7)  In materials and method, what does NGB signify? If it is the growth medium then what is its full form and its
composition?
Answer: The correction was rewritten, NGB = nutrient glucose broth.

8)  What is the accession number of B. subtilis CaSUT007.
Answer: The B. subtilis CaSUTO007 does not submit the sequence into the NCBI database yet so there is no
accession number.

9) Does the strain B. subtilis CaSUT007 show PGPR abilities such as Phosphate solubiulization, IAA
production, colonization on plant roots, etc.? It is true that B. subtilis is known for Plant Growth Promotion (PGP)
but it is not proved that all the strain of B. subtilis show PGP.

Answer: The B. subtilis CaSUT007 does not submit the sequence into the NCBI database yet.

10) If the B. subtilis CaSUT007 is proven PGPR strain, has its data been published? If yes then provide
reference and if not then author should prove that B. subtilis CaSUT007 is showing PGPR traits and should
provide data.

Answer: Bacillus subtilis CaSUTO007, plant growth promoting rhizobacteria (PGPR) is the rhizobacteria and have
mode of action into directly or indirectly involved in enhancing plant growth and development via production of
phosphate solubilizing substance, modulating plant hormone as indole acetic acid (IAA) levels, or indirectly by
inducing plant defense mechanism, decreasing the infection of plant pathogens in the forms of bio-control agents
(BCA) (Buensanteai et al. 2012; Buensanteai et al. manuscript submitted).



11)  Under what conditions cassava stakes were grown? Green house was used? If not then what were the
temperature and humidity levels? If these parameters were not measured then provide the month and year where
cassava stakes were grown and provide the environmental parameters of Thailand when cassava stakes were
grown. Basically provide the environmental conditions under which pots of cassava stakes were kept to
germinate.

Answer: The information has been included under materials and methods section. Pots were kept in a
greenhouse with a 12-h photoperiod (28+2 °C and 75-80% relative humidity during the light period, 25+2 °C and
>93% relative humidity during the dark period). The experiment was arranged in a randomized completely
randomized design (CRD) with four replicates of 20 plants per treatment with one cassava stake in each pot.

For statistical analyses, analysis of variance (ANOVA) was carried out to evaluate the differences
among the treatments was determined according to Duncan’s Multiple Range Test at P < 0.05 by using SPSS
version 14.

12)  Provide the cultivar of cassava stakes.
Answer: cultivar Rayong 72

13) Under results and discussion portion it is mentioned that cassava stakes were grown under green house
conditions which is not mentioned under materials and method.

Answer: The information has been included under materials and methods section. Pots were kept in a
greenhouse with a 12-h photoperiod (28+2 °C and 75-80% relative humidity during the light period, 25+2 °C and
>93% relative humidity during the dark period).

14) Legend of Figure 1 mentions ‘For each growth parameter, different letters indicate significant differenced
(P < 0.05) among treatments’. In contradiction, there are no letters mentions on error bar showing significance.
ANOVA is not performed nor mentioned in the manuscript then how does P value suddenly appear in the legend
of Figure 1?

Answer: The letters were added into the graph.

15) Inresults the PCA is described compares control with B. subtilis CaSUT007 treated cassava stakes. But
the difference in the levels of Carbohydtares, Lipids, Proteins, etc. deduced by FTIR among the control and B.
subtilis CaSUTO007 treated cassava stake is not compared scientifically.

16) Thus there is need for better comparison of FTIR microspectroscopy results for control and B. subtilis
CaSUTO007 treated cassava stakes.

Answer 15 & 16: The use of multivariate analysis, in particular Principle Component Analysis (PCA), has proven
useful in the analysis of biospectroscopic data, providing two types of information: the visualisation of the
clustering of similar spectra within datasets in scores plots and the identification of variables (spectral bands
representing various molecular groups within the samples) in loadings plots to explain the clustering observed in
the scores plots.

PC1 and PC2 loading were shown that difference in bands associated with lipid, pectin, lignin, protein
and polysaccharide were responsible for the separation of the clusters of the sample before and after cassava
stakes treated with bacteria (figure6). Lipid or lignin bands (at 1729 cm'1) and complex changes in bands
associated with polysaccharide regions (at 1120,1078,1043,1022 cm'1) were predominant observed in figure6b,
corroborating the large difference observed in the average spectra in figure 5a. Considering the complex changes
in bands associated with Amide | protein (at 1646, 1621 cm’1) and polysaccharide regions (at 1149, 1076,
1046,998 cm'1) in figure6d, involved in difference clusters of the spectra corroborating with average spectra in
figure 5b.

17)  On the whole manuscript has originality and significant results. However, some language and grammatical
errors needs to be corrected. Missing information mentioned above should be provided. Comparison of the
results for the control and B. subtilis CaSUTO007 treated cassava stake should be represented in the better way.

Answer: Language and grammatical errors was corrected.



Reviewer: 2

Comments to the Author

Article of Thumanu et al. “Infrared microspectroscopy: methods for determining cassava leaf biochemical
composition response to Bacillus subtilis CaSUT007” the possibility of using infrared microspectroscopy for
determining cassava leaf biochemical composition response to Bacillus subtilis CaSUTO007. It was found that
treatment of seeds by the bacterial culture results in increased germination rate of seeds, number of lateral roots
and possibly other physiological functions of plants, according to the literature data on the results of using the
plant growth promoting microorganisms.

In the studies the modern method fourier transform infrared(FTIR) microspectroscopy has emerged as a
tool that has been extensively developed in biological and medical fields. FT-IR spectroscopy has been
extensively employed for the assessment of secondary structure of proteins and protein aggregates in solution,
especially exploiting the sensitivity of the Amide | band to protein conformation. However, these measurements
are technically demanding, due to the need of absolute control of the optical path of the liquid chambers for
accurately compensating the dominant water contribution to the Amide | band. Highlighting protein conformation
on individual hydrated live cells is a task even more challenging. The exploitation of microfabrication techniques
to produce visible-infrared (Vis-IR) transparent microfluidic devices has provided only in recent times the
technological breakthrough for overcoming the constraints encountered in monitoring live cells by FT-IR
microspectroscopy. (Mitri, E.; Birarda, G.; Vaccari, L.; Kenig, S.; Tormen, M.; Grenci, G. Lab Chip 2013, 14,
210-218. Birarda, G.; Grenci, G.; Businaro, L.; Marmiroli, B.; Pacor, S.; Piccirilli, F.; Vaccari, L. Vib. Spectrosc.
2010, 53, 6-11. Holman, H.-Y. N.; Bechtel, H. A.; Hao, Z.; Martin, M. C. Anal. Chem. 2010, 82, 8757-8765.)
Interesting data on the correlation between the level of dry mass accumulation and derivation in the IR spectra,
for example, indicators of accumulation of carbohydrates and proteins was shown, and it is logical conclusion.
According to the authors FTIR microspectroscopy may be use as a new tool to examine the biochemical
changes within the plant tissue, and | agree with them but | have some remarks.

Remarks

On the basis of the data obtained it is not clear what biochemical alterations firstly should be under consideration
of researcher after reception of IR maps..

What indicators introduced by bacteria, are priority? It must be defined if the athors says in introduction the
phrase “Combining FTIR microspectroscopy with multivariate data analysis can enable phenotype
characterization, by defining “spectral fingerprint” that can be related to the identification of biological strains and
species”.

Answer: We were added our work related references and Table1 into the revised manuscript.

Introduction

page 3line 45

Therefore, we proposed the FTIR microspectroscopy technique, which has the ability to resolve biochemical
changes at the single cell level (Yu et al. 2003; Skotti et al. 2014), to study micro-structural changes in cassava
plant.

You can give a more modern references: Vongsvivut J, Heraud P, Gupta A, Thyagarajan T, Puri M, McNaughton
D, Barrow CJ Synchrotron-FTIR Microspectroscopy Enables the Distinction of Lipid Accumulation in
Thraustochytrid Strains Through Analysis of Individual Live Cells // Protist. 2015 Feb;166(1):106-21. doi:
10.1016/j.protis.2014.12.002. Mitri E, Kenig S, Coceano G, Bedolla DE, Tormen M, Grenci G, Vaccari L. Time-
Resolved FT-IR Microspectroscopy of Protein Aggregation Induced by Heat-Shock in Live Cells. // Anal Chem.
2015 Apr 7;87(7):3670-7. doi: 10.1021/ac5040659.

page 4, line 10

...IR spectra from plant tissue have absorbance bands uniquely assigned to higher plant components, such as
lignin (ring vibration around 1515 and 1595 cm-1) or cell wall pectin (stretching vibration from carboxylated group
at 1420 cm-1)

The authors must explain the discrepancy between their data and literature data, such as follow:

Plant tissues are characterized by a major absorption peak at 1,510 cm-1, indicating the presence of high
amounts of lignin. (These peaks are characterized by non-specific functional groups of lignin) The peaks at
1,428, 1,373, and 1,247 cm-1 characterize of nonspecific lignin functional groups (Faix O (1991) Classification of
lignins from different botanical origins by FT-IR spectroscopy. Holzforschung 45: 21-27), 1,000 to 1,200 cm-1
range characteristic of both cellulose and hemicelluloses (Marechal Y, Chanzy H (2000) The hydrogen bond
network in Ibeta cellulose as observed by infrared spectrometry. J Mol Struct 523: 183—-196).

The peak at approximately 1,737 cm-1 in stem tissues is probably associated with pectin- or xylan-associated
ester functions (Kacurakova M, Capek P, Sasinkova V, Wellner N, Ebringerova A (2000) FT-IR study of plant cell
wall model compounds: pectic polysaccharides and hemicelluloses. Carbohydr Polym 43: 195-203).

Matherial and methods

Page 7, line 7

Hierarchical Cluster Analysis (HCA) using D-values with Ward’s algorithm was carried out over the spectral
ranges of 1800-900 cm-1 and 3050-2800 cm-1, which contained most of the biological bands in the IR spectrum.
However, in the caption to Figure 3 and 4 is written: 2D UHCA map performed using five clusters on the range of



1800-900 cm-1.
The results of spectral ranges of 3050-2800 cm-1 is not listed. Wherefore?

Answer The samples were prepared by using paraffin embedding, then the sections were following alcohol
dehydration deparaffinized in xylenes and then dried overnight under vacuum. So, the spectral changes between
3050-2800 cm-1 as a results of CH Stretching bands mainly from lipid were decided not to used for data analysis.
The sentence were rewritten as shown below

Hierarchical Cluster Analysis (HCA) using D-values with Ward’s algorithm was carried out over the spectral
ranges of 1800-900 cm-1, which contained most of the biological bands in the IR spectrum.

Results and discussion.

Page 9. Line 3

The spectral region of organic substances are given not exactly: Unsupervised hierarchical cluster analysis
(UHCA) was used to compare differences and similarities between tissue spectra involving spectral regions with
information about protein (1700-1580 cm-1), lipid or lignin (1770-1700 cm-1), and polysaccharides (1200-900 cm-
1). The authors should clarify the combine consideration of lipid and lignin. From the above phrase it is difficult to
understand that the source of these data (author or literature or computer database). If it's published data, is
necessary to specify.

It's necerrary to pay attention to the follow reference:

The area integral of the following bands were considered: spectral region 3000-2800 cm-1, representative of
cellular lipids (Lipids); spectral region 1705-1480 cm—1, representative of cellular proteins (Proteins); spectral
region 1590-1480 cm-1, Amide Il (Amll); spectral region 1270-1185 cm—1, asymmetric stretching of phosphate
moieties (Phl); spectral region 1150-1005 cm—1, symmetric stretching of phosphate moieties (Phll).( Birarda, G.;
Bedolla, D. E.; Mitri, E.; Pacor, S.; Grenci, G.; Vaccari, L. Analyst 2014, 139, 3097-3106.)

Answer We added a new table for the band assignment table of the main IR spectra in the revised manuscript.

Page 9, line 7:
lipid or lignin (1770-1700 cm-1), and for comparison page 4 line 11: such as lignin (ring vibration around 1515

and 1595 cm-1).

The specters’ of lipids and lignin’s do not coincide in comparison with results from the reference.

Answer This sentence will edited to IR spectra from plant tissue have absorbance bands uniquely assigned to
higher plant components, such as lignin (ring vibration around 1515 cm'1) or C=0 ester from lipid or lignin or
pectin (around 1730 cm'1) (Kenneth & Lawrence 2005; Dokken & Davis 2007; McCann, M.C., 2005, Colthup
et.al. 1964).

It has been rewritten in the new the revised version. .

Page 10 line 21-39.

Description of the differences in the spectra of organic substances between the epidermis and mesophyll in
control and treated with bacteria plants (Figure 5), is incomplete, inadequate. It is necessary to describe in detail
the differences found in the epidermis in areas

Answer The characteristic band from IR spectra of the main biopolymers of the cell wall depends on the
crystallinity and conformation of the polysaccharide; fingerprint region. It contains several of polymers of different
types such as proteins, aromatics, polysaccharides, having a particular molecular conformation and interacting
with neighboring molecules in a specific way. (Séné et.al. 1994; Wang et al. 2012) The differences in the spectra
of biochemical changes between the epidermis and mesophyll in control and treated with bacteria plants with the
significant shift: 1550-1600 cm™,, 1350-1450 cm™, less than 1000 cm™, which can be associated with a change in
the construction of the cell wall and formation of the plant cell wall. It is known that bacteria affect the structure of
plant cell walls. In some cases the bands in a particular spectral region cannot be assigned to a specific
functional group, but they are characteristic of the molecule as a whole and constitute a fingerprint for the
molecule. (Sene et al.1994; McCann et al. 1992).

Page 12, line 43-52

The results of an increased level of rhamnogalacturonan or beta-glucan (callose), should be reinforced the
measurements of these substances by other methods. For example, callose staining by p-Rosolic acid (Sigma).

It is strange that in the IR maps of experimental plants didn’t demonstrate new peaks responsible for new
substances, which formed under the bacterial influence. It is not clear, what marker-changes took place under the
influence of seed treatment with bacteria. So, it isn’t clear what changes can be used as an indicator. It is
necessary to examine IR spectra of the cell walls enzymes situated in epidermis and RUBISCO in mesophyl if
these enzymes were considered as a markers. The effect of bacteria on these plant enzymes which should be
more fully describe with literature data.

The article has interesting material but their interpretation requires some revisions. The article should be
reviewed by the expert on the field of FTIR microspectroscopy methods, if it is possible. The article may be
publicity with some revisions and can increase the journal rate.

Answer The cell wall of plant cells are complex composites of cellulose, cross-linking glucans, protein and pectin
substances. The specific functional groups of these molecules have been difficult to ascribe. There is some
literature reviews studied on plant cell wall modifications. For example, the chemical characterization of cell walls




ascribed with habituation to cellulose biosynthesis inhibitors and related to other stress condition (Alonso-Simon,
A. et.al. 2004). This technique can be applied to analyze stems of wheat cultivars via the spectral fingerprinting of
cell walls and to identify chemical differences between different lodging resistance samples. (Wang et.al. 2012)
From our results, we found that the absorbance intensities at different frequency from control and treated groups
can be related to the concentrations of different molecules such as cellulose, protein, pectin and lignin. So, in the
future, it might be useful to study cell wall modifications in order to study in more details of biochemical changes
under the influence of cassava stakes treatment with bacteria. (Kenneth & Lawrence 2005; Kacurakova et al.
2000; Wilson et al. 2000) Especially, the mid infrared region at 1200-800 cm” can be useful for identification of
polysaccharide with different structure and composition from leaf cell walls.

Investigation of cell wall composition can be further more studied by to identify particular polysaccharide
compared with model compounds representing individual polysaccharide types and their mixture based on major
sugar components. (McCann et al.1992; Wilson et al. 2000).
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