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Application of Bacillus subtilis for baby corn seed production
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UNARED: N1sAnATill nﬂ?:mmwaﬂmm Plant Growth Promoting Rhizobacteria (PGPR) fituseAnsnm
'lum'a‘d«mummsrgLmu‘[mmm'ﬁwmﬁnﬂﬂuwuﬁmJ'anﬂ 283 Tagsniiunsuenide wAide aanetnaiu
viumninvalusimdadaslul ane uasanssd asaF uazuasadun ummmﬁnmqmauumwupu
lunrdaaTuniaadnyeesis wusdtuuaiFasiuiu 153 lelmen Hanainisolunisdaassias iuuie
(Indole-3-acetic acid: 1AA) 447U 16 lelman idndende 6 "l'a‘['mam*?';ﬁﬂ?:aw'ﬁmwqqqﬂ'lum?d\uﬂ'mma‘tf-ﬁty
1293t lwenn Ae vaasuluszAunszons wudn 'lﬁﬂﬂi'nLam?;ﬁﬂ?:?ﬂ%mw'lum?dqm?nmm’:‘ry'um'ﬁﬂ'ﬁwm
qean A lalman SUT2 uax SUT3 u‘jmiw'lﬂwmﬂm'lu'z*:m"uLtﬂaaﬁﬁmﬁmnﬁuﬁﬁ'ﬁéquﬁuﬂmﬂﬁ Tnuandmandau
Jenaiiag 25% waz 50% Mndamdauuizii wudimslddeuusiidelelnen SUT3 sournanpiiiansamdou
A Aunliiyinisiudnwaiinsissyiduin uarWinananbiuanssatiiiodrAgyneadfnunisldend
AudRTuUsiIRBetAEY nsauuniiaaslelsian SUT3 InaldmssuaALuauLATUA U TR T 165
DNA wuinilmnasaiuuuaiGeluans Bacilus subtilis

AdATY: PGPR, d1atwadlndeu, 1Juinadl

ABSTRACT: The objective of this study was to select highly effective Plant Growth Promoting Rhizobacteria
(PGPR) for maize (Pacific 283) cultivation. The PGPR were isolated from maize rhizosphere from Chiang Mai,
Lampang, Nakhon Sawan, Saraburi and Nakhon Ratchasima provinces. From 153 isolates, the isolates SUT2 and
SUTS3 showed the highest plant growth promotion from pot experiments. The true isolates selected for further study
in the field experiment were mixed with the 25% and 50% reduction from the recommended chemical fertilizer rate.
The results showed that the plant yield and biomass reduced amount of chemical fertilizer mixing with isolate SUT3
of was not significantly different from these of recommended chemical fertilizer rate. In addition, the isolate SUT3
was identified as one closely related to Bacillus subtilis sp., and there was reasonable evidence to show this isolate
SUT3 could reduce the amount of chemical fertilizer used in maize field.

Keywords: PGPR, Baby Corn, Chemical fertilizer
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Fana Plant Growth Promoting Rhizobacteria (PGPR)
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W AUANIRNAINNT0ANETNNTIAT 109D
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URnnumsllenil uwazarsiailunisindndng
- Y al 1 -l =
welal NseeduuanGaluana Pseudomonas
unaeiugantrnduaumsiaTiuie uay
wnnanan i inaemnsdndls (Baby et al, 2006)
WazwuALIE Bacillus subtilis A naNnTntleany
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HunseITanAY 90 Na. UAEAaLLATELEN
15 Wi aamivAea W ldanududun 10 da
107 QARITATAILAINGID 0.2 NA. UANALAIL
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amaduIden s mnsiulasiau gas LG
uar NFB medium (Meunchang et al, 2005) RNy
Unnguvnd 28 °g 1uinan 3 Ju iiusausan
wuARFERNANUEN1dUzAne189laTalin
AN e maaessaly

nMsnAgaUUsEANBAINNISAAATITREDS INY
I1AA

ti'muL%au?qwﬁ'mmmﬂ%ml%a Nutrient broth
(NB) i Tryptophan 2 NFNFRART LT 28 °3 Lt
200 sausew AN 3 51 arndsnianthuies
ieusndaufiiunznemadainansazaneindou
a1 ua. WaiasoiBFuno 1A TneRnansazane
Salkowsky reagent (0.01 M FeCI2 in HCIO‘) 2 Na.
wihlidnme Unluiidadues 30 wiit Tnevin
dAsi e mnsdeadeUnanhilddaadh uas
¢l mfhm?qmnﬁuumﬁﬂ')'mmnﬂ?\‘u 530 W TNmT
waziFauiisuanudnduivaisazaaninegiu

IAA 1i3gN3 (Costacurta et al, 1998)
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WALA Acethylene Reduction Assay (ARA) (Hardy
etal, 1968) TaenAade lua M smaa R liAnuma
awmsiulasiaulFunms 7 wa. luvaaniuin 21 wa.
VNt 28 5 e 200 seURBUNT hanan 2 A
amuuAianaluvsendaafine exaiauly
Bumsfenas 10 1095N1m58NA (Head space)
(28-30 °7) Wuaan 24 TN,
AT AN MO ANTIANT UENLIATeY  Gas

il -
Unngounniivies

Chromatography 7N Flame lonization detector WA

PE-Alumina column 241m 50 N. x 0.03 NN, x 0.25

Tulasiums (Perkin Elmer, USA) Aanniiuiigag

WuARFEAINANINNtRLAuANTATAE 10% SDS
wasvinlimaduan fnaieiasiutiansing i@
mwﬁqa (Ultrasonic Processor) $14 GE100-watt (Sonics
and Material Inc.) 1@ A adnduesllsiugas
35199 Lowry et al. (1951) uaziFauauianssy

a

savanlndiulnsdiuanuSunouedaundqns

msnaraumaiiudelfinddadanelsais

doadenanunlsaits 4 aroiug Ae
Rhizoctonia solani, Verticillium sp., Didymella sp.,
Fusarium oxysporum LLﬂ:LLUﬂﬁL"i‘ﬂmmsﬁi‘ﬂﬁ‘n
1 A18Wug A Ralstonia solanaceae Tnudoaden
relsARINaILIME WM ABNTE (Potato dextrose
agar: PDA) 'lﬁt%m’ms‘jmqnmamm?;mL%'a du
wuAfiFaawmglsaindnsluewnndoade i
2 #u Toldfudarisindeudaquideinanlivi
puftemnsidoade anhnidelelnan suts
mam‘lowqmuqu 28 °g el 3 U naaaslu
ﬁ"nummvna'lumq'-nnL'mmmmstnwm 290, UAY
nNnmqmuLﬂmL'n'a'ludqumﬂ«.mﬂmmmmv]
Tsafte UnB3aundndes uazdeuusiiGoaisioy
uiindeyaduirgudnarsreaBnnduds (Clear

zone) (Lawongsa et al, 2008)
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NMSNARDUBNEWATRILLANIS BABNISIBNUDY
wantlwg

miawdndntwaaeiuguldna 283 Auau
100 wén Whlaende Taadradeiasiies 95%
& 5 17 anTudedaninduRiEuNssinge
W 1 afe udoutlu 2% lalaniauuleseen'lad
1w amiudnedaeinduiinunissndauds
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wnFluaAsadeiinss AN s A AT
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AudnIwawuguldia 283 Tunszoneiiiaw 10 nn.
(pH 6.84, % Buviedng (OM) 1.87, ulanauson
(Total N) 0.28%, Weawafanidudszlamy
(available P) 631.33 ppm LA Tnunadeniuani/as
% (exchangeable K; 358.83 ppm) 2 UNUNTNAREN
LU Randomized complete block design (RCBD) 4 'lll‘ﬁ
#110 n9913% 16iun Control 1 A n??N3§1ﬂﬂan%ﬂ,
Control 2 A8 Tdlannzamadeaide, CF Ae nenia
Mardeipilughmdauuuzin Tﬂﬂ'l'ﬁﬂﬂuauﬁmﬂ
10-105 (N-P20K 0) nn.sials, Mi An nasuAsTld
L'nﬂﬁ*qunuwn1ﬂ‘[mtam uaznIsNAE Rl Fowsiaxle
1an Ao SUT1, SUT2, SUT3, SUT4, SUT5 uax SUT6
dideludnm 10° iradrawdn

NMINARAUNATDITE PGPR Aansiasiula
a2t Iwalussaunlamaany
o el -l -“ -l v ° v
ARLRBANNTTNAT LUNTEa TN uW T 1
dnassydulalad it ldnaasslugninulag
v PR e % -l al
s launnssudsndnislduuaiGealelnen
SUT2, SUT3 WATITaHANTEMIN SUT2 uay SUT3 Tngl
Muafimiuianwaue (carren fFanouds 1.5x10°
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wassaniuin Taeldludiuin 350 niusials
(HuuaFy PGPR AalNdn Uszuitu 10° 11a4)
dgndannunisldenil udaanisldoiniias 25%
uaz 50% nalfiunandmsn 10105 (N-P20K 0)
30 nn.sials wieldye 2 A¥a e Tsuiuvquneulgn
uarldaiedt 2 wedhatwaenyld 30 fu uazaun
WAMARBIUARZANTUAD 5x5 MTN. 214UNUNNT
NAKBILUY Randomized complete block design
(RCBD) Tneninmsmaaesiisenindaalm

N1SAMUNTUATDINLANLT Y
Buuuaiidelelaes SUT3 Tuewnsidnade
LG 7 28 °5 1@ 2 AU mnﬁuﬁﬂﬂma@uﬁwm
naaauNINEAl (Microgen™ Bacillus-ID System)
annAdueesLLANEe lalmanAINa1 (Lawongsa
et al, 2008) ANIIUAUALELOAEAR Polymerase
chain reaction (PCR) Ineid Insune siansuasail
FD1 (5° CCG AAT TCG TCG ACA AC GAG TTT GAT
C-CT GGC TCA G ’3) uwar RP2 (5° CCC GGG ATC
CAA GCT TAC GGC TAC CTT GT-T ACG ACT T "3)
(Weisburg et al., 1991) LALATIAADUIUIATBILOL
MawelneAs Electrophoresis 114 1% wiv agarose gel
udndan@uauAdwanay ethidum bromide R399
wouAswantelsiuassansihlaen nsasiau
fhadle Induaedidluefanain (Macrogen, Korea) fatl
Big Dye terminator cycle sequencing Kit (Applied
BioSystems, USA) Lm:m?:m@'u 3730XL automated
DNA sequencing system (Applied BioSystems, USA)
WRtuFsusUTaAaTe AR IE LT 165 RNA
Tugudiaya (GenBank) AaeTusunsy BlastN 2.0.13
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anurrnvandauuAnFelunisdaased 1AA
) -l -l ° - =
wusaINuuUANGEaawu 153 lelman Tiles 16
TeloiamniANa NIsaIUNITHAR IAA FEUIY
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a - - da
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o T ok e o
uaziamNdndungendn 10 TadtuanfasiEu
fudanisiaiyreesindialne  feaanndasiu
UAALUDN Elsorra et al. (2004) usiatinglafimny
nanaaasiinudnleloen SUT2 adunsndanasia
NAATEY 999N TWATEIRINIAIN SUT3 MINHER
IAA gINTITEAUMMNIZANADNITIATOYT899N
dniwann eradlullsidn 1aa LildiladudrAty
-l o -l Aild 1 ]
NSt AEINNNAFBNIIIBN UaENEALNBEN
1839412 THA

naraaida PGPR sansiadyidulnrasdinlng
Tuszaunszona

Lﬂaﬂgméa PGPR riudalnaluszaunsznng
wud sudnawaiimnugeuansineiuatinaiie
@AtyBaneada (P<0.01) maasyresiudntna
AbifinsgnidieuueiiGy PGPR (Contol 1) 7 30
o ua:msm‘?tymmﬁuﬁﬁq‘iwmﬁmﬁm?ﬂm%a
WLATIEY PGPR wsitinnsWiannzewmnsideaiie LG
arirumssinde (Control 2 WUIINAMNGI T
A8 275 7. ludauveansnidanldide suTs uas

Wonan (M) v isudiatwaiinanganinigs
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. acidls + &
Wi 32.25 3. 98489MAE NITNADT dIT8 SUT2,
SUT3, SUTE uarnislduiail daunssudsnla
e SUTT wazlildi@a (Control 1 WA Control 2)
v v < ¥ d‘ l.' -3 IJ
pudininadanngaiesngs wanidlaiuiius
a v J -~ ' -dd‘
nandndnIwalaeng 90 U wud nIsAAENlE
Geavin A ngeuansinaiueta Tl Anymeais
VA vy Provps
(P<0.05) naaAe sudintwaainnssndsniinig
¥ o
lddananliniuganinnga Ae 11850 o,
- H v H :
P0IMINNABNITNATN 1d1Ta SUT2 daumsildidie
SUT3, SUT4, SUTS uaz SUT6 siudninadiaanngs
Tisieamluiaigmsuunii (Table 1) Tudauses
nsazaniwingis wusrsudiniwalunnnesids
fumindauwmiiafuiaiimings uasiwminus
Tduansinaiunieada snduludauaassin Tag
e o 24 - 4
nasuAsnldida SUT3 Mhwinansingangn
spenanAamsldoinil dounssadsnldide su,
SUT2, SUT5 waz SUT6 Ruwminsinaaluuansing
Aunneatd ausfingsndsnlddonaniiunmin
' 1 v
NAAGIAA  WANAININNIINTTNATN Lild T
(Control 1 waz Control 2) Tudawdmwninuiaiuly
TwirueaiAgaiuiuimings (Table 1)

Table 1 Effect of PGPR inoculalion on shoot length and plant weight in pol experiment.

Shoot length (cm)

Shoot/Root weight

Treatment

30 days 20 days Aerial part Root fresh Biomass Aerial Root dry Biomass
fresh weight fresh weight part dry weight Dry
weight (g) (te)] weight (g) Q) weight (g)
Control 1 27.50 90.00 500.00 156.75 " 656.75" 92.38 20.64° 113.04 ¢
Control 2 27.50 " 90.25° 540.00 182.5 72250 94.34 3781"™ 132.15™
SuUT1 28.75"™ 9775 " §12.00 277.5%% 890.00 103.48 36.81 " 140.28 "
SUT2 31.50 " 116.50 " 625.00 245.0 "™ 870.00 ™ 110.27 36.40 146.67 *°
SUT3 31.00 ™ 106.00 " 650.00 310.0° 960.00 " 105.57 5436° 159.92°
SUT4 32.25 ° 107.50 " 550.00 16757 71750 103.37 27.65™ 131.01™
SuUTS 29.25"" 99.00 " 527.50 2125™ 740.00 96.99 28.66 ™ 125.65
SuUT6 30.75 9975 ™ 587.50 252,56 *°° 840.00 > 103.07 35.37 ™ 138.43 ™
MI 32.25° 118.50" 583.25 1900 773.25™ 113.60 33.47 " 147.04™
100%CF 31.50 108.50 600.00 2900 " 890.00 ** 115.12 39.41% 154.54 *°
F-test o e ns B ns * *
C.V. (%) 6.72 11.78 13.15 26.02 14.93 12.98 30.17 13.42
*¢ Mean values within a column followed by different letters were significantly different according to DMRT, P<0.05

("), P<0.01 (**), ns = non significant, Contrel1 = uninoculaled, MI = mixed strains and, CF = chemical fertilizer
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navanda PGPR sanisiadaiiulnunsdig
Tnalundamaaas

nagnide PGPR lelmam SUT2, SUT3 uay
Aenan (M) Foumuaiailugnamne) Tula
NARDY TEMINOAUAL UATO AL (NNTIAN-HQUILIY
WATNINHIAN-NOAANIEY 2650 AINATG)
(Table 2) Tuqguds mimmmmmum'ﬁwmﬂuu
mnlgnieuwuaida PGPR 7 30 A wudrilaann
iy 372 au. duilenfeuiiauiuaiugs
mﬁuﬁwﬂwmﬁﬁmsﬂqm% PGPR lalmiam SUT2,
SUT3 waz@anan (Ml wudn Saauuansinedu
atNIdEAAYNaDA (P<0.05) usliuansneiu
e 60 Mutwluaudh 90 Su sroafuie taoi
811 30 A nenABRTITldenansi]uiad
75% yWidudnalnaianugenniign sesaen
¥un nenAdildide SUT2 uaz SUT3 Fauiujaiadl
75% Lwi'hiumnﬁhqﬁuma"l'ﬁ%amuéauﬁu*ﬂqamﬁ
50% uazmslijuinissetinanen douluscesy
7oty 6090 Fu Amgevessudnalnaliuansing
uneana LwiﬂLLuoTﬁudwnwa"l%L%ai'quﬁuQu
it 2§ uaznsldoiaiiResatinafen
fangaunnnanitlilaouasie (N3INATAILAN)
ﬁ'lvninuﬁqﬁuifﬁ'z‘iwmiuvgnnﬁu"‘n%'hiLLmnﬁmﬁu
NNANH
soniueadlugnm 75% seedmsuusin vinli
FudrnTnaihwinusieunnninnssaiilgide
qaunsdianiuluiaiidns 50% dwmiunanan
psiindnatwauiefianudu 16% wudnfian
uanANetNaTiudAgyn9ada natde nasld
e sut2 Fanfuenail 75% 1998Rauuzin v
Fntwaiinandnuiniian sesasnldud n1sld
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Plant Growth Promoting Rhizobacteria (PGPR) play an important role in agricultural systems, especially
as biofertilizer. The objectives of this study were to select effective PGPR for forage corn (Zea mays L.)
cultivation and to investigate the effect of their inoculation on indigenous microbial community struc-
ture. The putative genera Pseudomonas sp. SUT 19 and Brevibacillus sp. SUT 47 were selected for deter-
mining their efficiency in forage corn growth promotion in both pot and field experiments. In field
experiment, PGPR amended with compost gave the highest results in comparison to all treatments.
Denaturing Gradient Gel Electrophoresis (DGGE) fingerprints of 16S rDNA amplified from total
community DNA from rhizosphere confirmed that our isolates existed in rhizosphere throughout this
study. The microbial community structures were slightly different among all treatments whereas major
changes depended on stages of plant growth. In order to evaluate whether PGPR have effect on species
diversity in rhizosphere, DNA sequencing of excised DGGE bands was done. The results demonstrated
that dominant species in microbial community structure were not interfered by PGPR, but strongly

influenced by plant development.

© 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Forage corn is one of five major crops in Thailand. It occupies
amajor portion (about 33%) of Thai farmlands. The forage corn area
began to decline and occupied around 1.35 million ha by 2000.
From 2002 to present, production of forage corn averages 4.5
million tons per year. At present, Northern Thailand is the largest
maize producing region, accounting for about 49% of the national
acreage, followed by the Northeast region with 26%. Fertilizer pri-
ces for maize are around 33—45 USD per a 50-kg bag. The most
common fertilizers used in maize production are urea (46-0-0),
Triple 15 (15-15-15), and 16-20-0, which cost 40, 43 and 34 USD per
a 50-kg bag, respectively. Therefore, the farmers spend money
for chemical fertilizer around 74—100 USD ha~! for forage corn
cultivation  (http://www.oae.go.th/download/download_journal/
fundamation-2552.pdf). An alternative to increase agricultural
productivity in a sustainable manner, there is increasing reliance on
manipulation of microorganisms that benefit soil and plant health.
For decades, rhizobacteria beneficial to plants are often referred as

* Corresponding author. Tel.: +66 44 223389; fax: +66 44 216345.
E-mail address: neung@sut.ac.th (N. Teaumroong).

1164-5563/$ — see front matter © 2010 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.ejsobi.2010.11.004

plant growth promoting rhizobacteria (PGPR) [1]. PGPR can
promote plant growth either directly or indirectly through various
mechanisms, such as providing the N source for plant through the
N, fixation [2,3]; exerting a biological control of soil-borne patho-
gens [4] as well as producing the plant-stimulating growth
substances (phytohormone) that improve growth development by
the production of auxin, cytokinin and gibberellins [2]. Moreover,
ethylene is known as phytohormone and might inhibit elongation
of root in some plants, therefore PGPR containing ACC-deaminase
activity might promote plant growth as well as reduce the stress
imposed by excessive ethylene to the plant [2].

The large-scale application of PGPR to crop as inoculants would
be attractive as it would substantially reduce the use of chemical
fertilizers and pesticides, which often pollute the environment. This
has a heavy impact on the natural and human environment, as well
as on human health, through the pollution of soils, waters, and the
whole food supply chain. The PGPR can promote growth of several
types of plants. For example, Azospirillum can associate with roots of
monocots, including important crops such as wheat, corn, and rice.
In addition, there are some applications of Pseudomonas sp. for
improvement of growth and yield of maize (Zea mays L.) in field [5]
and of Bacillus subtilis for effective protection of maize from the
pathogens Fusarium and Rhizoctonia [6). Furthermore, PGPR inocula



P. Piromyou et al. / European Journal of Soil Biology 47 (2011) 44—54 = 45

of Azotobacter sp. and Azospirillum sp. have been commercialized for
various crops in Thailand by Suranaree University of Technology [7].

Thus, this research aimed to select the appropriate PGPR strains
that perform higher plant growth promotion than those of
commercial strains (Azotobacter sp. and Azospirillum sp.) when
forage corn (Z mays L.) cv. Suwan 5 was used as a crop represen-
tative. In addition, the effects of selected inoculant strains on
microbial community structure in the rhizosphere of forage corn
were also investigated.

2. Materials and methods
2.1. Soil sampling and bacterial isolation

153 bacterial strains were isolated from the root of forage corn
(Z mays L) grown at different provinces i.e. Chiangmai (18°47'25”N/
98°58'54"E), Lampang (18°17’25”N/99°30'25”E), Nakhon Sawan
(15°41’0"N/100°7'0”E), Saraburi (14°51'0”N/100°91’0”E), and
Nakhon Ratchasima (14°58'0”N/102°7'0”E) in Thailand. Plants were
uprooted along with good amount of rhizosphere soil, brought
immediately to the laboratory in polyethylene bags and air-dried
within 2 h. The soil was removed from the roots, then dipped and
gently shaken in sterilized water under aseptic conditions for 5 min.
This step was repeated and only root samples were collected. The
root suspension was obtained by dipping the root and vigorously
vortexing in 10 ml of 1% sterilized tween 80 for 5 min. The obtained
root suspension was then further diluted with ten-fold dilution
technique prior to spreading on LG (N-free) medium (10 g glucose,
0.41 g KHyPO4, 0.52 g K;HPO4, 0.2 g CaCly, 0.05 g NayS0O4, 0.1 g
MgS04-7H,0, 0.005 g FeS0O4-7H;0, 0.0025 g Na;MoOy4-2H;0 per
liter) [8]. The higher dilutions between 10° and 10® were focused in
order to obtain bacterial isolates representing high density of root-
adhering bacteria. The plates were incubated for 2 days at 30 °C and
colonies showing morphological difference were collected for
further analysis.

2.2. Selection of appropriate bacterial strains

Seeds of forage corn were surface sterilized by soaking in 70%
ethanol for 1 min followed by incubation in 1% sodium hypochlo-
rite for 10 min. The bleach solution was suctioned off and the seeds
were thoroughly rinsed with sterilized distilled water at least five
times. The seeds were germinated on sterilized filter paper sheets
in the Petri dish. Each seed was inoculated with ~10® CFU/ml of
single rhizobacterial isolate. Seeds inoculated with sterilized 0.85%
NaCl solution were used as control. The seeds were covered with
other sterilized filter paper sheets, and 10 ml of sterilized distilled
water was added to each Petri dish to moist the filter paper sheets
and allow the germination. The plates were incubated at room
temperature for a week, and the root growth (root elongation and
root weight) was examined. This was conducted as five replicates.
The top ten bacterial isolates that can promote the root length were
selected at’one week after germination.

2.3. Acetylene reduction assay (ARA)

The Np-fixing activity of the selected bacterial culture was
examined by acetylene reduction assay (ARA). The reactions were
carried out in a 21-ml test tube containing 7 ml of bacterial culture
in LG (N-free) medium and incubated at 28 °C for 2 days [9]. Ten
percentages (v/v) of gas phase in the headspace was replaced with
acetylene and further incubated at 28 °C for 24 h. Ethylene
production was measured by using gas chromatograph (GC) with
a flame ionization detector and PE-Alumina column equipped,
50 m x 0.32 mm x 0.25 pm (Perkin Elmer, USA). After completion

of the ARA, the cells were predigested by adding 10% SDS (W/V) and
sonicated briefly. Total protein concentration of the cell suspension
was determined according to Lowry's method [10]. One unit of
nitrogenase enzyme refers to the activity to form 1 nmol of
ethylene per hour under this condition. The activity of the enzyme
was calculated as nmol of ethylene forming/h/mg of protein.
Standard curve of ethylene was constructed by varied concentra-
tion of pure ethylene.

2.4. Indole-3-acetic acid (IAA) production

Production of indole-3-acetic acid (IAA) was colorimetrically
determined as described by Fukuhara et al. [11]. The isolates were
grown in LG (N-free) broth medium supplemented with L-trypto-
phan (100 mg/L) at 28 °C. The supernatant of the stationary phase
culture was obtained by centrifugation at 12,000 rpm for 15 min.
IAA produced per ml culture was estimated by mixing 5 ml Sal-
kowsky reagent (0.01 M FeCl; in HClO4), followed by measuring the
color changes at 530 nm [12]. Varied amounts of pure indole-
3-acitic acid were used as standard.

2.5. ACC-deaminase activity assay

Selected bacterial isolates were cultured in LG (N-free) medium
at 28 °C for 2 days with shaking at 200 rpm until cell reached the
early stationary phase. The cells were collected by centrifugation at
5000 rpm for 5 min and washed twice with minimal medium [13].
Cell pellets were suspended in 15 ml of minimal medium supple-
mented with 1 mM ACC (1-aminocyclopropane-1-carboxylate),
and further incubated at 28 °C for 24 h with shaking at 200 rpm to
induce ACC-deaminase enzyme production. ACC-deaminase
activity was measured as described by Penrose et al. [13].

2.6. P-solubilization

Phosphate-solubilization test was conducted qualitatively by
inoculating the bacteria into agar containing precipitated trical-
cium phosphate. The medium was a modification of Pikovskaya
medium, consisted of 10 g glucose, 5 g tribasic phosphate
(CasHO43P3), 0.5 g (NH4)2S04, 0.2 g KCl, 0.1 g MgS04-7H,0, trace of
MnSO4 and FeSO4, 0.5 g yeast extract, and 15 g agar, in 1000 ml
distilled water. Bacterial culture was streaked on the surface of
Pikovskaya medium. The presence of clearing zone around bacterial
colony after 24 h incubation was used as indicator for positive
P-solubilization [14].

2.7. 16S rRNA gene analysis

The PGPR isolates SUT 19 and SUT 47 were analyzed by cloning
and nearly sequencing of the 16S rRNA gene. Both DNA were
extracted [15] and used as a DNA template in PCR reactions. 16S
rRNA gene was amplified by using the primers pair [16]. The PCR
products were purified using the QlAquick PCR purification kit
(Qiagen, Hilden, Germany). The amplicons were ligated into the
pGEM®-T Easy Vector System (Promega, USA) and then further
transformed into Escherichia coli DH5a competent cells, following
the manufacturer's protocol. Cells were grown overnight at 37 °C
on Petri plates containing S-gal®/LB agar blend (Sigma—Aldrich)
supplemented with 100 pg ml~! ampicillin (Sigma—Aldrich). White
colonies (transformants) were picked randomly from the plates for
colony PCR using the SP6 and T7 primers (Promega). Twenty-five
microliter PCR reactions containing 0.1 U pl~! GoTaq® DNA Poly-
merase (Promega), 1x PCR buffer and 1.5 mM MgCl; supplied with
the enzyme, 0.2 mM dNTPs, 0.2 uM of each primer were performed
using an PERKIN ELMER, GeneAmp PCR System 2400 under the
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following reaction conditions: 95 °C for 5 min, followed by 35
cycles of 94 °C for 30 s, 48 °C for 45 s, and 72 °C for 45 s, and a final
extension step at 72 °C for 10 min. PCR products were evaluated by
running a small volume of product in an agarose gel. DNA
sequencing was performed by MACROGEN company (Korea). The
DNA sequences were generated and the most closely related
sequences were obtained from the NCBI database.

2.8. Plant experiment

2.8.1. Leonard jar experiment

Since the preliminary experiment showed that the original
formula of Hoagland solution could not distinguish the forage corn
growth performance in every treatments, thus half strength of
Hoagland solution was found more appropriate later. Plastic jar
(383 cm?®) was filled with sand, and a half strength Hoagland
solution (150 ml) [17] was applied through a wick to provide
nutrients to plants. The whole apparatus was autoclaved (25 min at
121 °C) prior to the transplantation of seedlings. Surface-
disinfected forage corn seeds from National Corn and Sorghum
Research Center (NRCCS), Thailand were germinated on sterilized
filter sheets in Petri dish. Uniformly germinated seeds were trans-
planted to the plastic jar containing sand under aseptic conditions
(single plant per plastic jar). One milliliter of 2-day-old inoculum
(108 CFU ml™!) was applied to the seedling, 2 days after trans-
planting. This was conducted as three replicates per single bacterial
isolate. Plants were grown under controlled environmental condi-
tions of 28 + 2 °C on 16/8 h day/night cycle at four light intensities
(full light, 639 uE m~2 S~ 1). The shoot and root were harvested after
one month of planting. The isolates SUT 19 and SUT 47 displayed
the highest forage corn biomass when compared with commercial
strains (Azotobacter sp. and Azospirillum sp.), then both isolated
strains were collected for further analysis. In addition, to
enumerate the number of root colonizing cell, root samples were
collected and vigorously vortexed in 20 ml of 1% sterilized tween 80
for 5 min. The obtained suspension was then diluted with ten-fold
dilution technique prior to spreading on LG (N-free) medium. The
plates were incubated for 2 days at 30 °C before colony counting.

2.8.2. Pot and field experiments

Both pot and field experiments were conducted from January
2009 to March 2009 as first crop (average rainfall = 40 mm and
temperature range 27.1-38 °C) and July 2009 to September 2009 as
second crop average (rainfall = 150 mm and temperature range
23-32 °C). For the pot experiments, the same soil samples used in
field experiment from Suranaree University of Technology farm
(14°59’0”N/102°7’0"E) were collected, air-dried, sieved (2-mm/
10-mesh) and analyzed for physico-chemical characteristics before
filling the pots. The soil was clay loam having pH 7.26; electrical
conductivity (EC), 192.5 uS cm™!; available phosphate (Bray II),
65.73 ppm; potassium (NH40Ac), 180 ppm; and organic matter [18],
1.64%. The selected bacterial isolates (SUT 19 and SUT 47) and
commercialstrains were inoculated with and without the compost.
The compost was applied a ton per ha to both pot and field exper-
iments. The compost was analyzed for physico-chemical charac-
teristics before applied into pots and field. The compost was having
pH 8.26; electrical conductivity (EC), 4.18 uS cm™'; phosphorus (wet
digestion), 2.87%; potassium (wet digestion), 0.95%; nitrogen
(Kjeldahl method) [19], 1.03%; and organic matter [18], 15.01%. The
forage corn seeds were sown in soil filled pots (12 kg soil per pot)
receiving nutrient inputs of N, Pand K at 120, 75 and 50 kg in form of
urea, diammonium phosphate and muriate of potash, respectively.
The forage corn was inoculated (10% CFU seed™') with the isolated
strains and commercial strains (Azotobacter sp. and Azospirillum sp.)
after a day and five days of sowing. The pots were arranged

randomly with four replications at ambient light. The plants were
harvested after two, five and eight weeks. The field experiments
were conducted along with university farm agronomic practices
(watering around 1.5 mm day™!). Seeds of forage corn were sown
with a single row seed drill keeping row to row distance of 25.0 cm.
Each experiment was conducted in randomized complete block
design (RCBD) with four replications. The forage corn was harvested
after two, five and eight weeks after sowing. Data of plant biomass
were recorded and the samples from each rhizosphere soil were
collected for PGPR microbial community analyses.

2.9. Total community DNA isolation and PCR amplification
of universal 16S rRNA of eubacterial, archeobacterial
and fungal genes fragment and DGGE analysis

DNA extraction was performed using the Ultra Clean Soil DNA
kit (MoBio Laboratories, Solana Beach, California, USA). A portion of
0.25 g of forage corn rhizosphere was processed according to the
protocol provided by the manufacturer with an additional bead-
beating step using as cell homogenizer (Braun, Melsungen,
Germany) to achieve a harsh cell lysis. Amplification of eubacterial
16S rRNA gene was performed using universal primers PBA338F
(5’-ACT CCT ACG GGA GGC AGC AG-3’) and PRUN518R (5'-ATT ACC
GCG GCT GCT GG-3') which yielded products of approximately 200
base pairs [16]. The GC-clamps (5’-CCC CCG CCG CGC GCG GCG GGC
GGG GCG GGG GCA CGG GCC G-3") [20] were added to the 5’end of
the forward primer. The PCR reaction contained 50 ng of DNA from
soil samples, 0.5 pmol of each primer, 0.2 mM dNTP, 1 x PCR buffer,
3 mM MgC(Cl,-2H,0 and 0.05 U Taq DNA polymerase (Promega,
USA). The thermal cyclers were performed using an PERKIN ELMER,
GeneAmp PCR System 2400 under the following reaction condi-
tions: 94 °C for 5 min (1 cycle), 94 °C for 30 s, 55 °Cfor 30 s, 72 °C for
30 s (35 cycles) and final 72 °C for 10 min (1 cycle).

Archaeal 16S rRNA genes were amplified by using the forward
primer PARCH340F (5’-CCC TAC GGG G(C|T)G CA(G/C) CAG-3’) and
a reverse primer PRAH519R (5-TTA CCG CGG C(G/T)G CTG-3')
which yielded products of approximately 200 base pairs [21]. The
GC-clamp [20] was added to the 5’end of the forward primer. The
PCR reaction contained 50 ng of DNA from soil sample, 0.5 pmol of
each primer, 0.2 mM dNTP, 1x PCR buffer, 3 mM MgCl,-2H,0 and
0.05 U Taq DNA polymerase (Promega, USA). The PCR amplifica-
tions were performed in the following condition: 5 min at 94 °C,
followed by 30 cycles of 95 °C for 45 s, 53.5 °C for 45 s, and 72 °C for
2 min, and a final extension step at 72 °C for 10 min.

The PCR products of eubacteria and archeobacteria were sepa-
rately subjected to DGGE analyses. PCR product (50 pl) was loaded
onto 10% (w/v) polyacrylamide (Acrylamide:Bisacrylamide ratio,
37.5:1) gel in 1.0 strength Tris—acetate—EDTA (TAE, pH 8.5) buffer.
The polyacrylamide gel was prepared with a denaturing gradient
ranging from 30% to 70%. DGGE was performed at 60 °C. The
electrophoresis was run for 12 h at 120 V. Subsequently, the gel was
stained with SYBR Green solution and documented on gel docu-
mentation and analysis.

The fungus-specific primers NS1 (5’-GTA GTC ATA TGC TTG TCT
C-3') and FR1 (5’-AIC CAT TCA ATC GGT AIT-3’) were used for
amplification of 18S rRNA gene fragments (1650 bp) [22]. The
reaction mixture (50 pl) consisted of 1 ml of template DNA (ca.
20 ng), Stoffel buffer (10 mM KCl, 10 mM Tris—HCl [pH 8.3]), 0.2 mM
deoxynucleoside triphosphates, 3.75 mM MgCl,, 2% (w/v) dimethyl
sulfoxide, 0.2 M concentration of each primer (NS1 and FR1-GC),
and 2 U of Taq DNA polymerase (Stoffel fragment; Applied Bio-
systems, Foster City, Calif.). A GC-rich sequence (5’-CCC CCG CCG
CGC GCG GCG GGC GGG GCG GGG GCA CGG GCC G-3') was attached
to the primer FR1 to prevent complete melting of PCR products
during separation in the denaturating gradient gel. Dimethyl
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sulfoxide was added to the reaction mixture to improve specificity
and facilitate the amplification of GC-rich templates [22]. After
8 min of denaturation at 94 °C, 35 thermal cycles of 30 s at 94 °C,
45 s at 48 °C, and 3 min at 72 °C were performed, followed by an
extension step at 72 °C for 10 min. DGGE analysis was performed as
previously described with a denaturing gradient of 18—43% dena-
turant. Aliquots of PCR samples (50 pl) were applied to the DGGE
gel, and DGGE was performed in 1x Tris—acetate—EDTA (TAE)
buffer at 58 °C with constant voltage of 180 V for 16 h. The gel was
stained with SYBR Green solution and documented on gel docu-
mentation and analysis.

2.10. Cloning and sequencing

The microbial community composition in DGGE gel was
analyzed by cloning and partial sequencing of the 16S rDNA and 18S
rDNA genes. Interested bands from DGGE gel were used as a DNA
template in PCR reactions as followed by Prakamhang et al. [15]. 16S
rDNA and 18S rDNA genes were amplified by using the primers pair
PRBA338F-PRUN518R, PRAH519R-PARCH340F, and NS1-FR1 for
eubacteria, archeobacteria and fungi, respectively. The PCR prod-
ucts were purified using the QIAquick PCR purification kit (Qiagen,
Hilden, Germany). The amplicons were ligated into the pGEM®-T
Easy Vector System (Promega, USA) and then further transformed
into E. coli DH5«= competent cells, following the manufacturer's
protocol. Cells were grown overnight at 37 °C on Petri plates con-
taining S-gal®/LB agar blend (Sigma—Aldrich) supplemented with
100 pg ml~! ampicillin (Sigma—Aldrich). White colonies (trans-
formants) were picked randomly from the plates for colony PCR
using the SP6 and T7 primers (Promega, USA). Twenty-five micro-
liter PCR reactions containing 0.1 U pl~! GoTaq® DNA Polymerase
(Promega, USA), 1x PCR buffer and 1.5 mM MgCl; supplied with the
enzyme, 0.2 mM dNTPs, 0.2 uM of each primer were performed
using an PERKIN ELMER, GeneAmp PCR System 2400 under the
following reaction conditions: 95 °C for 5 min, followed by 35
cycles of 94 °C for 30 s, 48 °C for 45 s, and 72 °C for 45 s, and a final
extension step at 72 °C for 10 min. PCR products were evaluated by
running a small volume of product in an agarose gel. DNA
sequencing was performed by MACROGEN company (Korea). The
DNA sequences were generated and the most closely related
sequences were obtained from the NCBI database.

2.11. Statistical analyses

The experimental data were statistically analyzed according to
Stell et al. [23], and means were compared by Duncan's Multiple
Range Test [24]. The cluster analysis and dendrogram generation
were carried out by the NTSYSpc (2.2, Exeter Software, USA) [25].
The cluster analysis was performed according to the presence and
absence of bands that occurred in DGGE gels. The presence or
absence of a nucleic acid band at the same height in each lane was
marked with a 1 or 0, respectively. The similarities between the
DGGE patterns were analyzed using the Pearson correlation coef-
ficient, and displayed graphically as a dendrogram based on
UPGMA algorithms (unweighted pair group method with arith-
metic averages). NTSYSpc version 2.2 was also used to perform
principle coordinate analysis (PCA) to perform multiple dimensions
of microbial community structure.

3. Results and discussion
3.1. Effect of inoculum size on root colonization and plant biomass

Since Azotobacter sp. and Azospirillum sp. have been commer-

cialized as PGPR inocula for various crops cultivation by Suranaree
.

University of Technology (SUT) [7], the aim of this study was to
select the appropriate PGPR strains which provide better plant
promoting efficiency than both of the commercial strains. In this
study, forage corn was selected as crop representative. In order to
obtain the most abundant root-adhering bacteria, the roots of
forage corn were used as source of PGPR isolation. In addition,
N-free medium was used in order to obtain nitrogen fixing PGPR.
Since most of the N input in soil is in the form of polymers, which
first have to be broken down into smaller units by extracellular
enzymes [26], in soil where N and C are often of low availability, it is

_crucial for organisms to tightly regulate the synthesis and activity of

the different enzyme systems [27]. Thus, the selected nitrogen fixer
strains might have more chances to persist and provide some
nitrogen to plants in N-deprived soil than non-nitrogen fixing
bacteria. However, some other active PGPR were also excluded from
this protocol. The bacteria isolated from higher dilution between
10° to 108 folds were collected. The top two (SUT 19 and SUT 47)
bacterial strains from 153 isolated strains were selected on the basis
of their efficiency to promote better forage corn growth in Leo-
nard’s jar condition (data not shown). Subsequently, the inocula-
tion size of strains SUT 19 and SUT 47 on forage corn was
determined before applied as inocula. The effect of bacterial inoc-
ulum size on the root colonization and forage corn biomass was
summarized in Table 1. Even though the low amount of bacterial
cells at 10° CFU ml~! seed~" was applied, the number of bacterial
root colonization could reach to 10° CFU g root dry weight™. This
again confirms the benefit of bacterial isolation approach which is
conducted on the principle bacteria appeared in higher
dilution represented of high number of root-adhering bacteria
(as mentioned in Materials and methods). In addition, all of the 4
bacterial strains demonstrated higher root colonization efficiency
when inoculum size was increased. The inoculum size in the range
of 10°—107 CFU mi~! showed that SUT 47 was able to colonize
root of forage corn higher than other strains, whereas root coloni-
zation of SUT 19 was not significantly different when compared
with Azotobacter sp. and Azospirillum sp. In comparison, the plant
biomass of plant inoculated with the isolates SUT 19 and SUT 47 at
population number at 10* CFU ml~! was 36.3% and 41.6%, respec-
tively, which is higher than with the uninoculated control plant.
Moreover, the ability to promote plant growth of isolate SUT 47 was
higher than that of other inoculated strains at 10* CFUmI™! (0.72 g
of plant dry weight). Besides, inoculum size at 10% CFU ml~"! dis-
played that all inoculated strains promoted the plant growth
significantly better than the control. Most of the PGPR strains could
promote plant biomass at inoculum level 10*—10% CFU mlI~! seed™!
except Azotobacter sp. Generally, PGPR inoculants in this experi-
ment that were inoculated at 10* CFU ml~! seed~! raised the level
of bacterial root colonization up to 107 CFU g root dry weight~%. And
this level could promote higher forage corn biomass than other
degree of inoculum size. However, the inoculum size at
10* CFU ml~! only showed good results in sterilized condition,
therefore, when PGPR strains of this size were applied in the field,
higher number of PGPR is needed. As experienced by El Zemrany
et al., 2006 [28], the inoculum level of Azospirillum lipoferum CRT1
at 2.8 x 107 CFU per seed of maize in large-scale application could
be recovered to be as high as 108 CFU g root™! at 35 days after
planting.

3.2. Characterization of selected PGPR

The abilities of plant growth promotion such as N-fixation
ability, IAA production and ACC-deaminase activity of the tested
strains were determined. The isolates SUT 19 and SUT 47 showed
less efficiency of nitrogen fixation than Azotobacter sp. and Azo-
spirillum sp. while IAA production was not significantly different
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Table 1
Effect of PGPR inoculum size on plant dry weight and root colonization of forage corn in Leonard's jar experiment at one month of planting.
Treatments Dilutions (CFU/ml)
10 10* 10° 108 107 108
Root colonization (CFU/g root dry weight)
Control -

Azotobacter sp. 4.0 x 105+ 89 x 10°* 83 x 107 £ 1.6 x 107¢c 24 x 108 £ 1.4 x 10°® 8.0x 108+ 1.0 x 10®® 3.0x 10°+ 12 x 10°® 3.7 x 10° + 6.7 x 10®*
Azospirillum sp. 9.0 x 105+ 4.2 x 105% 3.7 x 107 £ 53 x 1052 49 x 107 £80 x 105 14 x 10®+43 x 107 56 x 10° + 1.4 x 10°* 4.8 x 10° +3.6 x 10°?

SUT 19 40x105+46x10°% 52x107+12 x 105% 65 x 106+ 1.1 x 105% 37 x 107 £3.1 x 106 12 x 10® £ 9.0 x 107 * 2.5 x 10° + 1.6 x 10° *®
SUT 47 7.0 x 105+ 1.4 x 1053 40 x 107 +23 x 107* 55 x 108 £2.4 x 108¢ 95x 108 +£20x 108¢c 33 x 10°+1.5x 10°" 41 x10°+ 1.7 x 10°?
Plant biomass (g of total plant dry weight)

Control 0.41 +0.04° 0.42 + 0.06 * 035+ 0.08 * 0.40 + 0.07* 0.41+ 0052 036+ 0.09?
Azotobacter sp. 0.49 +0.13? 037 +023° 047 £0.11% 053+0.13%® 0.55+0.10° 0.43 + 006
Azospirillum sp. 0.45 + 0.06 * 046 +0.15 *® 055+0.11° 0.63 +0.09° 054 +0.17° 050+ 013%

SUT 19 0.47 £ 0.07 * 0.60 + 0.08 ® 057 +0.12° 0.64+0.16° 058 +0.12° 0.54 + 0.09*

SUT 47 0.60 +0.19? 072 +0.14° 0.49 + 0.05 *® 0.64+0.12° 0.58 + 0.07 * 049 +£0.15%

Within a column for each dilution of plant biomass and root colonization, the data were separately investigated. Means followed by different letter are significantly different at

0.05 probability level according to least significant difference (LSD) test.

among all bacteria tested. However, strains SUT 19 and SUT 47
performed the activity of ACC-deaminase enzyme at 0.25 and
0.19 pmol of a-ketobutyrate mg protein~! h~}, respectively while
this property could not be detected in the Azotobacter sp. and
Azospirillum sp. Moreover, only isolate SUT 19 had the ability to
solubilize inorganic phosphate (Table 2). Based on 16S rRNA
sequence analysis, the isolates SUT 19 and SUT 47 were closely
related to Pseudomonas sp. and Brevibacillus sp. with homology 98%
(HM446471) and 97% (HM453885), respectively. However, these
two isolates are still putative genera since further biochemical
characteristics and sequencing of housekeeping genes are required
for confirming their identification. Even though the isolates SUT 19
and SUT 47 can fix atmospheric nitrogen with lower amount than
the commercial strains (Azotobacter sp. and Azospirillum sp.), when
comparing all tested isolates with the Rhizobium—legume symbi-
osis, all of PGPR strains in this study still have lower nitrogen fixing
ability [29]. This indicated that plant growth promotion is caused
by some other factors rather than nitrogen fixation. Whereas one
advantage of these isolates may be that they can survive in
N-deprived condition, other factors such as phytohormones
production, phosphate solubilization and ACC-deaminase would be
the key factors for plant growth promotion.

The mechanism most often invoked to explain the direct effects
of plant growth promoting bacteria on plants is the production of
phytohormones, including auxins such as indole acetic acid or IAA
[30,31]. We found that the efficiency to produce plant hormone
(IAA) of the strains SUT 19 and SUT 47 was not significantly
different when compared to Azotobacter sp., in spite of their
different plant biomass. However, lower amount of IAA produced
by B. subtilis 101 could promote more tomato biomass than higher
amount of IAA from Azospirillum brasilense Sp245 [32]. Thus, in this
case, IAA might not play an important role for forage corn growth

Table 2
Some characteristics of PGPR.
Treatments Characterization
ARA 1AA ACC-deaminase P-solubilization

activity
Azotobacter sp. 030 +0.09° 0.14+010% 0.00+000* -
Azospirillum sp. 0.60 +0.10® 0.08 +0.10* 0.00 + 0.00 *
SUT 19 007 +007* 0.16+0.14°° 025+0.19°
SUT 47 011+003* 019+017® 019+016%® -

+ |

ARA unit = nmole of acetylene/mg protein/day, ACC-deaminase activity unit = pmol
of a-ketobutyrate/mg protein/h, IAA unit = pM/mg protein, + = can solubilize P and
- = cannot solubilize P. Different letters in the same column indicate a significant
different among treatments (P < 0.05).

promotion. Interestingly, the isolates SUT 19 and SUT 47 were
found to produce ACC-deaminase enzyme. These results imply that
the ACC deaminase may help to promote the forage corn growth.
The ACC-deaminase can cleave the plant ethylene precursor ACC,
and thereby lower the level of ethylene in a developing or stressed
plant [33,34]. The inoculation with rhizobacterial strains containing
ACC-deaminase activity significantly promoted root, shoot and
other growth contributing parameters of wheat at all salinity levels
both under axenic and pot condition [35]. However, organisms with
higher levels of ACC-deaminase activity, which is from 300 to
400 nmol a-ketobutyrate mg protein~! h™', do not necessarily
promote root elongation of Brassica campestris to any greater extent
than the strains that contain less enzyme activity [31]. Therefore,
the role of ACC-deaminase activity of strains SUT 19 and SUT 47 on
forage corn growth promotion should be further elucidated. As
widely recognized that soil inoculation with phosphate solubilizing
bacteria (PSB) can improve solubilization of fixed soil phosphates
and applied phosphates resulting in higher crop yields [36], the
highest forage corn biomass caused by strain SUT 19 inoculation
may possibly be promoted via phosphate-solubilization trait.

3.3. The effect of PGPR on plant biomass in pot
and field experiments

In this experiment, compost was amended since nutrients
available in compost might support the growth of PGPR during the
less developed root period. The results showed no effect of compost
on shoot and root dry weight in all treatments. Inoculation of forage
corn with selected PGPR strains in pot and field experiments for
both crops (January to March 2009 and July to September 2009)
resulted in a visible increase in root and shoot development,
especially during the establishment of the plant. The results of
effect of PGPR on plant biomass in pot/field experiments in first
crop are shown in supplementary data (S1). The analysis of shoot
and root dry weights using the F-test revealed that inoculation of
PGPR resulted in a significant (P < 0.05) increase in the biomass of
roots and shoot as compared to uninoculated controls (Table 3).

For the results in pot experiment, shoot biomass performed at
2nd week showed no significant differences in all treatments,
whereas at 5th week, strains SUT 19, SUT 47 and Azospirillum sp.
amended with compost were able to increase shoot dry weight of
forage corn when compared to the compost amendment alone
(strain SUT 19 with compost: 43%, strain SUT 47 with compost: 45%,
and Azospirillum sp. with compost: 44%, respectively). However, both
commercial strains and isolated strains (strain SUT 19, strain SUT 19
with compost and strain SUT 47 with compost) were able to promote
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Treatments July 2009—September 2009

Pot experiments Field experiments

Shoot dry weight (g) Root dry weight (g) Shoot dry weight (g)

2nd week S5th week 8th week 2nd week 5th week 8th week 2nd week  5th week 8th week
Control 059+ 026 11.81 £+057* 2961 +264% 035+008% 232+054* 1129+293* 083+034*980+189* 215.62 + 29.66 *
Compost 077 +£0.16*® 1372 £ 091 % 3065 + 6.63°° 045+ 0.10°® 3.04 + 032°> 1493 + 1.43 * 095+ 020* 11.80 + 270 ™ 261.07 +37.87

Azotobacter sp.  0.81 4 0.32 *® 16.45 + 3.49 *®

3327 + 746

Azotobacter sp.  0.89 + 0.19%® 23.07 + 248 < 3405+ 697 066+ 016" 351 +1.23%¢
+ Compost -

Azospirillum sp.  0.80 + 031 16.92 + 421 3368 +534%® 061+ 022 286+ 036

Azospirillum sp. 092 + 0302 2435 +392¢ 3436+ 10.26 *® 0.63 + 0.11 * 3.60  0.75 *>
+ Compost

SUT 19 0.77 + 022 *® 2025 + 4.88 > 3194 + 454 ® 059 + 025 5.05 + 021 >¢

SUT 19 + Compost 0.90 + 0.33 *® 2425 +426°¢ 3835+7.13® 070+024® 582+1.11¢

SUT 47 0.82 + 023 *® 17.57 + 342 *> 31.04 + 1.09® 0.49 + 0.06 *® 3.70 + 0.48 >

SUT 47 + Compost 0.95 + 027 ° 2504 + 6.89¢ 3555+ 7.65%® 0.65+022° 555+212<

F‘test * % * * %

0.5 + 0.07*® 3.01 + 053

15.95 + 1.73 *¢ 1,04 + 0.20 * 12.94 + 3.38 ** 260.00 + 12.78 **
1743 £151% 1094016 1892 +3.14% 27318 +33.13®

1499 + 1.57 * 1.05 + 0.19* 17.09 + 023 24283 + 6342 *°
1638 +2.43 % 120 + 022 2026 + 442 % 276.42 + 53.13 3¢

1354 £ 3.67® 0.97 + 028 * 1639 + 2.67 ™4 282,04 + 21.26 **
1944 £ 0.74c 1.06+031%2415+£371° 341.13+9156¢

14.59 + 1.27 < 0.99 + 0.24 * 16.17 + 1.38 > 27573 + 16.22 3
1933 +£274° 1.11+025% 2461+3.17° 301.15+23.66 >

= ns % *

Mean values within a column followed by different letters were significantly different according to the DUNCAN's test, P < 0.05 (*), P < 0.01 (**), ns = non-significant.

growth of forage corn significantly better than uninoculated control.
Espedially at 8th week after planting, only strain SUT 19 amended
with compost demonstrated the ability to promote higher growth of
forage corn than uninoculated control. In case of root dry weight, the
results showed that at 2 weeks after planting, a commercial strain
(Azotobacter sp.) and isolated strains (SUT 19 and SUT 47) amended
with compost significantly increased the root dry weight of forage
corn when compared to uninoculated control. At 5 weeks after
planting, the isolates strain SUT 19, strain SUT 19 with compost, and
strain SUT 47 with compost similarly gave better results in
promoting growth of forage corn than uninoculated control. More-
over, strain SUT 19 amended with compost more positively affected
the root dry weight of forage corn when compared to compost
amendment alone. At 8 weeks after planting, all of inoculated strains
amended with compost enhanced forage corn growth significantly
better than uninoculated control except compost amendment alone.

The results in field experiment displayed only the effect of PGPR
on shoot biomass because of limitation of root sampling. The
tendency of shoot biomass was similar to the pot experiment. At 2
weeks after planting, the effects from all of inoculated strains
treatments were not significantly different when compared with
uninoculated control, whereas, at 5 weeks after planting, all of
inoculated strains were significantly different from uninoculated
control except Azotobacter sp. treatment. Nevertheless, commercial
strains (Azotobacter sp., Azospirillum sp. and Azospirillum sp. with
compost) and selected strains (19 with compost and SUT 47 with
compost) showed high efficiency to promote the forage corn
growth when compared with compost amendment alone. At the 8
weeks after planting, the ability to promote forage corn growth of
the strains SUT 19 and SUT 47 amended with compost was higher
than that of uninoculated compost at 30.7% and 15.3%, respectively.
In additfon, the strain SUT 19 amended with compost is the best
among all treatments in terms of promoting growth of forage corn.
In addition, the results from first crop cultivation (see S1) were also
similar to the second crop even though the plantation period was
conducted for only 5 weeks. Our results are in accordance with
some reports that A. lipoferum CRT1 could promote growth of maize
(Z mays L) [5,20,28,37—-39].

3.4. Comparative PCR—DGGE and PCA analyses of microbial
populations

The effect of PGPR inoculation on soil microbial community
structure in forage corn rhizosphere in both pot and field

7

experiments was evaluated using PCR—DGGE approach. DGGE
fingerprints confirmed that our isolates are able to establish in the
forage corn rhizosphere throughout the plantation period (Fig. 1A)

.and the DGGE patterns obtained from rhizosphere in first crop are
similar to the second-crop-(data not shown). The community
structures of all eubacteria, archeobacteria and fungi from bulk soil
showed absolutely different DGGE patterns when compared to
other treatments. Both of eubacterial DGGE patterns obtained from

“pot and field consisted of a large amount of bands representing
huge variety of ribotype at rhizosphere soil (Figs. 1A and 2A). The
DGGE fingerprints of archeobacteria in both pot and field showed
that the amounts of bands slightly increase along with plant age.
Each treatment of DGGE patterns consisted of a few stronger bands
and a large number of fainter bands representing less dominant
ribotypes, whereas the relative abundance of several ribotypes was
enhanced in the 8 weeks after planting (Figs. 1B and 2B). The DGGE
fingerprints of fungi were similar to the archeobacterial fingerprint
in terms of the amount of bands, which slightly increased when
time of plantation was increased (Figs. 1C and 2C). However, the
results from DGGE analysis revealed that relative abundance of
eubacterial, archeobacterial and fungal populations in the rhizo-
sphere of forage corn strongly shifted during plant growth.

" In order to determine the microbial community shifting more
clearly, PCA was used to demonstrate multidimensional relation-
ships derived from portions of the DGGE fingerprints. The results in
pot experiment revealed that eubacterial community structure was
separated from eubacterial community in the bulk soil (Fig. 3A),
whereas, the compost amendments did not have any influence on
the eubacterial community structure. In addition, it was clearly
demonstrated that the state of plant growth showed great influ-
ence on the bacterial community structure. In the case of arche-
obacterial community in pot experiment, it was revealed that the
community structure of bulk soil was absolutely separated from
rhizosphere soil (Fig. 3B). For fungal community structure, the
community changes at 5th and 8th week were grouped together
and community structure in bulk soil of each time was separated
from rhizosphere soil (Fig. 3C).

The results in field experiments showed that eubacterial
community structure from rhizosphere was different from that of
eubacterial community structure of bulk soil (Fig. 3D). In addition,
when considering archeobacterial and fungal community structure,
it was found that the community changes were strongly influenced
by plant age (Fig. 3E and F). Since the aim of setting pot experiment
was to observe the effect of plant intensive care such as watering,
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Fig. 1. Community structure of soil microorganism from pot experiment. Dendrograms of soil microorganism based on PCR—DGGE bands. (A) Bacterial community structure; (B)
Archeobacterial community structure; (C) Fungal community structure. Letters indicate the inoculated treatments; (AB) Azotobacter sp.; (AS) Azospirillum sp.; (S19) strain SUT 19;
(S47) strain SUT 47; (COM) compost; (Ctrl) control; (BS) bulk soil; (2, 5, 8) weeks after inoculation. Each strain is indicated by dash lines.

the effects of more roots developed in soil volume might bring
about changes in microbial community structure. The results
obtained from PCA analysis demonstrated that each arche-
obacterial and fungal community structure at 5th and 8th week
was not as clearly shifted as in DGGE. This might be due to higher
rhizosphere/bulk soil ratio cause more active soil or special soil
properties than in the field. For the DGGE and PCA, results from
field experiment conducted between January and March 2009
showed the similar results with the crop in July to September 2009
(S2 and S3).

To understand the ecological impact of PGPR on microbial
community structure is an important issue when attempting to

better define usage conditions for these inoculants. The DGGE
fingerprints displayed that compost did not have any influence on
microbial community structure. Our result correspond to Inbar
et al. [40] who found similar response of microbial community
structure that was detected when compost was applied to soil at
high levels. However, all stages of plant growth showed the distinct
profile characteristics. This also implies that plant age is a major
factor influencing rhizobacterial community structure [41]. The
biological processes in the rhizosphere are strongly influenced by
plant root exudates, which consist of easily degradable organic
compounds that might attract and stimulate microbial growth [42].
In addition, changing of root morphology and root exudation
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Fig. 2. Community structure of soil microorganism from field experiment. Dendrograms of soil microorganism based on PCR—DGGE bands. (A) Bacterial community structure; (B)
Archeobacterial community structure; (C) Fungal community structure. Letters indicate the inoculated treatments; (AB) Azotobacter sp.; (AS) Azospirillum sp.; (519) strain SUT 19;
(547) straim SUT 47; (COM) compost; (Ctrl) control; (BS) bulk soil; (2, 5, 8) weeks after inoculation.

driving maize development might dictate the community patterns
of eubacteria and fungi [43]. Some previous studies also report that
the plant development is a major cause for microbial community
changes in rhizosphere soil [44,45].

3.5. DGGE analysis of forage corn rhizosphere microbial community
Some of DGGE bands in Fig. 2A and C were excised and subse-

quently sequenced (Table 4). The major eubacterial groups from
forage corn rhizosphere soil in field experiment were gamma

proteobacteria and members of the uncultured bacteria. Root
associated bacterial population was diverse but some species
certainly appeared in all plant development such as bacterial
species closely related to Enterobacter sp. and uncultured cyano-
bacterium (B2 and B7, respectively). Both species of uncultured
bacteria and Paenibacillus sp. (B3 and B4, respectively) appeared
only at 2nd week of planting. Only Uncultured Firmicutes bacte-
rium (B9) was found at 5th week of planting and disappeared at 8th
week. Several species were found at only 8th week of planting such
as uncultured bacteria and uncultured Chloroflexi bacterium (B1, BS,
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Fig. 3. The community analysis derived three-dimensional plot based on the first three principal coordinates from a principal coordinate analysis (PCA) of maize rhizosphere. (A)
PCA of bacteria in pot experiment; (B) PCA of archeobacteria in pot experiment; (C) PCA of fungi in pot experiment; (D) PCA of bacteria in field experiment; (E) PCA of archeobacteria
in field experiment; (F) PCA of fungi in field experiment. Letters indicate the inoculated treatments; (AB) Azotobacter sp.; (AS) Azospirillum sp.; (S19) strain SUT 19; (S47) strain SUT

47; (COM) compost; (Ctrl) control; (BS) bulk soil; (2, 5, 8) weeks after inoculation; —, - - - - -, -~~~ and show a trend of 2, 5, and 8 week, respectively after inoculation are different
from each other.

Table 4
Some bacterial and fungal taxa detected by DGGE from the rhizosphere of forage corn.
Clone Most closely related taxa Similarity %* Accession Present in sample
number® (week after planting)
B1 Uncultured bacterium 98 HM453876 8
B2 ” Enterobacter sp. 100 HM453877 2,5,8
B3 Uncultured bacterium 100 HM453878 2
B4 Paenibacillus sp. 100 HM453871 2
B5 Uncultured bacterium 99 HM453879 8
B6 Uncultured bacterium 97 HM453880 8
B7 Uncultured cyanobacterium 100 HM453881 2,5,8
B8 Uncultured Chloroflexi bacterium 99 HM453882 8
B9 Uncultured Firmicutes bacterium 92 HM453883 5
F1 Coriolopsis gallica 99 HM453873 8
F2 Thanatephorus cucumeris 98 HM446472 2,58
F3 Basipetospora chlamydospora 98 HM446473 5
F4 Madurella sp. 98 HM453875 5
F5 Ceratobasidium sp. 97 HM453874 5
F6 Psathyrella spadicea 97 HM453872 2

* Percent similarity and accession number of sequences with first closest match and closest match with named sequences with a percent similarity limit of 90% from the
GenBank database.
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B6, and B8, respectively). Some previous studies also report that the
Enterobacter sp. can colonize root and promote growth of maize in
pot experiment [46]. The result displayed that the Enterobacter sp.
appeared in all stages of plant development. These results implied
that the Enterobacter sp. might be indigenous species in SUT farm
soil. In addition, Enterobacter sp. 12J1 could promote growth of
maize and reduce pyrene contamination in soil sample [46]. Pae-
nibacillus polymyxa [47] and cyanogenic bacteria [48] are also
widely recognized as PGPR since they could produce IAA and
hydrogen cyanide (HCN), respectively.

The fungal population in field experiment showed various
species on fungal community structure in rhizosphere soil. The
Thanatephorus cucumeris was found at all stages of plant develop-
ment (F2). This result implies that T. cucumeris is indigenous fungus
in SUT farm soil. The Basipetospora chlamydospora, Madurella sp.,
and Ceratobasidium sp. (F3, F4, and F5, respectively) appeared only
at 5th week of planting and Psathyrella spadicea (F6) persisted only
2nd week of planting. The species of Coriolopsis gallica (F1)
appeared only at 8th week of planting. T. cucumeris (anamorph
Rhizoctonia solani) is a soilborne basidiomycete that occurs
worldwide and causes economically important diseases to a large
variety of vegetable and field crops [49,50]. In the Philippines, this
fungus causes banded leaf and sheath blight in maize [51].
However, there is no report from SUT farm regarding this disease.
Most of the sampling fungal sequences in this study belong to
basidiomycete genera [52—56] except Madurella sp. that is asco-
mycota [57]). They were also reviewed as general soil fungi. The
results also demonstrated that our inoculated PGPR do not mainly
interfere fungal community. The DGGE fingerprint revealed that
the effect of PGPR inoculation was much less pronounced in the
plant growth development. However, the exact mechanism of
maize—microbe and microbe—microbe interactions remain to be
further explored.

4. Conclusions

In conclusion, inoculation of forage corn seeds with putative
Pseudomonas sp. SUT 19 and putative Brevibacillus sp. SUT 47
amended with compost promotes growth and biomass of forage
corn better than the commercial strains, thus they might be applied
as inocula. The roles of forage corn growth promotion by PGPR
might come from some other factors as ACC-deaminase, P-solubi-
lization, etc. The impact of all tested PGPR on the indigenous soil
microorganisms does not seem to have prominent effect on the
structure of microbial population with respect to the control treat-
ments. Recovered and sequenced DGGE bands showed homology
with some important eubacterial and fungal groups which
confirmed that inoculated PGPR do not mainly interfere with other
microbes in rhizosphere. However, the plant age mainly caused
a shift in the structure of indigenous microbial community at 2nd,
5th and 8th weeks after planting. Such mechanisms as plant—mic-
robe ang microbe—microbe interaction still remain to be elucidated.
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Table S1. The effect of PGPR on plant biomass in pot/field experiment

January 2009 — March 2009
Pot experiments

Treatments Field experiments

Shoot dry weight (g) Root dry weight (g) Shoot dry weight (g)
2™ week 5™ week 2" week 5% week 2" week 5" week
Control 1.04£030®  11.52+3.15% 0.63+0.15* 1.24+0.10° 1.04+£021* 8.69+3.78%
Compost 1.02£0.10%  13.54+1.79*  0.65+0.21* 1.59+£0.09* 1.02+0.14° 10.09+2.17*
Azotobacter sp. 0.96+0.17% 14.56+3.25° 0.65+0.10* 1.37+0.19*  0.96+0.08" 10.87+1.04 ®
Azotobacter sp. + Compost  1.06£0.19°  15.28+4.58*  1.75£0.35® 1.48+0.11%  1.06+0.14* 12.612.39°
Azospirillum sp. 1.0040.32 % = 13.78£1.57°  0.74£0.11° 2.02+0.11%  1.00+0.18* 9.97+1.60®
Azospirillum sp.+ Compost  1.07+024®  1427£129*  0.78+023* 23120.10%" 1.07+028* 9.76+1.67*
SUT19 0.85:0.13® 14.09+227* 0.71+023* 1.89+0.13°¢ 0.85:026* 11.49+1.37 % -
SUT19 + Compost 0.92+0.18%® 16.87+3.50%® 0.91+0.52* 2.77+026°  0.92+0.16* 12.95+2.37°
SUT47 1.01£032%® 15.67£1.27* 0.96+0.19* 1.55:0.33*° 1.01£0.17* 9.47+2.17*
SUT47 + Compost 1.14£0.17°%  22.15:2.88°  0.90+0.40° 2.44+0.53¢  1.14£0.18° 11.27+2.47°
F- test * * ns *% ns *
%CV 21.61 26.11 29.18 12.77 19.26 20.79

Mean values within a column followed by different letters were significantly different according to the DUNCAN’s test,
P<0.05 (*), P<0.01 (**), ns = non significant
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Fig. S2 Community structure of soil microorganism from pot and field experiment. Dendrograms of soil
microorganism based on PCR-DGGE bands. (A) Bacterial community structure from pot experiment; (B)
Bacterial community structure from field experiment; (C) Fungal community structure from pot experiment; (D)
Fungal community structure from field experiment. Letters indicate the inoculated treatments; (AB) Azotobacter
sp.; (AS) Azospirillum sp.; (S19) strain SUT19; (S47) strain SUT47; (COM) compost; (Ctrl) control; (BS)

bulk soil; (2, 5) weeks after inoculation.
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FIG. S3 The community analysis derived three-dimentional plot based on the first three principal coordinates

from a principal coordinates analysis (PCA) of maize rhizosphere. (A) PCA of bacteria in pot experiment; (B)

PCA of fungi in pot experiment; (C) PCA of bacteria in field experiment; (D) PCA of fungi in field experiment.

Letters indicate the inoculated treatments; (AB) Azotobacter sp.; (AS) Azospirillum sp.; (S19) strain SUT19;

(S47) strain SUT47; (COM) compost; (Ctrl) control; (BS) bulk soil; (2, 5) weeks after inoculation; —, and

show a trend of 2 and 5 week, respectively after inoculation are different from each other.








