FemIdatusaysal

a

Y] 3 1 & o %
fn ﬂmwma%amwmaaqa%ﬂ%miau%'aummJamvﬁa%‘l%mmmﬂ‘lﬁmmums

waalulaWioa

6
A3 ANNIA Lanad

13 nINH1AN 2554



{0 UL UNMRG5280236

FBUIBAT LY I

o a 6 1 & ) %
fn Elﬂ']W'i’l']\‘l%’Jﬂ'lW“ﬂﬂ\‘iqa%ﬂ%ﬂ‘ﬁaﬂ%ﬂ%ﬁnﬂ‘]JE]%']‘V!%ﬂ%i%ml@Iﬂ']ﬂgt(;fﬂ']ﬁiﬂﬂ'li

waalulaWioa

AS.ANNIA lanas NWRINLIRYN NI

ﬁﬁﬂﬁi«!%‘[ﬂ Elé%’]ﬁﬂ\‘l']%ﬂmzﬂiiadﬂ']iﬂ']iq&]&lﬁﬂ‘]sl"]

UATEIRNIIBNBINWARLEHNTIVY

%

< & @ 2 1o & W & v
(ﬂ')’lNL%%i%i’lElG’l%%tﬂ%‘lla\‘] u’mﬂ dna. lay ﬁﬂ‘].l&l%’lLﬂ%@l@dtﬁ%ﬂ’)ﬂtﬂ&lﬂ1ﬂ)



naanssnuszn@

AI98TVAUNTZAUIUNINUAMNITUNTYANANS (FND.) UAZFNNUNDINY
siuauun1ITY (an2.) Nldaiauusudszanmlunisidoussyuiamdnoninlunig
V‘hmuﬁﬁ'ﬂmaammiﬁju&lmi

U 6 a & v A v A R =

AI9DVBVALNITAD T89ANFAINNTH AT WY Uaetadgassn undauidinw &
NINRAZIIAN ’LﬁmmjuazﬁwLLuzﬁmaammsﬁwmﬁ?ﬁmSaaﬁ W82 Prof.Dr.Tsuyoshi Imai
] o LY o A . . .
mlﬁamiauuamgunumnmmﬂ‘szmmwznm 1100 Yamaguchi University, Japan

;ﬁ%’wamauwszqm F1UITTIINGT AUANLIAIFAS URIINLIRLNNE LAY

. . . d' J dl‘y n; s 6 1 o [ o A v
Yamaguchi University, Japan Nitaatlagniwh aaqqﬂﬂsmmﬁa 9 RF1RILNIINIREY

LA @ a w a W Qs Qg Q aa =3

Aiduravaugm winadan il uaz wpwidana wwiad dFadSygiien a1
WAlladdrnw YINeNRuEITAIWATUR NldlranusIsmtelunsrinawiIdnsui

. . . nl' [ ) A % ] d‘f a A 6 [ a
mamauqm Rafiani Hasyim ‘Y]VL@]"IT’JElL‘Viaaﬂ’liﬂ§'ZEJﬂ@ﬂ°ﬁﬂ§3‘3JL°ﬁﬂ'gﬂuﬂi TBU?B%I%T’]’]?NE\W]

vLaImwmnnﬁwﬁﬂswmuﬂamﬂ

6
RUNIA lanas



UNAnLa

RalasIn1s:  MRG5280236

~ o a a6 [V 1 & [V
ﬁarﬂ‘i\‘lﬂ']i : fn Elﬂ']W“ﬂ']\'i%'Jﬂ']W?.laﬂqa%ﬂiﬂ“ﬁaﬂiﬂ%ﬁ)"lﬂﬂB%'W!iﬂ%sl%lﬂl@l

nﬂﬂ‘lﬁém%’unﬁwﬁmhfeﬂutaa
HoWwnIVY : A3 ANNIA Lanad ARINLIRYN DB
E-mail Address : sompong.o@gmail.com

32821 ATINIT : 16 NWI1AN 2552-15 AW1AN 2554

mu'ﬁ%’uﬁﬁﬂmlmazﬁ’wqmwaafgﬁuw%ﬁmu%’auhmﬂauauua:ﬁwmﬂﬂaﬁw!

Soulwwamaldvasdszinalng lasldinadla Denaturing gradient gel electrophoresis

(DGGE) LLa:Lﬁm‘hmuﬂi:mmﬁgauw? Nlanuausalumsnaalalasiannazianines

nd1aa L law (C5) ﬂQIﬂﬁ (Co) LLazLLﬁaﬁnﬂ@:ﬂauauﬁw%au AALRONLARIVDY

S a A

LTB?R%V] ET"IT’?JU%/auﬁﬁﬂ’l’]llﬁ’]&l’]iﬂl%ﬂ’]iwaG]VLETI@]‘SLE]%LLRZLBV]’]%BQVL@TEN ﬁﬂﬂ%ﬂ;&l
6

2

A a a (% p.{' [ A >3 Y Aa n'" =4 > A a

\waydunidraufeundafenld lddauanliuIantuazfinmamansmen1aaising
T1ad way Laulwd ANEANIINNITINNERITLNTHAANITHAA LalATLaULAZLANIUEA

- . o y v ¥ v
nnadiraglaglalaslawadrdutandlszneudioiianalolaauaznglag i
lsnumudaiudzngs uazifislssnuuiliang aznauduuazinnnimiaslwaanald
29U TUNA MNBTIUIN 8 WG LRIVEY agium\ﬁzmw 53-75 B4FLTALTOR LazANLaT
LW 6.5-8.3 ﬂ&jwﬂsmﬂ‘nmﬂﬁL‘%ﬂﬁwuLﬂuﬁiﬂu’sumﬂlumﬂauauua:ﬁwmﬂﬂaﬁ,m
Jaulsznauaae Clostridium Bacillus Wae Pseudomonas §1uuuaNTashadn gnasany
éun Flavobacterium Thermodesulfovibrio Thermotoga Brevundimonas Wae
Micrococcus mumjumlﬁﬂﬂsznauﬁ’m Thermoprotei Methanothermobacter Waz&UNTN
1uaqa Thermoproteaceae W8z Methanosaeta Lﬁaﬁmxﬂauammzﬁwmnﬂaﬁwﬁaum
WANIWIBYTzNTBLAf SR NNTaRAa s lalasiaunuinaznandinikazinainle
iwTaussa PGR waz YLT sansandaiolalasauldlinnasgaanamisidsagaiiay
nalaanaulolas (1506 Jaddaslalasiaudefasanniy wie 301.3 Saddaslalasauda
nduhanafngnlely) uazidnlolas (1487.3 Taddatlalasiaudefiniainis wia 297.4
daddavlalanaudeniuhanangnlily) mindalalanauseanguaiunidreuiou s
=) v = a Aaa a aa =4 v
PGR uaz YLT iiawiaunumndansnazdanuazniaiafiin uamsdnmlasiaraguou
' Aa A 6 [ > [ ' dq' A a %

nguIAurIETauTauIha PGR uaz YLT daznaudisnguizaiaunsanialalasanlag

& [

Thermoanaerobacterium sp. Wae Caldicellulosiruptor sp. ﬁlauﬂ%ﬂﬂﬁjw‘ﬁd nuAIWNaL

q

2
a o

Qs J Y o Q a
wwmmumhmmumma@"l,aimwuﬁnﬂvl,aimvlaLaw’fiwmvlfﬂamm:ﬂﬁiﬂ SIRIR)



' ' & a A 6 @ a v v A [ o
giuznay ﬂq&JL"ﬁaQa%ﬂ‘iﬂ‘i%ﬁ PGR lLaz YLT Nam"l,aimmuvlﬂgﬂﬂammnu gﬂmm

=) a Qs & U
maaummamUﬂumswa@vl,aiml,ﬁmmﬂvl,eﬂaawauﬂgiﬂalmzuuLLuuaamﬂuﬂ: WU

' dgl/ a A 6 v a . & val A a '
ﬂQNL"Ea"gE\I%‘ﬂ TRR PGR mmnwaﬂﬂmmﬂmwuam.lLﬂuﬂzvl,@@l,l,a:uwawa@lgamﬁ

' & a G v ' d‘lp a A 6 @ a 04
ﬂﬁ\]}JL“ﬁﬂ"}J‘ﬂ%ﬂ g9%R YLT 3888z 30 ﬂ@NL‘ﬁa?ﬂ%ﬂiﬂi‘ﬂﬁ PGR Nﬂ@]vLE’II@iLiJuiuitﬁJUﬁﬂU

]
a

I U A Aaa 1 s g’ = 1 1 dgl/ A 6 a a
Wune'la 375 uaaamﬂﬂmwumamummaﬂgﬂi‘ﬂﬂ FIUNFULTEAUNIEIRG YLT WAa

q

v

16 287 ﬁaaamvl,ﬂmwmian%uﬁwmaﬁgﬂﬂﬂ nmInaalalastananlalaslaizaddn
thduihiudronguireafunidsns PGR mmmwﬁmvlaimwuvlﬁgdq@ 301 NaRANY
"LaImLﬁ]u@amummawgﬂlﬂﬂwmmmewuaa"laimﬂmamayaz 40 TuamwennIInGe
o & A o v o W ' A a A ¢
vlaIQSLﬁ]uﬁlzgﬂElfUf;l\‘iLual“ﬁﬂ’J’INL°113J°11W11EIGVLEIIG]‘EVLNL&@]N’mﬂ’J’]iEJEJaz 80 N§WLTAYAUNIE
% A a a a A o dld ) Qs a
%8 PGR JUszansnnlunisndalalasiantazdananinnasiniunsnaaanlalasian

a

nlalas laeafawlIa NN

Aa 1

ﬁ'm’h?LLﬂﬂL%aLL‘]_lﬂ‘?lL%ElwavaaI@]SLﬁ]uﬁaqm%g&lgmﬁﬂﬂﬂquL%ﬂ@ﬁ%ﬂ%ﬁiﬁ'ﬁ PGR
uwaz YLT snansausnuuailiielddiwan 171 aowus Aaldanananumniawsasin 168
rRNA f28inaila DGGE 'lél 6 uWus 1Wa AHI-AH6 nanlalastanldannasiiaalolas
uwaznglas Anandalalasiawiyiniy 278 292280 310 150 uaz 225 Jadaaslalasaudaniu
iens audey MmysesuunlaamafiouiAesdn 165 rRNA WUINREWUT AHI AH2
AH3 L8 AH4 ag’iuaqa Thermoanaerobacterium lwum:ﬁ AHS agjhaqa Caloramator W
AH6 a%ﬂuaqa Clostridium

mmﬁuﬁﬂmuﬂi:mm@auﬁ fatenusansnlunisnaalalasian laglduileiu
fuznaaduwduunasansuon ‘wmfﬁﬂﬁjwL%ﬂﬁ;ﬁuﬁﬁmau%auﬁmmmwamvl,ﬂmmm"lﬁa
fia 3%& PGK SRW Waz PGR &1u130lumInda balasianainuddale 249.3 180 waz 124.9
fadaaslalasiaudaniynilsfuarndray mﬁmﬁuw‘%ﬁmﬁau PGK SRW L&z PGR W&
VLaImmumm{wﬁa‘[somuuﬂaﬁuﬁwﬂmé’ﬂﬁgaq@ﬁa 287 264 WAz 232 NARAAT bILATLA
dansuuiladvluiaieg Imaa%wﬂizmnmmﬁL’%fmlaamjmﬁmﬂ%ﬁﬁﬁmwummsnlumi
Nﬁ@lvl,aimmuw%awﬁ‘miaULLi’Joau‘lu‘ﬁ’]?Tﬂidmuuﬂdﬁ’m%’]ﬂwé‘aL@iuéhmwﬂﬁﬁﬂlumjw
Thermoanaerobacterium  saccharolyticum, Thermoanaerobacterium thermosaccharolyticum,
Anoxybacillus sp., Geobacillus sp. Was Clostridium sp. mjm%a@am‘%ﬁ PGK @i lUnasau
mmmmmlumwﬁMa‘[mwumnﬁnﬁﬂnmu,u,ﬂomg] wuifmzim%pa@ﬁuw%ﬁ PGK
funTanaa balasanlaanudutusesay 55 ann:mﬁwamamgaqmﬁa fiRaT 6.5 A

dinduvasuiliang 2.5 TWnanaa lalasiamw 422 ﬁaﬁﬁmivlaI@iLau@iaﬂ%'wLLi”Jamﬂ

a

ANAN : ﬁwﬁaﬂuw@;mﬂlﬁ RuNITTauTan mswﬁm"lﬂaw“l,aa

q



Abstract

Project Code : MRG5280236

Project Title : Bioprospecting thermophilic microorganisms from Southern
Thailand geothermal spring for biofuel production

Investigator : Dr.Sompong O-Thong Thaksin University

E-mail Address : sompong.o@gmail.com

Project Period : 16 March 2009-15 March 2011

This research studied the microbial community structure in sediment rich water
from southern Thailand geothermal spring by using denaturing gradient gel
electrophoresis techniques (DGGE). Natural microbial consortia from geothermal spring
samples were used to developed thermophilic mixed cultures for biohydrogen production
from xylose (Cs) glucose (Cg) and starch. The best thermophilic mixed culture that has
the ability to produce hydrogen and ethanol was selected for isolation of thermophilic
pure culture. Hydrogen and ethanol producing isolated was purified and tested for
morphology, physiology, biochemistry and enzyme properties. The potential for the
hydrogen production from the hemicellulose hydrolyzate of oil palm trunk, cassava starch
processing wastewater and sago starch processing wastewater by thermophilic mixed
was investigated. The temperature and pH of geothermal spring ranged between 53-
75°C and 6.5-8.3, respectively. All hot springs contains plant biomass-rich sediment that
is a carbon source of microorganisms in hot springs. Bacteria community developing on
plant biomass-rich sediment was comprised of Clostridium spp., Bacillus spp. and
Pseudomonas spp. constituted the major groups in these communities. Other bacteria
detected in the biomass-rich sediment were Flavobacterium spp., Thermotoga spp.,
Thermodesulfovibrio spp., Brevundimonas spp. and Micrococcus spp. Archaea
comprised of Thermoprotei spp., Methanothermobacter spp., members in family
Thermoproteaceae and Methanosaeta spp. Enriched cultures encoded as PGR and YLT
showed high cumulative hydrogen production in xylose glucose mixed and xylose with
hydrogen evolution of 1506 and 1487 mL H,/L medium and hydrogen vyields of 301.3
and 297.4 mL H,/g sugar,,msumes» Fe€Spectively. The enriched cultures coded PGR and
YLT were produced acetate and butyrate as main soluble metabolites with high
hydrogen production. Thermophilic mixed culture comprised of efficient hydrogen-
producing species relating to Thermoanaerobacterium sp. and Caldicellulosiruptor sp.

Significant hydrogen production potentials were obtained from thermophilic enriched



cultures PGR and YLT, after repeated batch cultivation, the hydrogen yield from xylose-
glucose mixed substrate of PGR increased to 375 mL H,/g sugar ,,sumeq: Which was 30%
higher than that of YLT (287 mL H,/g sugar.,n.umeq)- Cultivation of the enriched culture
PGR in oil palm trunk hydrolysate, the maximum hydrogen yield of 301 mL H,/g
sugar.,,.umes Was achieved at hydrolysate concentration of 40% (v/v). At higher
concentration to 80% (v/v), the hydrogen fermentation process was inhibited.
Thermophilic hydrogen producing bacteria were isolated from enriched cultures code
PGR and YLT. A total of 171 isolates were screened by DGGE of V; region of 16S
rRNA and 6 candidates were selected for screening test on hydrogen production. Six
isolates, namely AH1-AH6 were selected as they successfully fulfilled the criteria defined
for the screening test. Analysis of 16S rRNA gene revealed that the strains AH1, AH2,
AH3 and AH4 belong to the genus Thermoanaerobacterium, whereas the strain AH5
belong to genus Caloramator and the isolate AH6 belong to various clusters of
Clostridium. They degraded both xylose and glucose into hydrogen with the production
yield of 278, 292, 280, 310, 150 and 225 mL H,/g sugar, respectively.

Natural microbial consortia from geothermal spring samples were used to
developed thermophilic mixed cultures for biohydrogen production from cassava starch
processing wastewater (CSPW). Significant hydrogen production potentials were
obtained from three thermophilic mixed cultures namely PGK, SRW and PGR with
maximum hydrogen production yields of 249.3, 180 and 124.9 mL H,/g-starch,
respectively. The thermophilic mixed cultures PGK, SRW and PGR exhibited the
maximum hydrogen yield of 287, 264 and 232 mL H,/g-starch in CSPW, respectively.
Phylogenetic analysis of thermophilic mixed cultures revealed that members involved
cassava starch degrading bacteria and hydrogen producers were phylogenetically
related to the Thermoanaerobacterium saccharolyticum, Thermoanaerobacterium
thermosaccharolyticum, Anoxybacillus sp., Geobacillus sp. and Clostridium sp. We
investigated the feasibility of producing biohydrogen from sago starch in wastewater
using a thermophilic mixed culture enriched PGK. The methane-free biogas evolved
contained up to 55% hydrogen, with the remainder comprising carbon dioxide.
Gelatinized dry starch at an initial pH of 6.5 and an initial starch concentration of 2.5 g/l
gave the maximum hydrogen vyield of 422 ml-H,/g-starch, 4,4 (80% of the theoretical

limit).

Keywords : Southern Thailand geothermal spring, thermophilic bacteria, biofuel

production
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A13199 1 QMﬂWWV]’NLﬂﬁLLﬂZﬂ’] AWV AIHINL aﬁ’wﬁauslum@mﬂlﬁ

Geothermal spring Code Temp pH Sulfide Sulfate DOC DIC NH™-N

(°C) (mg/L) (mg/L) (mg/L (mg/L) (mg/L)
Ranong province
Wattaphotharam RNW 65 8.3 0.6 1.3 523 121 12
Suratthani province
Wat ThanNamRon SRW 63 7.0 15 25 12 128 0
Rattanakosai SRR 67 7.9 10 70 34 135 0.6
Chumporn Province
Lamae CHL 53 7.8 0 0.2 342 78 1.2
Phatthalung Province
Khao Chai Son PTK 60 7.9 12 30 54 98 0.2
Phang Nga province
Khong Pay Pao PGK 60 6.5 0.7 1.5 44 112 0.5
Romanee PGR 63 6.8 1.1 4 123 124 0.8
Yala province
Ta Na Ma Rao YLT 80 7.8 0 0.3 287 88 1.1

Temp = temperature, DOC = dissolved organic carbon, DIC = dissolve inorganic carbon
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2) ﬂﬁjuﬂswﬂﬂﬂmﬂﬁL%UﬁwuLﬂm‘hmumnlu@mauﬁuua:ﬁwmﬂu’aﬁ’]‘vﬁau
Usenoudae Clostridium Bacillus W% Pseudomonas §2wiuafiSuafinan s]‘ﬁmnwuvl,ﬁ WA
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WARIANSUEN wudmzﬂauauuaxﬁﬁmﬂﬂam{"uwﬁ”amﬁ'a PGR W82 YLT ®10NTOWIAMNDY

Vl,aimmuvlﬁﬂ%mmgomnmmﬂﬁ 19 L%ataungiﬂawaﬂlﬂaa (1506 Va8aaTbalaTiansa
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Firmicutes bacterium gy B fianusuninluniwdalalasiaudunanadiznaudan
R 1 & I 1 dq’ dl a £
Caloramator sp. Uz Clostridium sp. uazngy C Tudunguizenaansonialalananldgs
Usenauae Thermoanaerobacterium sp.bbae Caldicellulosiruptor sp. (ﬂ’]‘Wﬁ 5) ﬁ}ﬁ%‘ﬂ%gﬁ
s =] I oA [ & o [ A
asranunanBuaastIaudwllldnsswandnunltdansunisuaalalasianain

lalavlaae ﬁﬁﬁ'ﬂvbﬂaml,azﬂgiﬂmflumuﬂi:ﬂau
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a0~41
41.5~425

42.5~435
44~ 45
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415~425
46~48 ¢
42.5~435 &

47.5~49

49~52 44745
52~53 46~28
53~54 47.5~49 i
54~55 49~52
52~53 &
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54~55 =

a - =l
LbUANLIE antAe

i 2 lassafadszmnauuefiouazendsanteiniauundsins glusanaldves
Usznalng Slanzinamnaiia denaturing gradient gel electrophoresis (DGGE) lag

LaW 1=RNW, 2=SRW, 3=SRR, 4=CHL, 5=PTK, 6=PGK, 7=PGR and 8=YLT
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Clostridium aminovalericum (AB573069)
Band 5
Band 7
Band 1
Band 3
Band 2

Band 12
Band 10
Band 4
Band 8

Band 6

Uncultured bacterium clone (GU621928)

Uncultured Clostridium sp. (EF072007)

Clostridium thermopalmarium (EF639852)

Uncultured Clostridiales bacterium (EF434341)

Uncultured Clostridiaceae bacterium (EF176801)

Band 9

Band 11

Uncultured Clostridium S% (EU812977)

Uncultured bacterium clone (AY930442) . .
p Micrococcus sp. (DQ821734) |l Class Actinobacteria

Band 30

Brevundimonas sp. (GQ484920)

" Bar;ld 17 b

Thermodesulfovibrio sp. (HM059740
——— f p-{ )

Band 24 Class Nitrospira
Band 25 I_ IV P

Uncultured bacterium clone (FJ936860)
_l_—%néglgzrgl bacterium (AB305407) V Undlassified
Band 22
Bacillus coagulans (AM745108)

Band 16
Uncultured Bacillus sp. (EU834945)
Band 27
Bacillus sp. (F1751248)

Band 19 | cl Bacilli
Bacillus sp. (AJ880103) VI Class Bac

Bacillus sp. (GU933509)
Band 20

N Band 21

Uncultured bacterium (EF370542)
Uncultured Nitrospira sp. (HM641010)
Band 15

B Lénzcgltured delta proteobacterium (AB235357) VIl Unclassified
an

Thermotogaceae bacterium (HQ133023)

Uncultured Flavobacterium sp. (FM176889)
Uncultured bacterium clone ﬁ:J694356) .
Band 29 VIl Class Flavobacteria
‘ Band 28
Uncultured Flavobacterium sp. (FN668138)

— | Class Clostridia

|— |1l Class Alphaproteobacteria

Band 18
_|;|Edl?;?udomonas sp. (FM161425)
an .
Uncultéjred Pseudomonas sp. (EU919222) IX Subclass Betaproteobacteria

| Band 13

— Pseudomonas sp. (F1013350)

s Escherfehia coll (HQIBABE7): i GO GO
1000

NN 3 URAIANNFUAUTINIRUTNITNTENINEY 168 rRNA 2adiTauuailizoaniaimn
Joulwvanaldvaszinalng fugeuuafiizod198931n31uTaYa Ribosomal Database
Project (RDP) laglfinafia Neighbor joining YN 1000 A39 wazld £ coli vJ% out group

MUBIBNINFEAARDINLAINDN 2)
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Band 10

Band 3

Band 5

Band 6 - Class Thermoprotei
Band 11

Uncultured archaeon (FJ821635)

Unclassified Thermoprotei

Uncultured archaeon (AB293235)

Uncultured archaeon (AB293205)

_|: Methanothermobacter defluvii (NR028248)

Uncultured Methanobrevibacter sp. (AY454715) .
L Class Methanobacteria

Band 1
—‘ Family Methanobacteriaceae
Band 2

Genus Methanothermobacter

Band 17
Band 19

Band 18

Band 16
- Class Thermoprotei
Band 14
Family Thermoproteaceae
Band 15

Band 13

Pyrobaculum arsenaticum (CP000660)

Uncultured methanogenic archaeon (F1982704)

_l: Uncultured archaeon (FJ705113)-Methanosaeta

Band 12 Family Methanosaetaceae
Uncultured crenarchaeote (AY454678)

Class Methanomicrobia

1000
—

NINT 4 URAIANNFURUTNNRRINTTNITNINE 16S rRNA VaITaaLALEINLanN
Joulwaanaldvasdszndalny AuTesnfud19893In3 1uTaya Ribosomal  Database
Project (RDP) lagldinadia Neighbor joining ¥4 1000 A¥3 waeld E. coli \Jw out group

(MUBIUNNREAARDINUATNN 2)
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287 finddavlalasaudeniuihanafignldly (nnd 6) swmidnlalasiaudsnaudisnse
§2%3n (20.6-21.8 Aadluans) nIaazddn (7.2-13.5 Hadluans) nauandn (8.2-11.7 Jadla
a1%) wazdiamuaea (4.4-13.0 Sadland) levseiwgnruuuafiSoinulunguireydunid

% Ad a & 1 6 ,5'
W& PGR wumsmuﬂgiﬂa lalas LLa:ﬂQIﬂawau"lsﬂaa W RLARIAIT LAl WaIMITLIR Y

a A e

L%aﬁgaumﬂ‘nL@'uuazwm‘hmumﬂ \@wn Thermoanaerobacterium sp. Thermoanaerobacter

v
%

sp. Caloramater sp. W8e Anoxybacillus sp. MINAA balasiananlalaslaiaddutauings

a

3 1 d%’ a A 6 a d? A 6 a 2 a aa
dr1unguTaRUNIHING PGR Lmaﬁ;aumﬂmmmNa@l"laI@sLﬁluvlmgaq@ 301 UaRAAT
\ o & P -~ v o o A a
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s gﬁ dl' % (% £ - 1 d? a a 6
vLﬁI@iLﬁ]uﬁ]zgﬂEmEJOL%JE]I“H@]’J’]&JLTNT%?JE]GVLE’IIQSVLNLQGI anniriasaz 80 NENTRUNIE

a a a a a A o dld o s Aa
98 PGRAYIzANT M wlunsnda lalasianua Janan I wnasInIunsnanantalasian
Anlalas laeafa U NN

2 o o 30 300 4523 120
31 0
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20 0 o020 0 °
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4 ©

AN 5 Iﬂi@ﬁ%Mi:ﬁ'}ﬂiLLﬂﬂﬁL‘%famnﬂa;wL%agﬁuﬂ%ﬁmu%amﬁuﬁwmummfwﬁau
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mfwmavlfﬂaml,azngiﬂa (G+X)  Fazhelsinafia denaturing  gradient  gel
electrophoresis (DGGE) Tay A=RNW, B=SRW, C=SRR, D=CHL, E=PTK, F=PGK,
G=PGR and H=YLT
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AMNRINITDINNINAA La 1A% Usznaueiy 3 Tuaan Aa NARALUNIIM krlaglNanae
lalasian maaumﬂﬁ)’lsﬂaawamgiﬂmﬁamswﬁm"laimmu uaznagaum skt lalasla

lAANEawUIaNINaNINES lalasian fﬂau‘ﬂ%ﬁ 6 mﬂﬁuﬁf SRE AHI-AH6 HAWNNS

A e

maaumﬂmammwu@lawﬁaaaumwLLam"l.eﬁ’ﬁy'a 6 suWUE naalalasianldannis
mma%lamm:ngim INaNAA LTlaTIAULYINAL 278 292 280 310 150 WAT 225 NARANT
lalasiaudansuinana mud1eu misasunnlasmafisuidesdn 168 rRNA Wuinane
WWT AHI AH2 AH3 Unz AH4 at/lUaNA Thermoanaerobacterium Tuvme?i AHS adluana
Caloramator W8z AH6 otluana Clostridium (il 7) [UNI Trausaund 6 Gt
mansandalaaasiawaninaalolas uazlalaslaigaanndduiduianududuion
8z 50 laNNa uWUT a18WNUT Thermoanaerobacterium ~ AH4 ~ &18130Wda lalasianain
A

lalaslatzaanndrduwinaunanuiiutwiosas 50 "L@Tgfma@ﬁa 310 NafAaTlalasanda

q

o ¥ o
NINHINS (913197 2)

{ Thermoanaerobacterium aotearoense (AY350594)

{ Uncultured bacterium clone VKW-TB-1.1 (GQ849513)
564

{ Thermoanaerobacterium islandicum (EFO88330)

749
1000 Thermoanaerobacterium aciditolerans (AY350594)
AH1

1000 585 AH2

L Thermoanaerobacterium sp. (AB544080)

Thermoanaerobacter thermohydrosulfuricus (AY701760)

976 AH6
988 Clostridium sp. (GO503847)

L Clostridium sp. (AB059480)

988 AH5
860

1000 Caloramator viterbiensis (AF181848)
L Caloramator sp. (FM244718)

{ Thermodesulfobacterium thermophilum (AF334601)
1000
Thermodesulfobacterium hydrogeniphilum (AF332514)

1000
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Abstract

A sequence based survey of bacterial and archaeal diversity from eight hot spring
locations in Southern Thailand was investigated. The temperature and pH of hot spring
ranged between 53-75°C and 6.5-8.3, respectively. All hot springs contains plant
biomass-rich sediment that is a carbon source of microorganisms in hot springs.
Microbial community structure was investigated by polymerase chain reaction (PCR)
amplification of 16S rRNA gene sequences from DNA extracted from sediments of each
hot spring, followed by PCR-DGGE and sequencing. Both bacterial and archaeal DNA
was retrieved from all samples and several bacteria and archaea were growing in situ on
plant biomass-rich sediment. Diversity and abundance of occurrence for 60 unique 16S
rRNA gene phylotypes were obtained and most of bacteria and archaea particularly
affiliating with deep-branching, but uncultivated organisms. Bacteria community
developing on plant biomass-rich sediment was comprised of Clostridium spp. and
Pseudomonas spp. constituted the major groups in these communities. Other bacteria
detected in the biomass-rich sediment were Flavobacterium spp., Thermotoga spp.,
Bacillus spp., Thermodesulfovibrio spp., Brevundimonas spp. and Micrococcus spp.
Archaea comprised of Thermoprotei spp., Methanothermobacter spp., members in family
Thermoproteaceae and Methanosaeta spp.

Keywords: Geothermal spring, microbial diversity, molecular survey
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Introduction

Thailand has about 90 hot springs with surface temperatures ranging from 40 to
100°C distributed across the country mainly in the northern and southern part (Chuaviroj,
1988). Southern part have at least 33 hot spring with surface temperature ranging from
40-80°C and pH from 6.5-8.5 (Hniman et al., 2010). These hot spring areas are evidently
associated with forest and a lot of biomass fall into hot spring. The investigation of these
hot springs has considerable biotechnological potential on the discovery of novel
thermophiles coupled with the utilization of thermophiles and their enzymes for
thermophilic hydrogen fermentation and other industrial purpose (Tirawongsaroj et al.,
2008; Blumer-Schuette et al., 2008). Microbial communities associated with forest hot
springs have attracted broad interest because of the unique thermophilic properties of the
constituent organisms. Up to date, only a few published studies describe diversity of
bacteria in Thailand’s hot springs but no archaea communities were reported. Portillo et
al. (2009) have characterized the microbial communities developing in different mat
layers at Boekleung Hot Spring, Western Thailand. Bacterial communities were showing
Cyanobacteria and Chloroflexi as the dominant species of the community and other
significant members were Candidate Division OP10, Bacterodetes, Planctomycetes and
Actinobacteria. Sompong et al. (2006) have characterized molecular diversity of
cyanobacterial mats in different temperature regions from Ranong Hot Spring.
Mastigocladus-like cyanobacteria were found at every temperature rang from 40-60°C
and others species were found in most temperature ranges related to Synechococcus-like
and Oscillatoria-like cyanobacteria.

However, little attention has been given to analysis hot spring communities as

whole microbial ecosystems. The application of molecular phylogenetic techniques based
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on 16S rRNA gene to study natural microbiotas in hot springs without the traditional
requirement for cultivation has resulted in the discovery of abundance unique and
numerous unexpected of prokaryotes (Ghosh et al., 2003; Kanokratana et al., 2004). 16S
rRNA based techniques provided a valid approach to the assessment of true microbial
community and the vast majority of this microbial community has proved obstinate to
cultivation (Jeanthon, 2000; Zengler et al., 2002).

The most common and powerful 16S rRNA based techniques are denaturing
gradient gel electrophoresis (DGGE) and clone library methods. Muyzer et al. (1993)
were a developed DGGE method that has potential to study the microbial flora quickly.
DGGE method has been applied to characterize bacterial community from many habitats
such as hot spring (Hniman et al., 2010; Bakera et al., 2001; Aminin et al., 2008;
Malkawi and Al-Omari, 2010; Lohr et al., 2006) and hot compost (Takaku et al., 2006;
Blanc et al., 1999). Sequencing of the clone library generated from environmental DNA
has advantages over DGGE, as it provides precise identification and quantification of the
phylotypes present in samples. However, clone library approach can be laborious in
producing a number of sequences large enough to cover a whole community and also
limited by the difficulty to compare libraries and in determining if they are significantly
different (Hur and Chun, 2004). Finally, based on results obtained from DGGE and clone
library were applied to design a specific culture medium for isolation interested bacterial
stains. This approach has allowed isolation of the novel species (Hetzer et al., 2008).

In these study report on a culture-independent survey of the prokaryotic
community present in a hot spring in Southern Thailand. To our knowledge these hot
spring has not been explore. The purpose of this study was to obtain information on the
presence of prokaryotes valuable for biotechnology and to map the complexity of the

prokaryotes population in hot spring. Bacteria and archaea diversity from eight hot spring
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locations in Southern Thailand was analyzed by polymerase chain reaction and

denaturing gradient gel electrophoresis (PCR-DGGE).
Materials and methods

Field locations and sampling

Nine sediments sampling hot spring sites located in Southern Thailand (Fig. 1)
were sampled in April 2008. At all localities, the hot springs were associated with forest
and a lot of biomass material such plant leaf, fronds, fruit faults in side hot spring. During
collection and transportation, samples were stored on ice; upon arriving at the laboratory,
the samples were stored at -20°C. Physico-chemical parameters known to have the
greatest influence on thermophilic diversity (temperature, pH and hydrogen sulphide)
were tested in the field when selecting sampling sites. In order to ensure, all samples were
taken from within the known optimum temperature and pH range for thermophilic
prokaryotic mat diversity using previously described protocols (Lau et al. 2006).
Temperature and pH at each sampling location was recorded using a combined
temperature/pH electrode (Orion, Boston, MA, USA) and the values obtained were shown
in Table 1. Hydrogen methane and carbon dioxide were measured by gas chromatography
(GC-8A Shimadzu) equipped with thermal conductivity detector (TCD) with a protocol
according to Hniman et al. (2010) with a gas samples 100 ul for methane and 500 ul for
hydrogen were injected in duplicate. The sediment rich samples were centrifuged at
10,000g for 10 min. Hydrogen sulphide was below the detection limit of 0.1 mg/l (as
determined by methylene blue titration, HSWR, Hach, Loveland, CA, USA) at each
location. Volatile fatty acids and ethanol in the supernatant were determined by gas
chromatograph (HP6850) equipped with a flame ionization detector (FID) and Stabilwax-

DA column (dimensions 30m x 0.32mm x 0.25um). The temperature of the injection port
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was 230°C. The chromatography was performed using the following program: 70°C for 1
min, 70-180°C with a ramping of 20°C/min, 180°C for 6 min. The detector temperature
was 250°C. Lactic acid, xylose and glucose were analyzed with a high performance liquid
chromatograph (HPLC; Agilent 1200 series), equipped with Aminex® HPX-87H ion
exclusion column.
DNA Isolation

Total genomic DNA was extracted from sediment-rich samples by using modified
standard bacterial genomic DNA isolation method (Burrell et al., 1998). Pellet cells in
enrichment culture were harvested in a micro-centrifuge tube by centrifugation at 10,0009
for 5 min. The pellet cells were suspended in 500 ul of TENS buffer pH 8.0 (containing;
100 mM Tris-HCI, 100 mM EDTA, 100 mM NaCl and 100 mM Sodium phosphate).
After that, 40 ul of lysozyme (final conc. 3.7 mg/ml) was added and incubated for 1.5 hrs
at 37°C with gentle manual mixing every 10 min. The mixtures were subjected to four
cycle of freezing and thawing at 0°C (ice bath) and 65°C respectively, each step for 3
min. A 200 ul of 10% SDS and 50 pl of proteinase K (final conc. 1.2 mg/ml) were added
and mixed by inversion tube by hand following incubated for 1.5 hrs at 60°C with gentle
manual mixing every 10 min. Then, the DNA was recovered from the tube by phenol-
chloroform  extraction. The mixtures were added equal volume of
phenol/chloroform/isoamyl alcohol (25:24:1) and mix gentle. The aqueous layer was
selected by centrifugation at 10,000g for 10 min. The aqueous phase was transferred to
new sterile tube and repeated extract with chloroform/isoamyl alcohol (24:1). After
centrifugation at 10,000g for 10 min the crude DNA extract was precipitated with
absolute ethanol for 2 hrs or overnight at -20°C followed by centrifugation at 12,0009 for

10 min. The genomic DNA pellet was re-suspended in 30-50 pul of TE buffer and stored at
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-20°C until needed. The genomic DNA was visualized by electrophoresis on 0.8%
agarose gel stained with 0.5 pg/ml ethidium bromide.
PCR-DGGE analysis

The microbial community structure of enrichment culture was studied using PCR-
DGGE as described by Prasertsan et al. (2009) with primers sequence shown in Table 2.
Briefly, the bacterial 16S rDNA (1,400 bp) was amplified by the first polymerase chain
reaction (PCR) with universal primer 1492r and 27f. Amplification mixtures were used
TopTaq™ Master Mix Kit (Qiagen) with a final volume of 25 ul. The mixtures contained
25 pmol of each primer, under conditions of an initial denaturation at 95.5°C for 5 min
followed by 30 cycles of denaturation at 95°C for 1 min, annealing at 54°C for 40 sec,
extension at 72°C for 1 min, with final extension at 72°C for 10 min. The reactions were
subsequently cooled to 4°C. The PCR product was analyzed on 1.0% agarose gels
electrophoresis. In the second PCR, primer 518r and 357f with CG clamp were used to
amplify the fragment of V3 region of 16S rDNA product from first PCR (Zhao et al.,
2009). The PCR program were corresponded to an initial denaturation 95°C for 3 min
follow by 30 cycles of three steps: 95°C for 1 min, 55°C for 30 sec, and 72°C for 1 min
and final extension at 72°C for 10 min. PCR products were stored at 4°C and analyzed on
1.0% agarose before DGGE.

Amplification of Archaea 16SrDNA sequences was carried out using Archaea-
specific primers (Table 2). The majority of the Archaea 16S rDNA fragment was
amplified using Arch958r and Arch21f primers. The amplification mixture was carried
out using the same mix as for bacteria. PCR began with a 94°C denaturation for 2 min,
followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 51°C for 1 min,

extension at 72°C for 1 min, with final extension at 72°C for 10 min. The 16SrDNA PCR
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product was used as template for next PCR. The V3 region fragment was amplified with
the PARCH519r and PARCH340f-GC primers and carried out with the same mixture as
above. The amplification condition started with an initial denaturation 94°C for 3 min
follow by 34 cycles of three steps: 94°C for 1 min, 53°C for 1 min, and 72°C for 2 min
and final extension at 72°C for 10 min. PCR products were stored at 4°C and analyzed on
1.0% agarose before DGGE.

The DGGE analysis of PCR products obtained from the second PCR were
performed using the DGGE unit, V20-HCDC (Scie-Plas limited, UK) with 8% (v/v)
polyacrylamide gels and a denaturant gradient of 30-60% and 40-80% for bacteria and
archaea respectively. DGGE gels were stained with Sybr-Gold for 60 min and
photographed on Gel DocXR system (Bio-Rad Laboratories) and the bands in the gel
were excised. The DNA in the excised gel slices were incubated in 20 ul of distilled water
at 4°C for 24 hrs and re-amplified by PCR with the second PCR primers. The PCR
products were separated again by DGGE, and then the bands were excised again. Most of
the bands were excised from the gel and re-amplified with primer 357f (without a GC
clamp) and the reverse primer. After re-amplification, PCR products were purified using
E.Z.N.A cycle pure kit (Omega Bio-tek, USA) and sequenced using primer 518r
(bacteria) and PARCH519r (archaea) by the Macrogen sequencing facility (Macrogen
Inc., Seoul, Korea).

Phylogenetic analysis and statistics
16S rRNA gene sequences were identified and determined their approximate

phylogeny by ribosomal database project (http://rdp.cme.msu.edu/) with SegMatch

program and NCBI web interface (http://www.ncbi.nlm.nih.gov).
All DGGE band sequences were aligned with closely related sequences identified

from the SeqMatch search using ClustalX version 2.0 (Larkin et al., 2007). Phylogenetic
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tree were constructed with bootstrap N-J tree with 1000 bootstrap replicates to determine

the robustness of resulting tree topologies and opened with TreeViewX program.
Results and Discussion

Chemistry of Southern Thailand hot spring

To provide a chemical context for interpretation of the results of microbiological
studies, we conducted chemical analyses of selected hot springs in geologically distinct
areas of Southern Thailand with evidence of significant plant biomass-rich sediment (Fig.
1). The results of these analyses and other available data are presented in Tables 1.
Collectively, the sites analyzed are representative of geothermal springs worldwide. The
temperature and pH of hot spring ranged between 53-75°C and 6.5-8.3, respectively. All
hot springs contains plant biomass-rich sediment that is a carbon source of
microorganisms in hot springs. Hot springs in Ranong Province (RNW), for instance,
contain little sulfide and tend toward alkalinity (pH 8.3), with high concentrations of
dissolve organic carbon (DOC). Hot springs in Suratthani Province (SRW and SRR),
Phang Nga Province (PGK and PGR) and Phatthalung Province (PTK) contain relatively
high concentrations of sulfides and neutral pH (6.5-7). Hot springs in Yala Province
(YLT) and Chumpron Province (CHL) contain relatively high concentrations of dissolve
organic carbon and low concentration of sulfides and neutral pH (7.8). Concentrations of

potential carbon sources (DOC) are highly variable in all hot springs
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Fig. 1. Site locations map of Southern Thailand hot spring of sediment rich samples site
indicated by red circle
Bacterial community

A sequence based survey of bacterial diversity from eight hot spring locations in
Southern Thailand was investigated. Microbial community structure was investigated by
polymerase chain reaction (PCR) amplification of 16S rRNA gene sequences from DNA
extracted from sediments of each hot spring, followed by PCR-DGGE and sequencing.
Several bacteria were growing in situ on plant biomass-rich sediment. Diversity and
abundance of occurrence for 60 unique 16S rRNA gene phylotypes were obtained and
most of bacteria particularly affiliating with deep-branching, but uncultivated organisms.
Bacteria community developing on plant biomass-rich sediment was comprised of

Clostridium spp. Bacillus spp., and Pseudomonas spp. constituted the major groups in
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these communities. Other bacteria detected in the biomass-rich sediment were
Flavobacterium spp., Thermotoga spp., Thermodesulfovibrio spp., Brevundimonas spp.
and Micrococcus spp.. PCR-DGGE analysis of 16S rRNA genes in plant biomass-rich
sediment of Southern Thailand hot springs showed a diversity of bacteria (Fig. 2 and Fig.
3). Bacteria detect in plant biomass-rich sediment from RNW hot spring represented
genus Clostridium spp., those from SRW and CHL hot spring represented genus
Pseudomonas spp. and Fervidobacterium spp., those from SRB and PTK hot spring
represented genus Pseudomonas spp. and and Bacillus spp., those from PGK hot spring
represented genus Clostridium spp. and Thermodesulfovibrio spp., those from PGR hot
spring represented genus Clostridium spp. and Bacillus spp., and those from YLT hot
spring represented genus Flavobacterium spp. Bacteria of the genus Fervidobacterium
are known to be able to degrade proteins (Kublanov et al., 2009) that found dominant in
SRW hot spring.

To determine the phylogenetic types of organisms present, we compared the
sequences to sequences of known organisms in public databases. We also compared the
compositions of the communities. Although the detail of compositions varied, all of the
communities contained sequences representative of the same phylogenetic groups.
Samples obtained on artificial growth surfaces generally overlapped with the
environmental sediment samples. Fig. 3 summarizes the census results. The phylogenetic
distribution of rRNA genes amplified with the universal PCR primers provides some
perspective on the overall microbial composition of the Southern Thailand geothermal
ecosystem. Fig. 4 shows the main phylogenetic groups of bacteria identified in springs.
Sequences representative of Clostridium spp. and Pseudomonas spp. were most abundant
in the communities, and sequences representative of Fervidobacterium spp.,

Thermodesulfovibrio spp., Bacillus spp. and Flavobacterium spp. also were common.
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Comparison of community compositions in hot spring with other reports (Table 2)
indicates that organisms recognized for biomass degradation such as Bacillus and
Clostridium were commonly found.
Archaea community

DGGE with archaeal primers revealed the presence of noncultivated archaea in all
hot spring samples. Communities were dominated by bacterial rRNA genes. Archaea
comprised of Thermoprotei spp. and Methanothermobacter spp., members in family
Thermoproteaceae and Methanosaeta spp. Organisms present in RNW hot spring was
belong to Methanothermobacter spp. to which many uncultured organisms from
Yellowstone, Iceland, and Kamchatka hot springs were found to belong (Kublanov et al.,
2009). Archaea are considered common in geothermal and other “‘extreme’’
environments, but these and all previous surveys indicate that such organisms are not
more abundant than bacteria (Hugenholtz et al., 1998). Most of the archaeal sequences
encountered were related to environmental crenarchaeote sequences previously observed
in Bor Khlueng Hot spring (Kanokratana et al., 2004), none with a specific relationship to
a cultured organism (Fig. 5). Fig. 6 shows the main phylogenetic groups of archaea
identified in springs with eight plant biomass-rich sediment. Although several hundred
unique bacterial sequences were determined, these fell into only a few phylogenetic
groups. Sequences representative of Thermoprotei spp. and Methanobacteria spp. were
most abundant in the communities. Fig.7 shows the most of unclassified and uncultured
archaeaon belong to class Thermoprotei whereas Methanobacteria were belonged to

Methanobrevibater sp. and Methanothermobacter sp..
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Geothermal spring Code Temp pH Sulfide Sulfate DOC DIC NH"-N
€S (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)

Ranong province

Wattaphotharam RNW 65 8.3 0.6 13 523 121 12

Suratthani province

Wat Than Nam Ron  SRW 63 7.0 15 25 12 128 0

Rattanakosai SRR 67 7.9 10 70 34 135 0.6

Chumporn Province

Lamae CHL 53 7.8 0 0.2 342 78 1.2

Phatthalung Province

Khao Chai Son PTK 60 7.9 12 30 54 98 0.2

Phang Nga province

Khong Pay Pao PGK 60 6.5 0.7 15 44 112 0.5

Romanee PGR 63 6.8 1.1 4 123 124 0.8

Yala province

Ta Na Ma Rao YLT 80 7.8 0 0.3 287 88 1.1




1  Table 2. Microbial community analysis of high temperature environmental samples based on 16S-rDNA approaches

Samples and sources T (°C), pH Dominant species Techniques References
Sediment-rich water, 82-92°C, pH 2 Bacteria: Flavobacterium, Clone library Baker et al., 2001
Domas, Hot springs, Indonesia Preteobacteria y sub-division,

Bacillus
Microbail mats, 50-57°C, pH 6.8 Bacteria: Cyanobacteria, Chloroflexi, Clone library Portillo et al., 2009
Boekeung Hot spring, Ratchaburi Candidate Division OP10,
Province, Thailand Bacteriodetes, Planctomycetes,

Actinobacteria
Microbial Mats, Hot spring , 60-65°C, pH 7-7.4  Bacteria: Chlorobi, Chloroflexi, Clone library Lau et al., 2009
central Tibet Cyanobacteria, Proteobacteria
Water, Acidic volcanic lake, 19.7-24°C, pH 0.3-  Bacteria: Gammaproteobacteria, PCR-DGGE Lohr et al., 2006
Indonesia 7.62 Firmicutes, Betaproteobacteria,

Flavobacteria

Archaea: Methanomicrobacteria,

Methanococcales,

Thermococcales,
Water, Gedongsongo Hot spring, 50°C, pH 4 Bacteria: Betaproteobacteria, PCR-DGGE Aminin et al., 2008
Indonesia Firmicutes
Volcanic environments of Canary Islands, 85°C Bacteria: Deltaproteobacteria, PCR-DGGE Portillo and Gonzalez, 2008
Spain Bacteroidetes, Propionibacterium,

Pseudomonas
Water and Mats, Hot springs, 47-63°C Bacteria: Bacillus sp. Specific-PCR  Malkawi and Al-Omari, 2010
Jordan
Water and sediment, Boiling Spring Lake, 55°C, pH 2 Bacteria: 7hermoprotei, Clostridia, T-RFLP Wilson et al., 2008

Lassen Volcanic National Park, northern
California, USA

Thermoplasmata, Aquificae,
Bacilli, Gammaproteobacteria,
Betaproteobacteria,
Thermotogales,

Actinobacteria
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Fig. 2 Bacteria community profile determined with PCR-DGGE of partial 16S rRNA

7, Romanee; 8, Ta Na Ma Rao.
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genes fragments from original hot spring. Lanes: M, DGGE marker 1I; 1, Wat Potharam ;

2, Wat Than Nam Ron; 3, Lamae; 4, Ban Tha Sathon; 5, Chao chaison; 6, Khog Pay Pao;
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Fig. 3 Phylogenetic tree of bacteria consortium from original hot springs samples
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Khog Pay Pao; 7, Romanee; 8, Ta Na Ma Rao.
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ABSTRACT

Sediment samples from hot spring were enriched for hydrogen-producing bacteria with
xylose, glucose and mixed of both sugars at high temperature (60 °C). Enriched cultures
encoded as PGR and YLT showed higher cumulative hydrogen production in xylose—glucose
mixed and xylose than glucose with hydrogen evolution of 1506 and 1487 mL H,/L-medium
and hydrogen yields of 301.3 and 297.4 mL H,/g sugarconsumed, respectively. The enriched
cultures coded SRR2, PGK, PGR and YLT were produced acetate and butyrate as main soluble
metabolites with high hydrogen production. PCR-DGGE profiling showed that the enriched
cultures gave best hydrogen production from xylose—glucose mixed comprised of three
groups of hydrogen-producing species, (A) relating to genus Bacillus sp. and Anoxybacillus sp.,
(B) relating to genus Caloramator sp. and Clostridium sp. and (C) relating to efficient hydrogen-
producing species related to Thermoanaerobacterium sp. and Caldicellulosiruptor sp. These
microbial consortia developed show promising to apply for biohydrogen production from
lignocellulosic hydrolysate containing xylose—glucose mixed.
Crown Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All
rights reserved.

1. Introduction

production [2,3]. Basically, lignocellulose contains a large
amount of cellulose (40—50%), hemicellulose (25—30%), and

The challenge of biohydrogen process is the feasibility to
produce at a commercial scale with a low cost to meet the need
of sufficient and cost-effective energy supply. Consequently,
the substrate used for fermentative hydrogen production must
be abundant, easily available, and inexpensive. From these
aspects, lignocellulosic materials obtained from crop or food
industrial wastes could be a commercially viable biohydrogen
feedstock [1]. Crop wastes such as straw, bagasse, oil palm
trunks felled for replanting and palm empty fruit brunch are
promising base substrates for cost-effective bioenergy

* Corresponding author. Tel./fax: +6674693992.
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lignin (10—20%) [4]. Pre-treatment of lignocellulosic materials
generates hemicellulose hydrolysate containing two main
sugars of xylose and glucose. Pentose sugar xylose accounts for
up to 35—45% of the total sugars in the lignocellulosic hydro-
lysate derived from wood, agricultural by-products or crops [5].
Microbial fermentation of xylose derived from such wastes is
quite promising for combining energy extraction and waste
reduction. However, bioconversion of pentoses (xylose) to
bioethanol is not very effective in terms of ethanol yield and
production rate [2]. Due to this limitation, an alternative
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utilization of xylose needs to be investigated to increase the
economical feasibility of the biofuels production from ligno-
cellulosic material. Therefore, utilization of the hydrolysate as
a substrate for biohydrogen production is attractive.

It has been shown that xylose could be successfully con-
verted to hydrogen by extreme thermophilic Caldicellulosiruptor
saccharolyticus achieving a relatively high yield of 333.4 mL H,/g
xylose [6]. A thermophilic strain of Thermoanaerobacterium
thermosaccharolyticum strain PSU-2, W16 and extreme ther-
mopiles C. saccharolyticus have been reported to utilize mixed
sugars (glucose and xylose) simultaneously to generate
hydrogen with a hydrogen yield 315, 305—323 and 295 mL H,/g
sugar, respectively [7—9]. Natural dark fermentative inoculum
using mixed consortia edges over pure inoculum in allowing
process at non-sterile environment and capable of dealing
with mixture of substrate due to a high microbial diversity
[10,11], which significantly reduce the process operation cost
with low biomass yield. Thermophilic mixed cultures have
been reported to utilize mixed sugars (glucose and xylose)
simultaneously to generate hydrogen with a hydrogen yield
218 mL H,/g sugar [12]. Thermophilic mixed cultures that were
enriched from sediment-rich samples of geothermal spring in
Southern Thailand with mixed sugars under acidic conditions
produced a significant amount of hydrogen gas [13]. High yield
of hydrogen was observed in mixed sugars medium (375 mL
H,/g-sugar consumed) and oil palm trunk hysrolysate (301 mL Hy/
g-SUgar consumed) [13]. However, the problem of fermentation of
lignocellulosic material-based substrate process is the
inability of microorganisms to metabolize efficiently hemi-
cellulose hydrolysate which contains mixed hexose, pentose
and toxic compounds such as phenolics, furfurals and 5-
hydroxymethyl-2-furaldehyde (HMF) into hydrogen with
satisfied yield and productivity.

Although product formation by thermophilic mixed
cultures is strongly affected by the specific characteristics of
the feed substances and operational conditions such as pH,
temperature, redox potential and available trace minerals [14].
Furthermore, it is also not clear whether a change in product
formation by anaerobic microflora is caused by a metabolic
change within a particular microbial population, by a change in
the microflora population itself or a change in both. Knowledge
of the microbial composition of the major hydrogen-producing
microorganisms would result in efficient and optimal opera-
tion of fermentative hydrogen-producing systems (effective
control of the start-up and operation) [15]. The comparative
microbial community analysis will provides an accelerated
approach to understanding community structure and function.
Theidentification of unique or numerically dominantstrains or
groups under defined or controlled conditions is also possible.
Therefore, tools foridentification of the microbes presentin the
hydrogen production process are necessary. It was recom-
mended that the step to overcome such instability and to
provide high hydrogen-production efficiency, the insight into
the hydrogen fermentation microbiology and factors involved
in the stabilization/destabilization of the process should be
further investigated [16,17].

Hot springs are a potential source for thermophilic
hydrogen-producing microorganisms. In this study, changes
in fermentation pattern of glucose and xylose mixed substrate
as the model hemicellulose hydrolysate by thermophilic

mixed cultures were investigated with respect to product
formation and bacterial community structure during
hydrogen production. Parallel to observations of fermentation
behaviour, microbial community structure in mixed cultures
was investigated using PCR-DGGE analysis targeted on
bacterial 16S rDNA. The PCR-DGGE data were subjected to
statistic analysis in order to evaluate hydrogen production
performance relative to microbial community structure.

2. Materials and methods
2.1. Geothermal spring sampling

Sediment-rich water samples were collected from eight
geothermal springs located in Southern Thailand (Table 1).
Temperature and pH of samples were measured in the fields
using thermometer and pH paper. The samples were kept in
serum bottles for return to the laboratory.

2.2. Enrichment culture

Enriched hydrogen-producing cultures were developed as
previously reported by O-Thong et al. [18]. At each site, 3 mL of
sediment-rich water was transferred by sterile syringe into
27 mL basic anaerobic medium (BA medium, pH 5.5) supple-
mented with 5 g/L each of xylose, glucose and the mixture of
these sugars in the ratio 1:1 [19] as a carbon source and
incubated at 60 °C for 2 day at strict anaerobic condition.
During the enrichment, hydrogen, carbon dioxide and
methane gas and soluble metabolites were monitored. The
cultures resulting from these initial cultivations were used in
five successive batch cycles (10% inoculum in the medium, 2
days per cycle). The final cultures (5th batch cycle) were used
for analysis hydrogen production, soluble metabolite
production and responsible microbial community.

2.3.  Product analysis
The evolved biogas was collected in a headspace of serum

bottle. The total volumes at each time interval were measured
atroom temperature by syringe. Hydrogen, carbon dioxide and

Table 1 — The list of geothermal spring sources and
characteristics used for enrichment culture.

Geothermal springx Code Temperature (°C) pH

Ranong province

Wat Potharam RNW 65 8.3
Suratthani province

Wat Than Nam Ron 1 SRW1 63 7.0
Wat Than Nam Ron 2 SRW2 53 7.8
Ban Tha Sathon 1 SRR1 67 7.9
Ban Tha Sathon 2 SRR2 60 7.9
Phangnga province

Khong Pay Pao PGK 60 6.5
Romanee PGR 63 6.8
Yala province

Ta Na Ma Rao YLT 80 7.8
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methane in the biogas were measured. The biogas composition
was confirmed by gas chromatography (GC-8A Shimadzu)
equipped with thermal conductivity detector (TCD) and a 2.0-m
packed column (ShinCarbon ST 100/120, Restek) and argon at
a flow rate of 15 mL/min as the carrier gas. The culture broth
was centrifuged at 10,000xg for 10 min. Fermentation end
products (volatile fatty acids and ethanol) in the supernatant
were determined by GC (HP6850, Hewlett Packard) equipped
with a flame ionization detector (FID) and Stabilwax-DA
column (dimensions 30 m x 0.32 mm x 0.25 pm). The temper-
ature of the injection port was 230°C. The chromatography was
performed using the following program: 70 °C for 1 min,
70—180 °C with a ramping of 20 °C/min, 180 °C for 6 min. The
detector temperature was 250 °C. Lactic acid, xylose and
glucose were analyzed with a high performance liquid chro-
matograph (HPLC; Agilent 1200 series), equipped with
Aminex® HPX-87H ion exclusion column.

2.4. DNA extraction

Total genomic DNA was extracted from enrichment culture
samples by using a slightly modified standard bacterial
genomic DNA isolation method [20]. Pellet cells in enrichment
culture were harvested in micro-centrifuge tubes by centri-
fugation at 10,000¢g for 10 min. The pellet cells were suspended
in 500 ul of TENS buffer pH 8.0 (containing; 100 mM Tris—HCI,
100 mM EDTA, 100 mM NaCl and 100 mM Na3PO,). After that,
40 pl of lysozyme (final conc. 3.7 mg/mL) was added and
incubated for 1.5 h at 37 °C with gentle manual mixing every
10 min. The mixtures were subjected to four cycles of freezing
and thawing at 0 °C (ice bath) and 65 °C respectively, each step
for 3 min. A 200 ul of 10% sodium dodecyl sulfate (SDS) and
50 ul of proteinase K (final conc. 1.2 mg/mL) were added and
mixed by inverting the tubes by hand following incubation for
1.5 h at 60 °C with gentle manual mixing every 10 min. Then,
the DNA was recovered from the tube by phenol—chloroform
extraction. The mixtures were added equal volume of phenol/
chloroform/isoamyl alcohol (25:24:1) and mix gently. The
aqueous layer was selected by centrifugation at 10,000xg for
10 min. The aqueous phase was transferred to new sterile tube
and repeated extraction with chloroform/isoamyl alcohol
(24:1). After centrifugation, the crude DNA extract was
precipitated with absolute ethanol for 2 h or overnight
at —20 °C followed by centrifugation at 12,000xg for 10 min.
The genomic DNA pellet was re-suspended in 30—50 pl of TE
buffer and stored at —20 °C until needed. The genomic DNA
was visualized by electrophoresis on 0.8% agarose gel stained
with 0.5 pg/mL ethidium bromide.

2.5. PCR-DGGE analysis

The microbial community structure of the enriched culture
was studied using PCR-DGGE as described by Prasertsan et al.
[21] with primers sequence as shown in Table 2. Briefly, the
bacterial 16S rDNA (~ 1400 base pair) was amplified by the first
polymerase chain reaction (PCR) with universal primer 1492r
and 27f. Amplification mixtures were used TopTaq™ Master
Mix Kit (Qiagen) with a final volume of 25 pl and contained
25 pmol of each primers, under conditions of an initial dena-
turation at 95.5 °C for 5 min followed by 30 cycles of

Table 2 — Primers used for PCR-DGGE in this study.

Group Primer Sequence Target
name (5'->3")

Bacteria 1492r GAAAGGAGGTGATCCAGCC 16S

rDNA

27f GAGTTTGATCCTTGGCTCAG 16S
1DNA

K517r ATTACCGCGCTGCTGG V3
region

L340f CCTACGGGAGGCAGCAG V3
region

L340f-GC GC clamp- V3
CCTACGGGAGGCAGCAG region

Archaea Arch958r YCCGGCGTTGAMTCCAATT 16S
rDNA

Arch21f TTCCGGTTGATCCYGCCGGA 16S
rDNA

PARCH519r TTACCGCGGCKGCTG V3
region

PARCH340f- GC-clamp- V3
GG CCTACGGGGYGCASCAG region

GC clamp CGCCCGCCGCGCGCGGCGGGLG

GGGCGGGGG CACGGGGGG

denaturation at 95 °C for 1 min, annealing at 54 °C for 40 s,
extension at 72 °C for 1 min, with final extension at 72 °C for
10 min. The reactions were subsequently cooled to 4 °C. The
PCR product was analyzed on 1.0% agarose gels electropho-
resis. In the second PCR, primer K517r and L340f with CG
clamp were used to amplify the fragment of V3 region of 16S
rDNA product from the first PCR [22] with the program cor-
responded to an initial denaturation 95 °C for 3 min follow by
30 cycles of three steps: 95 °C for 1 min, 55°C for 30s, and 72 °C
for 1 min and final extension at 72 °C for 10 min. PCR products
were stored at 4 °C and analyzed on 1.0% agarose gel elec-
trophoresis before DGGE.

Amplification of Archaea 16S rDNA sequences was carried
out using archaea-specific primers (Table 2). The majority of
the archaea 16S rDNA fragment was amplified using Arch958r
and Arch21f primers. The amplification mixture was carried
out using the same mixture for bacteria. PCR began with
a 94 °C denaturation for 2 min, followed by 35 cycles of
denaturation at 94 °C for 1 min, annealing at 51 °C for 1 min,
extension at 72 °C for 1 min, with final extension at 72 °C for
10 min. The 16S rDNA PCR product was used as template for
next PCR. The V3 region fragment was amplified with the
PARCHS519r and PARCH340f-GC primers and carried out with
the same mixture as above. The amplification condition
started with an initial denaturation 94 °C for 3 min follow by 34
cycles of three steps: 94 °C for 1 min, 53 °C for 1 min, and 72 °C
for 2 min and final extension at 72 °C for 10 min. PCR products
were stored at 4 °C and analyzed on 1.0% agarose gel elec-
trophoresis before DGGE.

The DGGE analysis of PCR products obtained from the
second PCR were performed using the DGGE unit, V20-HCDC
(Scie-Plas limited, UK) with 8% (v/v) polyacrylamide gels and
a denaturant gradient of 30—60% and 40—80% for bacteria and
archaea respectively. DGGE gels were stained with Sybr-Gold
for 60 min and photographed on Gel DocXR system (Bio-Rad
Laboratories) and the bands in the gel were excised. The DNA
in the excised gel slices were incubated in 20 pl of distilled
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water at 4 °C for 24 h and re-amplified by PCR with the second
PCR primers. The PCR products were separated again by DGGE,
and then the bands were excised again. Most of the bands
were excised from the gel and re-amplified with primer 357f
(without a GC clamp) and the reverse primer. After re-
amplification, PCR products were purified and sequenced
using primer 518r (bacteria) and PARCH519r (archaea) by the
Macrogen sequencing facility (Macrogen Inc., Seoul, Korea).
Raw data of DNA sequenced were analyzed with program
Chromas and BioEdit before affiliated strains performed.
Closest matches for partial 16S rRNA gene sequences were
identified by ribosomal database project (http://rdp.cme.msu.
edu/) with SegMatch program and basic local alignment
search tool (BLAST) with nucleotide database in National
Center for Biotechnology Information (NCBI; http://blast.ncbi.
nlm.nih.gov/Blast.cgi).

3. Results and discussion

3.1 Enrichment of thermophilic hydrogen-producing
bacteria from geothermal spring samples

Different types of microbial communities were obtained from
different hot spring sediment-rich samples taken from 5
Provinces in Southern Thailand. During incubation in BA
medium (pH 5.5) at 60 °C, all samples produced gas consisting
of H, (34—61%) and CO, (38—60%), with traces of N,. In some
experiments, methane formation was also detected during the
initial stages of consortium development but not found in the
second generation. Gas production started after 1 day and

stopped after 2—4 days incubation in all samples. Four sedi-
ment sources encoded with RNW, SRW1, SRW2 and SRR1 gave
significantly low hydrogen production yield (<69.6 mL H,/
L-medium). In all carbon sources tested, except the source
encoded with RNW enriched with xylose produced 566 mL H,/
L-medium indicated that it was xylose—utilizing thermophilic
bacteria. Interestingly, the other group showed high cumula-
tive hydrogen production. Among these, the two sediment
sources encoded as PGR and YLT showed higher cumulative
hydrogen production (1506.5 and 1487.3 mL H,/L-medium,
respectively) than the other sources encoded as SRR2 and PGK
(326.1-967.6 mL H,/L-medium, Table 3). The maximum
hydrogen evolution (1506.5 mL H,/L-medium) was achieved
from consortium PGR enriched with xylose—glucose mixed
sugars while the values from enrichment with xylose and
glucose were 1319.8 and 1190.1 mL H,/L-medium, respectively.
The maximum hydrogen yields from the consortium PGR with
mixed sugars, glucose and xylose were 301.3, 263.9 and
238.1 mL H,/g sugarconsumed, respectively, whereas the values
from the consortium YLT were 264.9, 156.5, and 297.4 mL H,/g
SUgalconsumed, respectively. These results indicated the
potential role of microbial consortia in utilization of xylose and
glucose without much variation in overall metabolism. This
data is in agreement with the report that biohydrogen
production from xylose and glucose using pure culture of T.
themosaccharolyticum PSU-2, T. themosaccharolyticum W16 and
mixed culture of compost microfora [7—9]. However, hydrogen
production values differed with type of carbon source. For the
consortium PGR and YLT, xylose was a better carbon source
than glucose as it exhibited higher cumulative hydrogen
production (1319.8 and 1487.3 mL H,/L-medium, respectively)

Table 3 — Hydrogen production, metabolic production concentration, and substrate utilization of enriched cultures from

different geothermal spring source.

Samples Enrichment H, H, yield  Substrate Acetic Butyric Propionic Ethanol Lactic Butanol Final

substrates  production (mL/gsugar utilization acid acid Acid(mM) (mM) acid (mM) pH
(mL/L)  consumed) (%) (mM)  (mM) (mM)

RNW Glucose 36.2 7.2 57.6 1.60 0.52 0.33 0.11 2.45 6.80 5.0
Glucose + xylose 20.6 4.1 51.8 1.80 0.92 0.19 0.16 1.87 7.30 4.9
Xylose 566.0 113.2 76.0 2.52 9.20 0.24 0.13 0.00 8.00 4.6
SRW1 Glucose 11.9 2.4 52.0 1.15 0.52 0.32 0.15 4.65 6.00 4.6
Glucose + xylose 12.6 25 60.6 0.81 1.08 0.26 0.18 4.55 7.80 45
Xylose 5.2 1.1 61.6 0.81 1.72 0.23 0.28 1.37 8.80 6.9
SRW2 Glucose 27.1 5.4 63.6 1.02 4.52 0.26 0.12 3.02 6.70 5.2
Glucose + xylose 26.2 5.2 56.0 0.81 5.12 0.19 0.16 1.18 8.80 7.0
Xylose 8.9 1.8 32.0 1.44 1.72 0.19 0.22 6.10 0.50 7.0
SRR1 Glucose 325 6.5 48.8 2.74 0.52 0.26 0.15 0.00 7.80 5.6
Glucose + xylose 69.6 13.9 56.0 2.28 1.16 0.23 0.21 1.72 8.80 6.3
Xylose 8.5 1.7 40.0 1.05 1.92 0.19 0.28 6.60 1.20 6.8
SRR2 Glucose 326.1 65.2 54.0 4.39 8.52 0.26 0.14 3.63 1.20 4.9
Glucose + xylose 538.9 107.7 66.0 5.91 9.24 0.19 0.21 2.00 4.40 4.8
Xylose 657.2 131.4 40.0 4.72 7.56 0.23 0.29 1.40 0.00 4.6
PGK Glucose 819.7 163.9 76.0 2.77 8.52 0.25 0.17 3.16 5.20 4.4
Glucose + xylose 958.9 191.7 72.0 5.58 9.20 0.19 0.18 3.82 2.20 4.0
Xylose 967.6 193.5 88.0 12.81 9.80 0.19 0.27 3.07 4.30 3.7
PGR Glucose 1190.1 238.1 82.0 3.58 10.72 0.19 0.28 4.10 2.20 3.7
Glucose + xylose 1506.5 301.3 96.0 6.73 10.32 0.19 0.15 5.24 3.40 3.8
Xylose 1319.8 263.9 84.0 3.6 10.92 0.19 0.10 5.84 6.50 3.9
YLT Glucose 782.9 156.5 48.0 8.23 2.12 0.26 0.12 3.61 0.00 3.8
Glucose + xylose 1324.9 264.9 92.0 4.39 11.08 0.19 0.15 4.04 4.40 3.6
Xylose 1487.3 297.4 92.0 8.19 8.92 0.19 0.18 5.66 3.20 3.6
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Table 4 — Percentage of COD distribution at the end of repeated batch enrichment of each hot spring samples and biomass

was estimated as 15% according to the previous study [26].
Samples Enrichment Consumed H, Butanol Acetic

Butyric Propionic Ethanol Lactic Cell mass (%) Balance

source substrates sugars (%) (%) (%) acid (%) acid (%) acid (%) (%) acid (%) (CsH;O,N) (%)

RNW Glucose —100.0 0.8 425 3.3
Glucose + xylose —100.0 0.5 507 43
Xylose —100.0 10.0 379 4.0
SRW1 Glucose —100.0 0.3 415 2.7
Glucose + xylose —100.0 0.3 463 1.6
Xylose —100.0 0.1 514 1.6
SRW2 Glucose —100.0 0.6 379 1.9
Glucose + xylose —100.0 0.6 56.6 1.7
Xylose —100.0 0.4 5.6 5.4
SRR1 Glucose —100.0 09 723 6.7
Glucose + xylose —100.0 1.7 56.6 4.9
Xylose —100.0 0.3 10.8 3.2
SRR2 Glucose —100.0 8.1 8.0 9.8
Glucose + xylose —100.0 109 24.0 10.7
Xylose —100.0 22.0 0.0 14.2
PGK Glucose —100.0 144 246 4.4
Glucose + xylose —100.0 17.8 110 9.3
Xylose —100.0 14.7 17.6 17.5
PGR Glucose —100.0 19.4 9.7 5.2
Glucose + xylose —100.0 21.0 128 8.4
Xylose —100.0 170 225 4.2
YLT Glucose —100.0 21.8 0.0 20.6
Glucose + xylose —100.0 193 17.2 5.7
Xylose —100.0 21.7 12.5 10.7

1.6 1.2 0.3 12.8 15.0 —22.4
3.2 0.8 0.6 10.8 15.0 —14.0
21.8 0.7 0.3 0.0 15.0 -10.4
1.8 1.3 0.5 26.8 15.0 —10.0
3.2 0.9 0.5 22.5 15.0 —9.6
5.0 0.8 0.8 6.7 15.0 —18.6
12.8 0.9 0.3 14.2 15.0 -16.3
16.5 0.7 0.5 6.3 15.0 -2.1
9.7 1.2 1.2 57.2 15.0 —4.3
1.9 11 0.6 0.0 15.0 -16.2
3.7 0.9 0.7 9.2 15.0 —7.4
8.6 1.0 1.3 49.5 15.0 -10.4
28.4 1.0 0.5 20.2 15.0 -9.1
25.2 0.6 0.6 9.1 15.0 -3.9
34.0 1.2 1.3 10.5 15.0 -1.8
20.2 0.7 0.4 12.5 15.0 —7.8
23.0 0.6 0.5 15.9 15.0 —6.9
20.0 0.5 0.6 10.5 15.0 -3.7
235 0.5 0.6 15.0 15.0 -11.0
194 0.4 0.3 16.4 15.0 —6.4
18.9 0.4 0.2 16.8 15.0 -5.0
8.0 1.1 0.5 22.6 15.0 -10.5
21.7 0.4 0.3 13.2 15.0 —7.2
17.5 0.4 0.4 18.5 15.0 —-3.4

than glucose (1190.1 and 782.9 mL H,/L-medium, respectively).
Furthermore, the maximum hydrogen yields of the thermo-
philic consortium PGR and YLT (301.3 and 297.4 mL H,/g sug-
Alconsumed, T€Spectively) were comparable with other studies
such as 274 mL H,/g sugar at 60 °C using sludge inoculum taken

from a municipal sewage treatment plant [23] and 2-fold higher
than the earlier report (138 mL H,/g sugar at 55 °C) using inoc-
ulum from a continuous reactor [24]. So far, the highest
hydrogen production yields by thermophilic mixed cultures
are 322 mL H,/g sugar at 60 °C with anaerobic digested sludge

Fig. 1 — Bacterial community profile determined with PCR-DGGE of partial 16S rRNA genes fragments from enriched cultures
at 5th cycles repeated batch cultivation with glucose (G), mixture of glucose and xylose (G + X) and xylose (X). Lanes: M,

DGGE marker II; A, hot spring code RNW; B, hot spring code SRW1; C, hot spring code SRW2; D, hot spring code SRR1; E, hot
spring code SRR2; F, hot spring code PGK; G, hot spring code PGR; H, hot spring code YT. Numbers indicate DNA bands were

affiliated show in Table 5.
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[25] and 307 mL H,/gsugar at 70 °C with inoculum from a bench-
scale methanogenic manure-treating reactor [26]. Therefore,
the hydrogen production of the enriched consortium PGR and
YLT are comparable with the previous reports.

3.2. Soluble metabolites of enrichment cultures

The hydrogen production was going along with the produc-
tion of volatile fatty acids and alcohols (Table 4). Main volatile
fatty acids of the enriched cultures were acetic acid, butyric
acid, lactic acid and butanol. Small amount of ethanol and
propionic acid were observed throughout the enrichment
culture fermentation. Among the metabolites, acetic acid and
lactic acid accumulated were dominated which caused the
acidic condition (low pH). The dominated metabolites corre-
lated closely with high hydrogen producer encoded as SRR2,
PGK, PR and YLT. The pH lower than 5.5 (initial pH) were
observed in high hydrogen-producing group and the lowest
PH (pH 3.8) was obtained from the highest hydrogen producer
PGR in the xylose—glucose mixed. Most COD balances of
soluble metabolites were under 10% error, indicating the
measurement were accurate. Only COD balances of the
enriched cultures with glucose were over 10%, it may cause
from high cell mass conversion from this sugar. The soluble

metabolites from high hydrogen producer were composed
mostly butyric acid, butanol, lactic acid and acetic acid with
a COD distribution of 18—23, 9—22, 15—16 and 4—8% on COD
basis (Table 4). The enriched cultures (SRR2, PGK, PGR and
YLT) had different metabolic patterns for hydrogen produc-
tion mostly acetate and butyrate metabolic pathways. Some
enriched cultures produced small amount of hydrogen but
produced butanol and lactic acid as the main soluble metab-
olites (RNW, SRW1 and SRR1) or produced butanol and butyric
acid as main soluble metabolites (SRW2). Lactic acid was
found in all enriched cultures, while lactate is not common as
end product but intermediate product during fermentation.
The reason for lactic acid accumulation was not clear but
likely related to environmental change during repeated cycle
or substrate overloading [27]. It was suggested when envi-
ronmental change, bacteria would try to optimize the carbon
flow rate through the cell by using lactate as electron sink and
lower down the acetate production or change in the micro-
flora population itself, which gave high energy yield. As
a result, high lactate was found in all enriched cultures. In the
present study, fermentation patterns involving hydrogen
fermentation of glucose—xylose mixed substrate was char-
acterized relative to the soluble metabolites and microbial
characteristics of the system. It was shown that the

Fig. 2 — Phylogenetic tree showing the similarity of DGGE profiles of enrichment cultured. A, hot spring code RNW; B, hot
spring code SRW1; C, hot spring code SRW2; D, hot spring code SRR1; E, hot spring code SRR2; F, hot spring code PGK; G, hot
spring code PGR; H, hot spring code YT. Enriched carbon source are glucose (G), mixture of glucose and xylose (G + X) and

xylose (X).
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distribution of fermentation products was dependent upon
microorganisms that were dominant in the microflora under
various inoculum sources.

3.3.  Microbial community analysis of enrichment
cultures

Bacterial community samples were taken from the last
repeated batch cultures (5th cycle). The results demonstrated
that numerous hydrogen-producing thermophilic bacteria

could be obtained from liquid and sediment samples collected
from hot springs in Southern Thailand. The community
structures of the enriched cultures from hot spring were
analyzed with PCR-DGGE, using the V3 region of 16S rRNA
gene. The results showed that sample sources and enrichment
carbon sources were affected to diversity of bacteria commu-
nity (Fig. 1). The enriched culture consortium SRW1 (B), SRR1
(D) and PGR (G) showed 60—100% DGGE profiles similarity in all
enrichment cultures with glucose, xylose—glucose mixed and
xylose alone as carbon source. The consortium PGK (F) were

Band-13
Band-9
Caloramatorsp. (EU051651)
Caloramator australicus (HM228396)
Band-11
Band-12
Band-15
Band-14
Band-16
Band-10 =B
Uncultured bacterium (FN643556)
o8 gsa > Clostridium sp. (AB059480)
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L 275 913 g:::jg
——Band-22
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Thermoanaerobacterium aotearoense (FN823049)
Thermoanaerobacterium thermosaccharolyticum (AF247003) |

Band-24
Band-27
541 Band-28
po— Bacillus sp. (GU366024)
896 Bacillus coagulans (AM745108)
990 Band-3
Band-4
— 435 950 Staphylococcus sp. (GQ369025)
898 Band-2
1000 Staphylococcus saprophyticus (AY126226)
661 Band-1
999 Band-6 - A
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Uncultured Firmicutes bacterium (EU639075)
Caldicellulosiruptor obsidiansis (CP002164)
956 Band-31 I'C

Fig. 3 — Phylogenetic tree showing the relationships between affiliation bands of DGGE profiled based on 16S rRNA gene
sequences. The sequence of Escherichia coli served as an out-group sequence. Bar represents sequence distance.
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strongly dominant species presented 100% similarity between
xylose—glucose mixed, and xylose alone as enrich carbon
source, while the enriched cultures possessed more diverse
dominant species in the presence of glucose. The bacterial
community profiles of the other consortium; RNW (A), SRW2
(C), SRR2 (E) and YLT (F), also were different depending on the
carbon sources enriched (Fig. 2).

Bacterial dominant species in the enrichment culture were
grouped by phylogenetic tree. The dominant species were
divided into three groups (Fig. 3, Table 5) including bacterial
strains belong to Group A were related to Staphylococcus sp.,
Bacillus sp., Anoxybacillus sp. and uncultured Firmicutes bacte-
rium. Bacterial species in this group were related to low
hydrogen-producing species as the results showed presence
dominant species in low hydrogen production enriched
cultures (RNW, SRW1, SRW2 and SRR1). Staphylococcus sp. was
dominated in the enriched cultures with glucose and xylo-
se—glucose mixed substrate while xylose alone not found. It
may be growth only glucose as carbon source. Two bands
dominant were affiliated to different Bacillus sp. because
dominant Band 3 seems to be preferred only glucose but Band 4
can used both of glucose and xylose as substrate. Staphylococcus
sp. and Bacillus sp. were found only in the enriched culture
SRW1 (B). Bacillus coagulans was found a sporogenic lactic acid
bacterium and produces lactic acid as the primary fermenta-
tion product from both hexose and pentose sugars [28]. This
result was corresponded to the presence lactic acid as main
fermentation product in the enriched cultured with glucose
and xylose—glucose mixed substrate of SRW1 (Table 3). For
Anoxybacillus sp. was found dominant in enriched cultures
SRW2 (C). This strain was utilized both of glucose and xylose
substrate but in enriched culture with xylose—glucose mixed
not clearly dominant because it seems can not competed with
strongly dominated band affiliated to uncultured Firmicutes
bacterium. Genus Anoxybacillus were reported as both glucose
and xylose-utilizing and endospore-forming bacterium [29].
Bacterial dominant species belong to Group B were Caloramator
sp. and Clostridium sp. with found mainly in the enriched
cultures with glucose and xylose—glucose mixed of sample
code RNW and all the enrichment cultured of samples coded
SRR1 and SRR2, respectively. Caloramator sp. presented in the
enriched cultures RNW seems to prefer both glucose and xylose
but can not competed with other strains presented in the
enriched culture with xylose as substrate. Caloramator sp. was
also presented in the enriched culture with xylose of YLT.
Caloramator sp. was found in enrichment culture for
hydrogen-producing extreme thermophilic anaerobic micro-
flora from cow manure enriched with glucose and xylose by
repeated batch cultures at 75 °C [30] and in biohydrogen
production from palm oil mill effluent with ASBR reactor tank
system [21]. The bacterial strain related to Caloramator indicus
were proposed as a new hydrogen-producing strain with
optimum temperature 60—62 °C [31,32]. For Clostridium sp. were
presented dominant in xylose—glucose mixed and xylose
enrichment cultured. However, theses two genus were efficient
utilized xylose—glucose mixed substrate and appeared
moderate hydrogen-producing bacteria when compared with
the last group dominant strains. The last group, Group C was
related to Thermoanaerobacterium sp. and Caldicellulosiruptor sp.
Genus Thermoanaerobacterium were presented dominant in

the enriched cultures of samples code PGK, PGR and YLT. It
showed efficient utilize xylose—glucose mixed substrate and
gave the highestaccumulation hydrogen production compared
with other two groups. T. thermosaccharolyticum PSU-2, T. ther-
mosacchrolytium W16, T. saccharolyticum and T. aotearoense were
reported effectively hydrogen-producing species at thermo-
philic condition and utilized both hexose and pentose sugars
[7,8,33]. One of the evidence clearly was the presence Ther-
moanaerobacterium sp. in the enriched culture with xylose of
RNW gave hydrogen production higher significant than other
two enrichment substrate. Genus Thermoanaerobacterium
and Caloramator were frequency found to be dominant species
in thermophilic hydrogen enriched cultures [30,34].

Caldicellulosiruptor sp. was also found in the enriched
culture with xylose of YLT. The band was lower strong than
other bands may be cause by not optimum cultured temper-
ature. Finally this study, microbial consortia developed from
Thailand hot springs were Caloramator sp., Clostridium sp.,
Thermoanaerobacterium sp., and Caldicellulosiruptor sp. as
major groups of hydrogen-producing bacteria in glucose,
xylose—glucose mixed and xylose substrate and show prom-
ising to apply for biohydrogen production from lignocellulosic
hydrolysate with mostly contained xylose—glucose mixed.

Archaeal community of enrichment cultured found that no
amplification products of archaeal 16S rRNA genes were ob-
tained from the DNA extracts of all enriched cultures samples
with a nested PCR procedure. This result indicated the
absence of archaea in the enriched cultures.

4, Conclusion

Potential thermophilic microorganisms for hydrogen produc-
tion were enriched from Southern Thailand hot springs over
a wide temperature range (53—80 °C). The batch enrichments
had different metabolic patterns, including high hydrogen or
high butanol yields from glucose and xylose. Two enrichment
cultures produced a high hydrogen yield from glucose, xylose
and mixture of both sugars at 60 °C. The PGR and YLT enrich-
ment had maximum hydrogen yields of 301.3 and 297.4 mL of
H,/g sugarsconsumed. The consortium PGR and YLT, dominated
by bacteria closely affiliated with T. thermosaccharolyticum. In
summary, promising bacterial enrichments were obtained
from Southern Thailand hot spring samples with a high
potential for hydrogen production under thermophilic condi-
tion from lignocellulose hydrolysate. The community struc-
tures of enrichment with the xylose, glucose and the mixture
composed of high hydrogen-producing bacterial strains affili-
ated with low-G+C-content Gram-positive bacteria, Thermoa-
naerobacterium sp. and Caldicellulosiruptor sp. based on the 16S
rRNA gene. The moderate and low hydrogen-producing strains
were comprised of genera Caloramator and Clostridium,
Staphylococcus, Bacillus and Anoxybacillus, respectively.
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ABSTRACT

Xylose and glucose are the major sugar components of lignocellulosic hydrolysate. This
study aims to develop thermophilic hydrogen-producing consortia from eight sediments-
rich samples of geothermal springs in Southern Thailand by repeated batch cultivation at
60 °C with glucose, xylose and xylose—glucose mixed substrates. Significant hydrogen
production potentials were obtained from thermophilic enriched cultures encoded as PGR
and YLT with the maximum hydrogen yields of 241.4 and 231.6 mL H,/g sugarconsumeds
respectively. After repeated batch cultivation the hydrogen yield from xylose—glucose
mixed substrate of PGR increased to 375 mL H,/g sugarconsumeda Which was 30% higher
than that of YLT (287 mL H,/g sugarconsumed). Soluble metabolites from xylose—glucose
mixed substrates were composed mostly of butyric acid (20.6—21.8 mM), acetic acid
(7.2—13.5 mM), lactic acid (8.2—11.7 mM) and butanol (4.4—13.0 mM). Denaturing gradient
gel electrophoresis (DGGE) profiles illustrated small difference in microbial patterns of PGR
enriched with glucose, xylose—glucose mixed substrate and xylose. The dominant pop-
ulations were affiliated with low G + C content Gram-positive bacteria, Thermoanaer-
obacterium sp., Thermoanaerobacter sp., Caloramater sp. and Anoxybacillus sp. based on the
16S rRNA gene. Cultivation of the enriched culture PGR in oil palm trunk hydrolysate, the
maximum hydrogen yield of 301 mL H,/g sugarconsumeda Was achieved at hydrolysate
concentration of 40% (v/v). At higher concentration to 80% (v/v), the hydrogen fermenta-
tion process was inhibited. Therefore, the efficient thermophilic hydrogen-producing
consortia PGR has successfully developed and has great potential for production of bio-
hydrogen from mixed sugars hydrolysate.
Copyright © 2010, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
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1. Introduction

Lignocellulosic materials obtained from crop or food indus-
trial wastes could be a commercially viable biohydrogen
feedstock [1] as they are abundant, easily available, inex-
pensive and not compete with food and feed production [2].
Lignocellulosic agro-industrial wastes such as straw, bagasse,
and palm empty fruit bunch are a promising base substrate
for cost-effective biological hydrogen production as they
contain a large amount of cellulose (40—50%), hemicellulose
(25—30%), and lignin (10—20%) [3]. Direct fermentation of raw
lignocellulosic feedstock is typically inefficient due to their
complex structures. Hence, pre-treatments are commonly
needed for saccharification process prior to biological
conversion [4,5].

Natural dark fermentative inoculum (mixed cultures) gave
advantages over pure inoculum in allowing process at non-
sterile condition and capable of dealing with mixture of
substrates due to a high microbial diversity [6,7], which
significantly reduce the process operation cost. The advantage
of using mixed cultures for biohydrogen production is high
adaptive capacity owing to the microbial diversity and the
possibility of obtaining a stable and continuous process. The
most common bacteria used in dark fermentation to produce
hydrogen are Clostridium [8] and Thermoanaerobacterium [9].
Normally, hydrogen production yield of 125-250 mL H,/g
SUgalconsumed are obtained with mesophiles, while thermo-
philes yield was higher than 250 mL H,/g sugarconsumea [10,11].
Hydrogen yields can be improved by increasing acetate end
product formation, and decreasing or preventing butyrate
formation by using a high-temperature fermentation process
with thermophiles or extreme thermophiles, operating at
temperatures higher than 60 °C [12]. Thermophilic mixed
cultures have a high potential as hydrogen producers [11] and
able to utilize a wide range of organic wastes [13]. High
temperatures favor the stoichiometry of hydrogen produc-
tion, resulting in higher hydrogen yields [14], have a narrower
spectrum of end products as compared to mesophilic
fermentation [10], and also reduce the contaminants. Never-
theless, thermophilic temperatures have main disadvantage
of more heat energy input to maintain operation condition.
This problem, however, can reduce by system design.

Some thermophilic bacteria are able to utilize mixed
hexose and pentose into hydrogen [15]. Thermoanaerobacterium
thermosaccharolyticum strain PSU-2, T. thermosaccharolyticum
strain W16 and extreme thermophiles Caldicellulosiruptor sac-
charolyticus have been reported to simultaneously utilize
mixed sugars to generate hydrogen with hydrogen yields of
281 and 290 mL H,/g sugalconsumed, respectively [16—18].
However, the problem of lignocellulosic material-based
substrate fermentation process is the inability of microor-
ganisms to metabolize efficiently all mixed carbohydrates
(hexose and pentose) into hydrogen with satisfied yield and
productivity [12,15,19].

Hot springs are a potential source for thermophilic
hydrogen-producing microorganisms. In this study, thermo-
philic hydrogen-producing microflora were enriched from
geothermal spring samples by repeated batch cultivation
at 60 °C with glucose, xylose, and xylose—glucose mixed

substrates. The most effective consortia were selected for
microbial community studies and tested for hydrogen
production from oil palm trunk hydrolysate.

2. Materials and methods
2.1. Geothermal spring sampling

Sediment-rich samples were collected from eight geothermal
springs located in Southern Thailand. Temperature and pH of
all samples were measured on-site using thermometer and pH
paper, respectively. The samples were kept in serum bottles
for transportation to the laboratory.

2.2. Enrichment of thermophilic hydrogen-producing
cultures

Enriched hydrogen-producing cultures were developed
following the procedure as previously reported by O-Thong
et al. [9]. In brief, a basic anaerobic medium (BA medium, pH
5.5) was prepared by using glucose, xylose and xylose—glucose
mixed substrate as carbon source. At each site, 3 mL of sedi-
ment-rich water was transferred by sterile syringe into 27 mL
BA medium supplemented with 10 g/L each of glucose, xylose
and xylose—glucose mixed substrate at the ratio of 1:1 [20] and
incubated at 60 °C for 4 day under strictly anaerobic condition.
During the enrichment, H,, H,S, CO, and CH, and soluble
metabolites were monitored. The selected thermophilic
hydrogen-producing cultures were enriched in five successive
batch cycles (10% inoculum in the medium with 2 days culti-
vation per cycle). The final cultures (5 batch cycle) were used
for analysis of hydrogen production, soluble metabolite
production and responsible microbial community. Thermo-
philic enriched culture producing the highest hydrogen
production was selected for further study.

2.3. Batch test of the selected thermophilic enriched
cultures for hydrogen production from oil palm trunk
hydrolysate

The oil palm trunk hydrolysate was prepared using the two-
stage dilute acid and base hydrolysis. In the first stage,
hydrolysis was carried out in 0.1% H,SO, in an autoclave at
120 °C under 1 bar pressure for 25 min with 30% (w/w) of solid
concentration. After pretreatment, the liquid hemicellulose-
rich fraction (the hydrolysate) was separated from the solid
cellulose-rich fraction of the oil palm trunk. In the second
stage hydrolysis, the solid fraction was hydrolyzed in 0.1%
NaOH under the same condition as described above. The two
sources of hydrolysate were mixed and stored at 4 °C before
use. After mixing, the pH of the hydrolysate was 6.2, con-
taining 15.2 g/L of glucose and 9.6 g/L of xylose. In order to
adapt the selected thermophilic enriched culture to the
mixed hydrolysate, batch cultivations were carried out by
adding hydrolysate at different concentrations; 10%, 20%,
40%, 60% and 80% (v/v). Hydrolysate media with 10—80% (v/v)
hemicellulose-rich fraction were prepared and supplemented
with the same concentrations of minerals, trace metals and
yeast extract as described above for the BA medium. The
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thermophilic enriched culture inoculum (obtained at the
exponential growth phase) was added at 10% (v/v) into 50 mL
hydrolysate in 125 mL glass serum bottles. Control vials
containing only water, minerals, trace metals, yeast extract
and inoculum were included, in order to account for possible
background hydrogen production from these additions. The
background hydrogen, if any, would be subtracted from
hydrogen produced in vials with the mixed hydrolysate. All
experiments were conducted in triplicate. The hydrogen in
gas phase was monitored periodically.

2.4.  Analytical methods

The evolved biogas was collected in a headspace of serum
bottle. The total volumes at each time interval were measured
at room temperature by syringe. Hydrogen, carbon dioxide,
hydrogen sulfide and methane in the biogas were measured
by gas meter (MX2100 OLDHAM, MULTIGAS Type MX2100).
The biogas composition was confirmed by gas chromatog-
raphy (Hewlett Packard GC 6850) equipped with thermal
conductivity detector (TCD) every week to standardize gas
meter. Hydrogen and methane gas were analyzed by GC-TCD
with a protocol according to O-Thong et al. [21] with a gas
samples 100 pl for methane and 500 pl for hydrogen injected in
duplicate. The culture broth was centrifuged at 10,000xg for
10 min. Fermentation end products (volatile fatty acids (VFA)
and ethanol) in the supernatant were determined by gas
chromatograph (HP6850) equipped with a flame ionization
detector (FID) and Stabilwax-DA column (dimensions
30m x 0.32 mm x 0.25 pm). The temperature of the injection
port was 230 °C. The chromatography was performed using
the following program: 70 °C for 1 min, 70—180 °C with
a ramping of 20 °C/min, 180 °C for 6 min. The detector
temperature was 250 °C. Lactic acid, xylose and glucose were
analyzed with a high performance liquid chromatograph
(HPLC) (Agilent 1200 series), equipped with Aminex® HPX-87H
ion exclusion column. The microbial community structure of
the enrichment culture was studied using PCR—-DGGE as
described by Prasertsan et al. [22]. Briefly, the bacterial 16S
rDNA (1400 bp) was amplified by the first polymerase chain
reaction (PCR) with universal primer. In the second PCR, V3-
specific reverse and forward primers with CG clamp were used
to amplify the fragment of V3 region of 16S rDNA product from
the first PCR. The DGGE analysis of PCR products obtained
from the second PCR were performed using the DGGE unit,
V20-HCDC (Scie-Plas limited, UK) with 8% (v/v) poly-
acrylamide gels and a denaturant gradient of 30—60%. DGGE
gels were stained with Sybr-Gold for 60 min and photographed
on Gel DocXR system (Bio-Rad Laboratories) and the bands
in the gel were excised. The DNA in the excised gel slices
were incubated in 20 ul of distilled water at 4 °C for 24 h and
re-amplified by PCR with the second PCR primers. After
re-amplification, PCR products were purified and sequenced
using reverse primer by the Macrogen sequencing facility
(Macrogen Inc., Seoul, Korea). Closest matches for partial 16S
rRNA gene sequences were identified by ribosomal database
project (http://rdp.cme.msu.edu/) with SeqMatch program
and basic local alignment search tool (BLAST) with nucleotide
database in National Center for Biotechnology Information
(NCBI; http://blast.ncbi.nlm.nih.gov/Blast.cgi).

3. Results and discussion

3.1. Enrichment of thermophilic hydrogen-producing
cultures

Eight geothermal springs from various places in Southern
Thailand had the temperature in the range of 53—80 °C with the
pH range of 6.5-83 (Table 1). Thermophilic hydrogen-
producing bacteria from these sources were successfully
enriched with glucose, xylose and xylose—glucose mixed
substrate under batch cultivation at pH 5.5 and 60 °C. Different
types of microbial communities were obtained from different
hot spring samples. After preliminary screening for hydrogen
production capacity and soluble metabolites produced from
10 g/L of glucose, xylose and the mixed xylose—glucose
(Table 2), the most promising consortia PGR were further
characterized. During incubation, all samples produced gas
after 1 day and stopped after 2—4 days incubation which con-
sisted of a mixture of H, (34—61%) and CO, (38—60%), with
traces of N, but no trace of CHy or H,S. The highest gas
production was obtained from the hot spring sample coded as
PGR (1785.2-2259.8 mL H,/L medium) followed by YLT
(1074.4—2130.0 mL Hy/L medium), whereas the lowest quantity
was observed from the hot spring sample coded as SRW1
(7.8-18.9 mL H,/L medium). The thermophilic enriched
cultures PGR and YLT exhibited satisfied hydrogen production
yields indicating the potential role of microbial consortia in
utilization of xylose and glucose without much variation in
overall metabolism. This data is in accordance with the
reported biohydrogen production from xylose and glucose
using mixed culture or pure culture [16,17]. The observed
higher cumulative hydrogen production of the enriched
culture PGR from glucose, xylose—glucose mixed and xylose
were 1785.2, 2259.8 and 1979.7 mL H,/L medium, respectively
these data gave the maximum hydrogen yields of 212.5, 241.4
and 235.4 mL Hy/g sugarconsumed, respectively. It was noted that
hydrogen production from xylose was higher than that from
glucose, suggesting that xylose-utilizing microorganism were
dominant in the consortia. A cumulative hydrogen production
of the enriched culture YLT from glucose, xylose—glucose

Table 1 — The list of geothermal spring sources and
characteristics used for enrichment cultures.

Geothermal spring Code Temperature (°C) pH
Ranong province

Wattaphotharam RNW 65 8.3
Suratthani province

Wat Than Nam Ron 1 SRW1 63 7.0
Wat Than Nam Ron 2 SRW2 53 7.8
Rattanakosai 1 SRR1 67 7.9
Rattanakosai 2 SRR2 60 7.9
Phang Nga province

Khong Pay Pao PGK 60 6.5
Romanee PGR 63 6.8
Yala province

Ta Na Ma Rao YLT 80 7.8
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Table 2 — Characteristics of hydrogen production and soluble metabolites of thermophilic enriched cultures from various

sources of geothermal spring in Southern Thailand by using xylose, xylose—glucose mixed and glucose.

Samples Enrichment H, production H, yield Acetic Butyric Ethanol Lactic Butanol Substrate
code substrates (mL/L) (mL/gsugar acid acid (mM) acid (mM)  consumed (%)
comsumed) (mM) (mM) (mM)
RNW Glucose 54.3 9.4 3.2 1.0 0.2 4.9 13.6 57.6
Glucose—xylose mixed 30.9 6.0 3.6 1.8 0.3 3.7 14.6 51.8
Xylose 849.0 111.7 5.0 18.4 0.3 0.0 16.0 76.0
SRW1 Glucose 17.9 3.5 2.3 1.0 0.3 9.3 12.0 52.0
Glucose—xylose mixed 18.9 3.2 1.7 2.2 0.4 9.1 15.6 60.6
Xylose 7.8 1.4 1.6 34 0.6 2.7 17.6 61.6
SRW2 Glucose 40.7 6.5 2.0 9.0 0.2 6.0 13.4 63.6
Glucose—xylose mixed 39.3 7.2 1.6 10.2 0.3 2.4 17.6 56.0
Xylose 134 4.4 2.9 34 0.4 12.2 1.0 32.0
SRR1 Glucose 48.8 10.2 5.5 1.0 0.3 0.0 15.6 48.8
Glucose—xylose mixed 104.4 18.6 4.6 2.3 0.4 3.4 17.6 56.0
Xylose 12.8 3.3 2.1 3.8 0.6 13.2 24 40.0
SRR2 Glucose 489.2 90.6 8.8 17.0 0.3 7.3 2.4 54.0
Glucose—xylose mixed 808.4 122.5 11.8 18.5 0.4 4.0 8.8 66.0
Xylose 985.8 246.4 9.4 15.1 0.6 2.8 0.0 40.0
PGK Glucose 1229.6 161.7 5.5 17.0 0.3 6.3 10.4 76.0
Glucose—xylose mixed 1438.4 199.8 11.2 18.4 0.4 7.6 4.4 72.0
Xylose 1451.4 165.3 25.6 19.6 0.5 6.1 8.6 88.0
PGR Glucose 1785.2 212.5 7.2 21.4 0.6 8.2 4.4 84.0
Glucose—xylose mixed 2259.8 241.4 13.5 20.6 0.3 10.5 6.8 96.0
Xylose 1979.7 235.4 7.2 21.8 0.2 11.7 13.0 82.0
YLT Glucose 1074.4 223.8 16.5 14.2 0.2 3.2 2.0 48.0
Glucose—xylose mixed 1887.4 205.2 14.8 22.2 0.3 4.1 4.8 92.0
Xylose 2131.0 231.6 16.4 17.8 0.4 5.3 4.4 92.0

mixture and xylose were 1074.4, 1887.4 and 2131.0 mL H,/L
medium, respectively, giving the hydrogen yields of 223.8, 205.2
and 231.6 mL H,/g sugarconsumed, respectively. The hydrogen
yields of the enriched cultures PGR and YLT were comparable to
that obtained with sludge inoculum from a municipal sewage
treatment plant (244 mL H,/g sugarconsumed) at 60 °C [23]. The
yield was higher than that obtained with inoculum from a
continuous, H,-producing bench-scale reactor (138 mL H,/g
Sugarconsumed) at 35 °C [24]. The high hydrogen production was
going along with the production of acetic acid and butyric acid
(as shown in Table 2) with small amount of ethanol and pro-
pionic acid. On the other hand, low hydrogen production
occurred with the presence of butanol and lactic acid. Lactic
acid is not common as end product but intermediate product
during fermentation under thermophilic condition [25]. The
reason for lactic acid accumulation was not clear but likely
related to environmental change during repeated cycle or
substrate overloading [26]. It was suggested when environ-
mental change, bacteria would try to optimize the carbon flow
rate through the cell by using lactate as electron sink and lower
down the acetate production, which gave high energy yield. As
a result, high lactate was found in all enriched cultures.

3.2. Development of enriched cultures PGR and YLT by
repeated batch fermentation

Repeated batch cultivations were conducted by transferring
the cultures from the previous batch to the new medium
containing the same sugar concentration. The thermophilic
enriched cultures encoded as PGR and YLT gave the maximum

hydrogen yields of 241.4 and 231.6 mL H,/g sugarconsumed,
respectively, in the first generation which correlated to
46—48% of the theoretical value (495 mL H,/g sugar). After
repeated batch cultivation, the hydrogen yields of the
enriched culture PGR in xylose, xylose—glucose mixed
substrate and xylose increased from 212.5, 241.4 and 235.4 to
343.0, 375.0 and 287.0 mL H,/g sugarconsumed, respectively.
For the enriched culture YLT, the hydrogen yields from
xylose, xylose—glucose mixed substrate and xylose increased
from 223.8, 205.2 and 231.6 to 234.0, 287.0 and 267.0 mL H,/g
sUgarconsumed, Yespectively. The increase of hydrogen yield
from xylose—glucose mixed substrate of PGR to 375.0 mL H,/g
SUgalconsumed Was 30% higher than that of YLT (287.0 mL H,/g
SUgalconsumed). The hydrogen yields reached the maximum
values (287.0—375.0 mL H,/g sugarconsumed) in the third trans-
fer and no further increase thereafter (Fig. 1). This result
indicated that bacteria can adapt to new condition by repeated
batch cultivation to achieve the increased hydrogen yield.
Similar observation was reported by Imachi et al. [27] that
successful bacteria cultivation with propionate was achieved
by more than 10 times repeated transfers. Interestingly, the
thermophilic enriched culture PGR produced very high
hydrogen from xylose and xylose—glucose mixed substrate
and prefers xylose over glucose. Apparently, they also
exhibited efficient degradation of xylose for hydrogen
production as glucose. The final yield of hydrogen in the
xylose—glucose mixed substrate was higher than single sugar
medium. In other words, thermophilic enriched culture PGR
could utilize the mixture of xylose—glucose from lignocellu-
lose hydrolysate for hydrogen production.
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Fig. 1 — Hydrogen yield (A) and substrate utilization (B) at different transfer in the repeated batch cultivation of the enriched

cultures PGR and YTL.

3.3. Microbial community of thermophilic enriched
culture PGR

Bacterial community samples were taken from the first batch
cultures and the final repeated batch cultures at 5% cycles.
Diversity of bacterial community reduced when repeated
batch cultures applied (Fig. 2). The results demonstrated that
numerous thermophilic hydrogen-producing microorganisms
in the enriched cultures could be obtained from liquid and
sediment samples collected from hot springs in Southern
Thailand. The DGGE profiles demonstrated that the commu-
nity structures of the final repeated batch cultures had low
microbial diversity and some was consisted of single band
with high hydrogen production. The microbial community in
the enriched culture PGR was affiliated with low G + C content
Gram-positive bacteria, Thermoanaerobacterium sp. Thermoa-
naerobacter sp., Caloramater sp and Anoxybacillus sp. based on
the 16S rRNA gene. The strong intensity of band related to
Themoanaerobacterium sp., T. thermosaccharolyticum, Thermoa-
naerobacter lactiethylicus and Caloramator indicus indicated

a very efficient hydrogen producer and corresponded with
hydrogen production [21,22]. Genus Caloramater sp. was found
in thermal water [28] and in enriched cow manure, which was
capable to produce hydrogen from glucose and xylose [15]. C.
indicus was proposed as a new hydrogen-producing strain
with optimum temperature of 60—62 °C [29]. Phylogenetic
analysis indicated that the dominant bacterial groups were
low G + C Gram-positive bacteria, Thermoanaerobacterium,
Thermoanaerobacter, Caloramator and Anoxybacillus sp. pre-
sented as major groups in the hydrogen production from the
enriched cultures PGR with mixed sugars (xylose and glucose)
(Fig. 3). The community structures of xylose enrichment
revealed slightly difference in microbial community with the
other carbon sources, which composed of high hydrogen-
producing bacterial strains affiliated to Caloramator. Microbial
consortia PGR from Thailand hot spring enriched with xylose—
glucose mixed substrate showed that high hydrogen produc-
tion was dominated by Thermoanaerobacterium species and T.
thermosaccharolyticum. PGR showed promising to apply for
biohydrogen production from lignocellulosic hydrolysate with
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Fig. 2 — DGGE profiles of V3 region of 16S rDNA from the first batch of thermophilic enriched cultures PGR (A, B and C) and the
final repeated batch cultures at 5th cycle (D, E and F). A and D enriched with glucose; B and E enriched with xylose—glucose

mixed substrate; C and F enriched with xylose.

mostly contained mixed xylose and glucose. No amplification
products of archaeal 16S rRNA genes were obtained from the
DNA extracts of the enriched cultures samples with a nested
PCR procedure, while the positive control (DNA from anaer-
obic digester sludge) had a high amplification yield (data not
shown). This result indicated the absence of archaea in the
enriched cultures.

3.4. Hydrogen production by thermophilic enriched
cultures PGR with hydrolysate of oil palm trunk

Thermophilic enriched culture PGR was selected to test for
hydrogen production from hydrolysate of oil palm trunk.
Hydrogen production in the batch culture at different hydro-
lysate concentrations of 10%, 20%, 40%, 60% and 80% (v/v) was
conducted (Table 3). Hydrogen production increased with the
increase of hydrolysate concentration up to 40% and
decreased thereafter with no hydrogen was produced at
hydrolysate concentration of 80% (v/v). The results indicated
that the efficient thermophilic hydrogen-producing microbial

consortia PGR could be employed at higher hydrolysate
loading of 40% (v/v) compared with that from the extreme
thermophilic mixed culture (70 °C) operated at 30% (v/v)
hydrolysate in both batch and continuously fed reactors [30].
Kongjan et al. [30] also found that the high hydrolysate
concentration inhibited the hydrogen fermentation process
because lignocellulosic pretreatment generated not only
mixed sugars but also some toxic compounds such as
phenolics, furfurals and 5-hydroxymethyl-2-furaldehyde
(HMF) that inhibiting the fermentation process [30—32]. The
maximum hydrogen yield of 301 mL H,/g sugarconsumed Was
achieved at hydrolysate concentration of 40% (v/v). The ther-
mophilic enriched culture PGR degraded completely reducing
sugars in the old oil palm trunk hydrolysate to hydrogen,
acetate, butyrate, lactic acid and butanol. The tests with
synthetic medium of the same reducing sugar levels also
revealed a similar result. Specifically, the thermophilic
enriched culture PGR produced biohydrogen from oil palm
trunk hydrolysate and synthetic medium at 206—310 mL H,/g
sugarconsumed- Apparently, the components in hydrolysate of
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Fig. 3 — Phylogenetic tree of the dominated thermophilic enriched cultures PGR from Southern Thailand geothermal spring.

oil palm trunk inhibited the growth of thermophilic enriched hydrolysate and that from mixed pure glucose and xylose at
cultures PGR at concentration higher than 40% (v/v). Addi- 40% (v/v) corresponded to 9.92 g total sugar which produced
tionally, the thermophilic enriched cultures PGR produced 301 mL Hy/g sugarconsumed- The enriched culture PGR was
equally well the biohydrogen from old oil palm trunk noted to effectively assimilate reducing sugars and showed

Table 3 — Characteristics of hydrogen production and soluble metabolites of thermophilic enriched cultures PGR during

batch experiment at different hydrolysate concentration.

Hydrolysate Sugar H, H, yield Acetic acid  Butyric Ethanol Lactic acid Butanol

(% v/v) concentration  production (mL/g sugarconsumed) (mM) acid mM) (mM) (mM) (mM)
(g/L) (mL/L-medium)

10 2.48 768 310 5.4 6.3 0.5 2.3 1.2

20 4.92 1498 306 7 11 0.9 3.8 2.3

40 9.92 2981 301 22 23 1.2 5.3 5.4

60 14.88 3048 206 27 29 2.9 6.2 8.8

80 19.84 - - - - - - -
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promising to apply for biohydrogen production from hemi-
cellulose hydrolysate from old oil palm trunk.

4, Conclusion

Potential thermophilic microorganisms for hydrogen
production were enriched from Southern Thailand hot springs
possessing a wide temperature range (53—80 °C) and pH range
(6.5—8.3). The enriched cultures PGR produced a high
hydrogen yield from glucose, xylose and mixture of both
sugars at 60 °C with the maximum value of 375 mL of H,/g
SUgarSconsumed.- ENriched cultures PGR was dominated by
bacteria closely affiliated with Thermoanaerobacterium, Ther-
moanaerobacter and Caloramator, promising bacterial enrich-
ments were obtained from Southern Thailand hot spring
samples with a high potential for hydrogen production under
thermophilic conditions from lignocellulose hydrolysate.
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Abstract

Thermophilic hydrogen producing bacteria were isolated from eight hot springs
in Southern Thailand. Two enrichments consortia were used for isolation. A total 170
isolates were screened by denaturing gradient gel electrophoresis of V3 region of 16S
rRNA gene and 6 candidates were selected for screening test on hydrogen production.
The test was composed of three steps; (i) test for conversion of xylose to hydrogen; (ii)
test for conversion of mixed sugars (xylose and glucose) to hydrogen; (iii) test for
hydrogen production from pretreated oil palm trunk hemicellulose hydrolysate. Six
isolates, namely AH1-AH6 were selected as they successfully fulfilled that the criteria
defined for the screening test. Analysis of 16S rRNA gene revealed that the strains
AH1, AH2, AH3 and AH4 belong to the genus Thermoanaerobacterium, whereas the
strain AH5 belong to genus Caloramator and the isolate AH6 belong to various clusters
of Clostridium. They degraded both xylose and glucose into hydrogen with the
production yields of 278, 292, 280, 310, 150 and 225 mL H,/g sugar, respectively and
produce hydrogen in 50% palm oil trunk hydrolysate with glucose (7.5 g/L), mannose
(0.7 g/L), xylose (4.8 g/L), galactose (1.05 g/L), furfural (2.15 g/L), 5-hydroxymethyl-
2-furaldehyde (HMF) (1.15 g¢/L) and acetic acid (1.25 g/L) as substrate. All of the five
effective strains showed promising application for biohydrogen production from

hemicellulose hydrolysate of palm oil trunk.

Keywords: biohydrogen, thermophilic fermentation, hemicelluloses hydrolysate, xylose
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1. Introduction

Dark fermentative hydrogen production has attracted increasing attention
recently due to its high rate of hydrogen evolution and its applicability to different types
of organic wastes and wastewaters from industrial processes [1]. Furthermore,
production of hydrogen from organic wastes is not only cleans up the environment but
also produces a clean and readily usable energy in a sustainable fashion [2].
Microbiological hydrogen production is considered one of the most promising
alternatives for sustainable production. Biohydrogen processes are feasible for
production hydrogen at a commercial scale with a low cost to meet the need of
sufficient and cost effective energy supply. Consequently, the substrate used for
fermentative hydrogen production must be abundant, easily available, and inexpensive.
From these aspects, lignocellulosic materials obtained from crop or food industrial
wastes could be a commercially viable as biohydrogen feedstock [3] including palm
empty fruit branch (EFB). Lignocellulose contains a large amount of cellulose (40-
50%), hemicellulose (25-30%), and lignin (10-20%) [4]. Pre-treatment of lignocellulose
generates hemicellulose hydrolysate containing mixture of glucose and xylose. A few
pentose-fermenting microorganisms have been identified compared to hexose-
fermenting microorganisms and information on their conversion to hydrogen by defined
cultures or mixed microflora is very limited [5].

Natural dark fermentative inoculum or mixed consortia have advantages over
pure inoculum in allowing process at non-sterile environment and capable of dealing
with mixture of substrate due to a high microbial diversity [6,7], which significantly
reduce the process operation cost with low biomass yield. In addition, high temperatures

favour the stoichiometry of hydrogen production, resulting in higher hydrogen yields
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and [8] have a narrower spectrum of end products as compared to mesophilic
fermentation [9] as well as reduce the contaminants. Furthermore, thermophilic bacteria
are able to utilize mixed hexose and pentose for hydrogen production [10] with
hydrogen vyields of 2.32-2.37 mol-H,/mol-substrate from Thermoanaerobacterium
thermosaccharolyticum strain PSU-2, T. thermosaccharolyticum strain W16 and
extreme thermophilic Caldicellulosiruptor saccharolyticus [11,12,13]. However, the
problem of fermentation of lignocellulosic material-based substrate process is the
inability of microorganisms to metabolize efficiently all mixed carbohydrates (hexose
and pentose) into hydrogen with satisfied yield and productivity. This was because of

the pre-treated hydrolysate contains various inhibitors of microbial fermentation such as

weak organic acids like acetate, furan derivatives and phenolics monomers from sugar

and lignin degradation respectively [14].

Oil palm trunk (OPT) was with over 25 years old need to be cut down for
replantation. At present, they left unused in the oil palm plantation. These studies aimed
to pretreat the old OPT and use the hemicellulose hydrolysate as feedstock for hydrogen
production. Thermophilic anaerobic bacterial strains isolated from different natural
geothermal springs and thermophilic anaerobic enriched cultures were tested for their
capability to produce hydrogen from D-xylose and hemicellulose hydrolysate from oil
palm trunk.

2. Materials and Methods

2.1 Hot spring samples and enrichment method
Sediment-rich water samples were collected from eight hot springs located in

Southern Thailand [15]. Temperature and pH of samples were measured in the field
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using thermometer and pH paper. The samples were kept in serum bottles for return to
the laboratory.

Enrichment hydrogen-producing cultures were developed according to the
procedure described previously [16]. In brief, A basic anaerobic medium (BA medium,
pH 5.5) was prepared by using xylose, glucose and mixture of both sugars as a carbon
source. For each site, 3 mL of sediment-rich water was transferred by sterile syringe
into 27 mL BA medium supplemented with 5 g/L each of xylose, glucose and the
mixture of these sugars in the ratio 1:1 [17] as a carbon source and incubated at 60°C
for 2 day at strictly anaerobic conditions. During the enrichment, H,, CO, and CH,4 and
soluble metabolites were monitored. The hydrogen-producing enriched cultures were
used in five successive batch cycles (10% inoculum in medium, 2 days cultivation per
cycle). Two promising enriched cultures were used further for isolation and screening
for their hydrogen production from xylose and hemicellulose hydrolysate.

2.2 Isolation of new thermophilic strains

Bacterial strains were isolated at 60°C and at neutral pH using the anaerobic
roll-tube technique [18] with medium solidified by 1.2% (w/v) Gellan gum and using 5
g/L D-xylose as substrate supplemented with 1 g/L yeast extract. Colonies were picked
up using sterile pasteur pipettes and the procedure was repeated until only one colony
type was obtained.

2.3 Preparation of hemicellulose from palm oil trunk

The hydrolysate was prepared using the two stage diluted acid and base
hydrolysis, the first stage of hydrolysis was carried out in 0.1% H,SO, in autoclave for
25 min at 120°C and pressure at 1 bar with 30% w/w of solid concentration. After

pretreatment, the liquid hemicellulose fraction (the hydrolysate) was separated from the
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cellulose-rich fraction of the palm oil trunk by filtration. In second stage, hydrolysis of
remaining solid was carried out in 0.1% NaOH in autoclave for 25 min at 120°C and
pressure at 1 bar with 30% w/w of solid concentration. The second hydrolysate were
mixed with the first stage hydrolysate and stored at 4°C before used. The composition
of the hydrolysate is presented in Table 1. Hydrolysate medium with hemicellulose
concentrations from 10 to 100% (v/v) were prepared and supplemented with the same
concentrations of minerals, trace metals and yeast extract as described above for mineral
anaerobic medium. Different concentrations of soluble hemicellulose fraction of two
stage diluted acid and base oil palm trunk were prepared by addition of the respective
volume of redistilled water given the desired concentrations (10-100% v/v).
2.4 Analytical methods

The evolved biogas was collected in a headspace of serum bottle. The total
volumes at each time interval were measured at room temperature by syringe. Hydrogen
and carbon dioxide in the biogas were measured by gas chromatography (Shimadzu
GC-8A) equipped with thermal conductivity detector (TCD). Hydrogen and methane
gas were analyzed by GC-TCD with a protocol according to O-Thong et al.[19] using
gas sample volumes of 100 uL for methane and 500 uL for hydrogen injected in
duplicate. The culture broth was centrifuged at 10000xg for 10 min. Fermentation end
products (volatile fatty acids and ethanol) in the supernatant were determined by gas
chromatograph (HP6850) equipped with a flame ionization detector (FID) and
Stabilwax-DA column (dimensions 30 m x 0.32 mm x 0.25 um). The temperature of the
injection port was 230°C. The chromatography was performed using the following
program: 70°C for 1 min, 70-180°C with a ramping of 20°C/ min, 180°C for 6 min. The

detector temperature was 250°C. Lactic acid, xylose and glucose were analyzed with a



10

11

12

13

14

15

16

17

18

19

20

21

22

23

high performance liquid chromatograph (Agilent 1200 series), equipped with Aminex®
HPX-87H ion exclusion column. The isolated strains from the enriched culture were
grouped using PCR-DGGE as described by Prasertsan et al. [20].
2.5 Screening test

The screening program for testing the bacterial strains and the enriched cultures
consisted of the following three steps. Fermentation of D-xylose to hydrogen: All
strains were inoculated into the cultivation medium at neutral pH containing D-xylose in
the range 5-15 g/L and 1 g/L yeast extract, incubated at 60°C for 4 days. Fermentation
of hemicellulose hydrolysate from oil palm trunk to hydrogen: All strains were
inoculated into serum vials containing the hydrolysate in concentrations of 10-100%
(v/v) at neutral pH and incubated at 60°C for 7 days. For production of hydrogen from
mixed sugars D-xylose and glucose at ratio 1:1 were added to the medium with neutral

pH. The strains were incubated at 60°C for 4 days.
3. Results and discussion

3.1 Hydrogen production from xylose, xylose glucose mixed and glucose by the
enriched cultures

Sediment-rich water samples from hot springs were used for establishing
enriched cultures. A total of 8 enrichment cultures were tested for conversion of xylose,
glucose and mixture of both sugars to hydrogen at neutral pH and 60°C. All the
enriched cultures from the hot spring samples can produce hydrogen (Table 2) with two
of them namely PGR and YLT gave the highest hydrogen yields of 301.3 and 297.4 mL
H./g sugar from xylose glucose mixed and xylose as substrate, respectively. These

correspond with the substrate utilization of 96% and 92% respectively. These samples
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were therefore considered to be of interest for isolation of thermophilic hydrogen-
producing bacteria.
3.2 Isolation of thermophilic hydrogen producing bacterial strains

The two selected enriched cultures (PGR and YLT) were selected for isolation.
Colonies were visible after 2—4 days incubation time with single colony presented on
10 to 107 dilution rate cultures and a total of 171 single colonies were isolated from
YLT (93 colonies) and PGR (78 colonies). Six of them were grouped by denaturing
gradient gel electrophoresis (DGGE) profiles (Fig. 1 and Fig. 2). The hydrogen yields
(180-327 mL Hy/g sugar) were achieved from the group strains tested for hydrogen
production with corresponding to the original enriched cultures. 16S rRNA gene
analysis revealed that the strains AH1, AH2, AH3 and AH4 gave the closest
phylogenetic relative to genus Thermoanaerobacterium, the isolate AH5 belong to
genus Caloramator and the strain AH6 belong to various clusters of genus Clostridium
(Fig. 3). Several species of the genus Thermoanaerobacterium have been reported
hydrogen-producing species including T. islandicum, T. aciditolerans, T. aotearoense
and T. thermosaccharolyticum with glucose and xylose as substrate [21]. This strain is
rod-shaped, Gram-positive, strictly anaerobic, and spore-forming [22]. Caloramator sp.
was found in enrichment culture for hydrogen-producing extreme thermophilic
anaerobic microflora from cow manure enriched with glucose and xylose by repeated
batch cultures at 75°C [10] and in biohydrogen production from palm oil mill effluent
with ASBR reactor tank system [20]. The bacterial strain related to Caloramator indicus
were proposed as the new hydrogen-producing strain with optimum temperature 60-
62°C [23,24] and Caloramator viteribiensis has been isolated from sediment/water of a

hot spring at Bagnaccio with growth optimum at 58°C and pH 6-6.5 [25]. The genus
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Clostrium, C. thermohydrosulfuricum and C. thermocellum have been reported for
hydrogen production with glucose and xylose fermentation [26,10].
3.3. Hydrogen production from xylose and hemicellulose hydrolysate of oil palm
trunk by the selected isolates

The six thermophilic anaerobic bacterial strains (AH1-AH6) originating from
hot springs in Southern Thailand were tested for hydrogen production by using 5 g/L
xylose as substrate. Results (Table 3) indicated that they produced high hydrogen yields
in the range of 180-327 mL H,/g sugar with the highest H, yield of 327 mL H,/g sugar
was obtained from AH4 (Thermoanaerobacterium sp.). All strains completed xylose
fermentation with acetic and butyric final end product. The isolated strain related with
Thermoanaerobacterium sp. shown higher average hydrogen production than
Clostridium sp. and Caloramator sp. and produced hydrogen yield in comparable with
other reported such as T. thermoanaerobacterium PSU2 and T. thermoanaerobacterium
W16 with hydrogen yield of 281 and 290 mL H,/g sugar, respectively. For tested
hydrogen production from palm oil trunk hydrolysate, the results shown that all isolated
strains produce hydrogen in 50% hydrolysate medium and the highest hydrogen vyield
(310 mL Ha/g sugar) was achieved from the strain AH4. Hydrogen production yields
were shown slightly lower than tested with pure xylose of all strains. Caloramator sp.
(AH5) gave about 2-folds lower hydrogen yields (150 mL H,/g sugar) than the strain
AH4 (310 mL H,/g sugar). The present of toxic compound in hydrolysate such as
Furfural and 5-hydroxymethyl-2-furaldenyde (HMF) shown more affected to
Caloramator sp. than Thermoanaerobacterium sp.. This mention could observe from
studies community analysis of hydrogen production with hydrolysate usually found

Thermoanaerobacterium sp. as dominant species whereas no Caloramator sp. [27,20].
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The hydrogen yields of isolated strains were comparable with other thermophilic

hydrogen-producing strain in previously report as showed in Table 4.
4. Conclusion

Among 171 isolates of thermophilic anaerobic hydrogen producing bacteria, 6
strains demonstrated high hydrogen producers. Four strains belong to the genus
Thermoanaerobacterium, one isolate each belong to the genus Caloramator and
Clostridium. They were able to utilize xylose and glucose as well as hemicellulose
hydrolysate from oil palm trunk into hydrogen. Hence, all of the six effective strains
showed promising application for biohydrogen production from hemicellulose
hydrolysate of oil palm trunk.
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Figure captions

Fig. 1. DGGE profiles grouping of thermophilic hydrogen producing bacteria isolated

from the enriched cultures YLT

Fig. 2. DGGE profiles grouping of thermophilic hydrogen producing bacteria isolated

from the enriched cultures PGR

Fig. 3. Phylogenetic tree of the grouping isolated strains base on 16S rRNA gene

sequences closet strains. The numbers at the nodes indicate the levels of bootstrap with

1000 replicates. Bar 100 distance of sequence and GenBank accession numbers are

given in parentheses.
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Table 1.

Composition of two stage diluted acid and base hydrolysate of oil palm trunk

Component Concentration (g/L)
Glucose 15
Mannose 1.4
Xylose 9.6
Galactose 2.1
Furfural 4.3
5-hydroxymethyl-2-furaldehyde (HMF) 2.3
Acetic acid 2.5
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Table 2.

Hydrogen production by thermophilic enriched cultures from Thailand hot springs using

glucose (G), xylose (X) and glucose xylose mixed (G+X) as substrates.

H, yield Substrate utilization

Samples Substrates (ML Hy/ g sugar) (%)
RNW G 7.2 57.6
G+X 4.1 51.8

X 113.2 76.0

SRW1 G 2.4 52.0
G+X 2.5 60.6

X 1.1 61.6

SRW2 G 54 63.6
G+ X 5.2 56.0

X 1.8 32.0

SRR1 G 6.5 48.8
G+X 13.9 56.0

X 1.7 40.0

SRR2 G 65.2 54.0
G+ X 107.7 66.0

X 1314 40.0

PGK G 163.9 76.0
G+X 191.7 72.0

X 193.5 88.0

PGR G 238.1 82.0
G+ X 301.3 96.0

X 263.9 84.0

YLT G 156.5 48.0
G+X 264.9 92.0

X 297.4 92.0
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Table 3.

Performance of screening pure cultures by DGGE of the six selected strains and their capability to produce hydrogen from pure xylose and

oil palm trunk hydrolysate (50% v/v dilution)

Pure xylose Oil palm trunk hydrolysate
Strain Classification H, yield Substrate H, yield Substrate
(mL Hy/g sugar) | utilization (%) | (mL H,/g sugar) | utilization (%)
AH1 | Thermoanaerobacterium sp. 260 100 278 91
AH2 | Thermoanaerobacterium sp. 298 100 292 88
AH3 | Thermoanaerobacterium sp. 310 100 280 92
AH4 | Thermoanaerobacterium sp. 327 100 310 94
AH5 | Caloramator sp. 180 100 150 68
AH6 | Clostridium sp. 240 100 225 91
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Table 4.

Effective comparison on hydrogen production of selective mesophilic, thermophilic, extreme thermophilic and hyper thermophilic

hydrogen-producing strains

Microorganisms Substrates Condition H, Yields References
Culture T (°C) pH (mol/mol sugar)
Thermotoga neapolitana Glucose Batch 75 6.9 2.90 [28]
Thermotoga elfii Glucose Batch 65 3.30 [29]
Clostridium thermolacticum Lactose Continuous 58 7.0 1.50 [30]
Clostridium thermobutyricum Glucose Batch 57 8.0 113 [31]
Clostridium thermosaccharolyticum Glucose Batch 55 5.4 1.72 [32]
Clostridium sp.(AH6) Xylose Batch 60 55 1.60 This study
Calidicellulosiruptor saccharolyticus Glucose Batch 72 6.9 3.40 [28]
Calidicellulosiruptor kristjanssonii Glucose + xylose (1:1) Batch 70 6.5 3.00 [13]
Calidicellulosiruptor owensensis Glucose + xylose (1:1) Batch 70 6.5 2.70 [13]
Thermoanaerobacterium thermosaccharolyticum W16 Xylose Batch 60 6.5 2.19 [11]
Thermoanaerobacterium thermosaccharolyticum PSU2 Sucrose Batch 60 6.3 2.53 [12]
Thermoanaerobacterium sp.-AH1 Xylose Batch 60 55 1.73 This study
Thermoanaerobacterium sp.-AH2 Xylose Batch 60 5.5 1.99 This study
Thermoanaerobacterium sp.-AH3 Xylose Batch 60 55 2.07 This study
Thermoanaerobacterium sp.-AH4 Xylose Batch 60 55 2.18 This study
Caloramator sp.AH5 Xylose Batch 60 55 1.20 This study
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ABSTRACT

Natural microbial consortia from hot spring samples were used to developed thermophilic
mixed cultures for biohydrogen production from cassava starch processing wastewater
(CSPW). Significant hydrogen production potentials were obtained from three thermophilic
mixed cultures namely PK, SW and PR with maximum hydrogen production yields of 249.3, 180
and 124.9 mL H,/g starch, respectively from raw cassava starch and 252.4, 224.4 and 165.4 mL
H,/g starch, respectively from gelatinized cassava starch. Acetic acid-ethanol and acetic-lactic
acid type fermentation were observed in cassava starch fermentation, based on three ther-
mophilic mixed cultures performance. The thermophilic mixed cultures PK, SW and PR
exhibited the maximum hydrogen yield of 287, 264 and 232 mL H,/g starch in CSPW, respec-
tively corresponding to 53%, 48.7% and 42.8% of the theoretical values. Phylogenetic analysis of
thermophilic mixed cultures revealed that members involved cassava starch degrading
bacteria and hydrogen producers in both raw cassava starch and CSPW were phylogenetically
related to the Thermoanaerobacterium saccharolyticum, Thermoanaerobacterium thermosacchar-
olyticum, Anoxybacillus sp., Geobacillus sp. and Clostridium sp.
Copyright © 2010, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

and its applicability to different types of organic wastes and
wastewaters [2]. Furthermore, production of hydrogen from

Microbiological hydrogen production is considered to be one
of the most promising alternative methods for renewable
energy production. The challenge of biohydrogen processes is
the feasibility of producing hydrogen at a commercial scale
with a cost effective energy supply. Consequently, the
substrate used for fermentative hydrogen production must be
abundant, easily available and inexpensive. From those
aspects, starch from crop or food industrial wastes could be
a commercially viable biohydrogen feedstock [1]. Dark
fermentative hydrogen production has attracted increasing
attention recently due to its high rate of hydrogen evolution

* Corresponding author. Tel./fax: +6674693992.
E-mail address: sompong.o@gmail.com (S. O-Thong).

organic wastes is not only clean up the environment but also
produces a clean and readily usable energy in a sustainable
fashion [3]. Much of the waste is carried in water and is
a product of food processing usually having high chemical
oxygen demand (COD) values. Food processing wastewater
mostly contained starch because starch is one of the major
components in many agricultural products and biopolymer in
foods [4] as well as the most abundant energy storage reserve
carbohydrate in plants.

Thailand produces about 18 million tons of cassava starch
per year. One kilogram of fresh roots yields 0.2 kg of starch,

0360-3199/$ — see front matter Copyright © 2010, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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0.4—0.9 kg of cake and about 5—7 L of wastewater [5]. Cassava
starch processing wastewater (CSPW) is a carbohydrate-rich
waste. The wastewater contains high biochemical oxygen
demand (BOD), COD and total solids (TS) as organic substances
are extracted from the cassava roots. Starch can be hydrolyzed
into glucose and maltose by acid or enzymatic hydrolysis fol-
lowed by biological conversion of the carbohydrates into organic
acids and then into hydrogen gas [1]. It is thus possible to treat
these effluents under thermophilic condition, which presum-
ably also favored the degradation kinetics and destruction of
pathogens. Thermophilic bacteria utilize a wide range of organic
wastes and produce less variety of fermentation end products
compared to mesophiles [6]. Moreover, thermophiles can
produce higher amounts of H, by increasing acetate production
while decreasing butyric acid, ethanol and lactic acid during
fermentation [7]. Thus, a higher temperature is more feasible for
H, production due to favorable thermodynamics [8]. Although
working at thermophilic temperatures may cause higher costs
for heating, a smaller reactor volume due to short HRT as
a consequence of higher hydrolysis and hydrogen production
rate at thermophilic temperature could compensate the energy
expenses from temperature increased. The costs for operation
athigher temperatures will depend largely on the heat exchange
efficiency of the plant, insulation of reactors, etc. It has been
found that Danish biogas plants, operating at thermophilic
temperature (55 °C), the energy cost for operating at 55 °C is
approx. 10% of the energy produced at the plant. The extra
energy cost for operating at thermophilic compared to meso-
philic temperature is marginal (1-2%). Additionally, according
to the regulations, biogas plants (and presumably also bio-
hydrogen plants), have to include a sanitation step where
biomassisheated upto70°Cfor 1h,in order to secure sanitation
of the effluents. Consequently, a combined sanitation and
fermentation step will probably, reduce the total operation and
construction expenses [9]. Thermophilic fermentative bacteria
such as Clostridium and Thermoanaerobacterium can produce
hydrogen from carbohydrate-rich waste at elevated tempera-
tures [10]. However, the initial hydrolysisis the rate-limiting step
in microbial conversion of starch as it dominates the efficiency
of dark fermentative hydrogen production. Information on the
conversion of starch to hydrogen by defined cultures or mixed
microflora is very limited [11]. In addition, a few studies have
been conducted to produce hydrogen from carbohydrate-rich
wastewater under thermophilic condition [12].

This study aims to investigate the feasibility of using
enriched cultures from a hot spring located in Southern
Thailand for hydrogen production from cassava starch and
cassava starch processing wastewater (CSPW). The microbial
populations of the thermophilic hydrogen-producing mixed
cultures were analyzed using DGGE techniques.

2. Materials and methods

2.1. Enrichment of thermophilic hydrogen-producing
mixed cultures

The hydrogen-producing mixed cultures were enriched from
sediment samples collecting from a geothermal spring located
in Southern Thailand. Temperature of the sampling site ranged

from 53 °C to 68 °C. Enriched thermophilic mixed cultures were
developed according to O-Thong et al. [13]. Enrichments were
conducted in 120 mL serum bottles with 50 mL working volume.
One liter of cassava starch (CS) medium contained (g/L) cassava
starch, 5.0; peptone, 1.0; yeast extract, 1.0; NHs;NO3, 1.0; KH,POy,,
1.0; K,HPOy, 1.0; MgS04.7H,0, 0.2; FeCl;.6H,0, 0.05; CaCl,, 0.02.
Five milliliter of sediment samples from the hot spring and
50 mL of CSmedium were added to the serum bottles. The pH of
the growth medium was adjusted to pH 5.5 to prevent growth of
methanogens in series of batch cultures at 60 °C. Bottles were
flushed with nitrogen gas for 5 min to provide anaerobic
condition, capped with a rubber stopper and placed in a shaker
(100 rpm) for 4 days. Gas production was measured according to
Owen et al. [14]. During the enrichment, H,, CO, and CH, and
soluble metabolites were monitored.

2.2. Cassava starch processing wastewater (CSPW)

CSPW was obtained from VP Starch (2000) Factory (Nakorn-
rachasima, Thailand). The main characteristics of CSPW were
as follows: pH 5.52, total solids 38.2 g/L, volatile solids 33 g/L,
total carbohydrate 9.6 g/L, total chemical oxygen demand
(COD) 52.3 g/L, soluble COD 34.5 g/L, total nitrogen 0.87 g/L,
total phosphate 0.43 g/L. After collected, the CSPW was stored
at 4 °C before usage.

2.3. Experimental procedure

In order to adapt thermophilic mixed cultures, the cultures
resulting from these initial enrichment cultivations with high
hydrogen production performance were used in five succes-
sive batch cycles (30% inoculum in CS medium, 4 days per
cycle). Subsequently, repeated batch cultures at 4 day inter-
vals were performed with 250 mL serum bottles. In each batch
culture, a volume representing about 50 mL of the content in
the serum bottles was manually withdrawn, and an equal
volume of fresh medium (50 mL) was added to each bottle.
After the gas phase was replaced with nitrogen gas, the
mixture was cultured at 60 °C for 2 days. Experiments to study
different starch type (raw and gelatinized) were conducted
with 5 g/L cassava starch. The starch was thermally gelati-
nized at 100 °C for 30 min prior to microbial fermentation.
The final cultures (S5th batch cycle) were further tested for
their hydrogen production from CSPW supplemented with the
same concentrations of minerals, trace metals and yeast
extract as in CS medium. Control vials containing only water,
minerals, trace metals, yeast extract and inoculum were
included, in order to account for possible background
hydrogen production from these supplements. The back-
ground hydrogen was subtracted from hydrogen produced in
vials with CSPW. All experiments were conducted in triplicate.
The hydrogen in gas phase was monitored periodically.
Microbial sludge from the final cultures (5th batch cycle) and
from CSPW was used for analysis of responsible microbial
community. The promising thermopbhilic enrichment cultures
were further tested for their hydrogen production from CSPW
in CSTR by fed-batch operation.

Three identical 1 L glass continuous stirred tank (CSTR)
reactors with 0.8 L working volume were used for continuous
experiment operated at 5-day HRT. The inocula were taken
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from the adapted thermophilic mixed cultures for CSPW
fermentation in the repeated batch cultivation experiment.
Experimental setup consists of feed bottle, feed pump, reactor,
effluent bottle and gas meter. The CSPW feedstock was semi-
continuously pumped into reactors six times a day at 4 h
intervals, each time 44 mL CSPW with 9.2 g starch/L was added
as feedstock. The temperature was controlled at 60 °C by
circulating hot water inside the water jacket of the reactors.
Mixing was provided by a magnetic stirrer located underneath
the reactor.

2.4.  Analytical methods

The volume of biogas was measured with a wet syringe and
the composition was analyzed by gas chromatography
GC-8APT with thermal conductivity detector (TCD), Shi-
madzu, Japan. Operating temperature was set at 50 °C for
injector and detector. Argon as a carrier gas and the activated
charcoal packed column were used for the analysis. Liquid
samples were also taken from the culture at designated time
intervals to analyze for the composition of soluble metabolites
including pH, VFA, and total organic carbon (TOC). The VFA
was determined by gas chromatography GC-8APF with flame
ionization detector (FID), Shimadzu, Japan. Nitrogen as
a carrier gas and Unisole F-200 30/60 mesh packed column
were used. The operating temperature was 140 °C for the
column, 250 °C for the injector and also 250 °C for the detector.
Lactate and formate were analyzed by suppressed ion exclu-
sion chromatography equipped with a high performance
liquid chromatography (HPLC) pump L2100 Hitachi [9]. TOC
was measured by TOC-5000, Shimadzu, Japan. Suspended
solid (SS) and volatile suspended solid (VSS) were determined
in accordance with the procedures described in the Standard
Methods [16]. The total carbohydrate content was analyzed by
the Anthrone method [17]. Reducing sugar was determined by
using the dinitrosalicylic acid (DNS) method [18].

2.5. Community analysis by DGGE

Polymerase chain reaction-denaturing gradient gel electro-
phoresis (DGGE) was used to study microbial community
structure in thermophilic mixed cultures. The sludge samples
from each thermophilic mixed culture in cassava starch (CS)
medium and cassava starch manufacturing wastewater
(CSPW) were mechanically homogenized using a mini-bead
beater (Biospec) followed by DNA extraction using Soil DNA
Isolation Kit, ISOIL for beads beating, Nippon Gene Co. Ltd.
Genomic DNA extractions as well as DGGE for bacteria were
made as previously described by Prasertsan et al. [19].
Genomic DNA was used as a template for PCR reactions with
a primer pair specific Arch21f and Arch958r [20] in order to
detect archaea population in methanogenic reactor. Genomic
DNA from Caldicellulosiruptor saccharolyticus and Sulfolobus
islandicus were used as negative and positive control for
archaea-PCR, respectively. First archaea-PCR products were
used as a template for PCR reactions with a primer pair
specific for archaea PARCH519R and PARCH340F with 40 bp GC
clamp at the 5 end [21]; were used to amplify the 200 bp
fragment of the V3 region. The amplicons were used as DNA
template to incorporate a GC clamp in the DNA fragment prior

to DGGE [22]. The second archaea-PCR program corresponded
to 20 cycles of three steps: 94 °C for 1 min, 65 °C for 0.75 min,
and 72 °C for 1 min, 10 cycles of three steps: 94 °C for 1 min,
55 °C for 0.75 min, and 72 °C for 1 min followed by a final step
at 72 °C for 10 min. Amplification was checked by agarose gel
electrophoresis of PCR products before DGGE analysis. DGGE
analysis of the amplicons obtained from second PCR was
performed as previously described by Zoetendal et al. [23] and
the DGGE Marker II set (Nippon Gene, Tokyo, Japan) was co-
electrophoresed with the samples. DGGE profiles were
compared using the Quantity One software package (version
4.6.0; Bio-Rad Laboratories). Most of the bands were excised
from the gel and re-amplified. After re-amplification, PCR
products were purified and sequenced by Macrogen (Macro-
gen; http://www.macrogen.com). Closest matches for partial
16S rRNA gene sequences were identified by database
searches in Gene Bank using BLAST [24].

3. Results and discussion

3.1.  Development of starch-degrading hydrogen
producing bacteria

Different types of thermophilic microbial communities were
obtained from different hot spring samples. During incubation
all samples produced gas that consisted of a mixture of hydrogen
(9—43%) and carbon dioxide (38—60%) with traces of nitrogen. In
some experiments methane formation was also detected,
especially during the initial stages of consortium development
but not found in the second generation, indicating that metha-
nogens were fully inhibited. The highest volume (633 mL H,/L-
medium) of gas produced obtained from thermophilic mixed
culture namely PK thathad been enriched from Klong Pai Poo hot
spring, Phang Nga Province. On the other hand, the lowest
quantity (70 mL Hy/L-medium) was obtained from thermophilic
mixed culture namely PB enriched from Ban Thung Na Poh hot
spring, Patthalung Province. Interestingly, all enriched thermo-
philic mixed cultures can degrade cassava starch with ability to
produce hydrogen gas and acetic acid as main by-products.
Hydrogen production and yields for individual mixed thermo-
philic cultures are summarized in Table 1. After preliminary
screening for hydrogen production capacity, significant
hydrogen production potentials were obtained from three ther-
mophilic mixed cultures from Klong Pai Poo hot spring (PK),
Romani hot spring (PR) Phang Nga Province and Wat Than Nam
Ron hot spring (SW), Suratthani Province, Southern Thailand.
Three thermophilic mixed cultures namely PK, SW and PR
showed most promising for hydrogen production from cassava
starch with hydrogen production of 633, 550 and 413 mL H2/L-
medium, respectively, and hydrogen yield of 126.6, 110 and
82.6 mL H,/g starch, respectively, corresponding to 23%, 20.3 and
15.3% of theoretical value. Such a yield was substantially higher
than the 92 mL H,/g starch at 60 °C by digested sludge [12]. The
dominated soluble microbial products were acetic acid (28—88%),
butyric acid (33—53%) and ethanol (3—23%). The concentration
and component of soluble microbial products could reflect the
metabolism of thermophilic hydrogen producing anaerobes,
which has considerable effect on the hydrogen production. As
presented in Table 1, the acetic acid (50—88%) and ethanol
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Table 1 — Characteristics of starch degrading bacteria enriched from various Southern Thailand geothermal springs.

Inoculum sources Samples Original H, content Final H, production H, yield Soluble
code  temperature (°C) (%) pH (mL/L) (mL/g starch) metabolite
products (%)
Wattaphotharam hot RW 65 12 5.12 215 43 Acetic acid (28%)
spring, Ranong Province Butyric acid (53%)
Wat Than Nam Ron hot SW 63 33 4.56 550 110 Acetic acid (100%)
spring, Suratthani Province
Ban Nam Phuron hot spring, SB 67 15 5.1 285 57 Acetic acid (48%)
Suratthani Province Butyric acid (33%)
Rattanakosin hot spring, SR 61 12 5.3 237.5 47.5 Acetic acid (38%)
Suratthani Province Butyric acid (43%)
Klong Pai Poo hot spring, PK 60 43 4.39 633 126.6 Acetic acid (88%)
Phangnga Province Ethanol (11%)
Romani hot spring, PR 63 38 4.42 413 82.6 Acetic acid (94%)
PhangNga Province Ethanol (3%)
Ta Na Ma Rao hot spring, YT 80 22 4.7 310 62 Acetic acid (44%)
Yala Province Ethanol (33%)
Khao Chai Son hot spring, LK 53 18 4.8 245 49 Acetic acid (54%)
Patthalung Province Ethanol (23%)
Ban Thung Na Poh hot spring, PB 60 9 5.0 70 14 Acetic acid (48%)

Patthalung Province

Butyric acid (43%)

(11-23%) as main soluble microbial products in enriched
cultures (PK, PR and SW) obtained hydrogen production higher
than acetic acid (28—48%) and butyric acid (33—43%) as main
soluble microbial products. Among the soluble microbial prod-
ucts acetic acid was predominant and accounted for more than
88% of total volatile fatty acids in enriched cultures that shown
high hydrogen production.

3.2. Hydrogen production by repeated batch cultivation

Three thermophilic mixed cultures (PK, PR and SW) were
selected to further evaluate the long term influence on
hydrogen production and microbial communities from raw
and gelatinized cassava starch under thermophilic condition
in repeated batch operation. Starch-degrading thermopbhilic
bacteria (PK, PR and SW) were successfully produced hydrogen
in long-term repeated batch operation using raw and gelati-
nized starch (Fig. 1). Long term operation of 20 days by repeated
batch operation increased hydrogen production yield around
26—44%, when compared with batch enrichment. The
maximum hydrogen production yields of thermophilic mixed
cultures PK, SW and PR from raw cassava starch were 236, 180
and 128.4 mL H,/g starch, respectively and from gelatinized
cassava starch were 240, 224.4 and 165.2 mL H,/g starch,
respectively. An analysis of variation (ANOVA, P > 0.05) further
demonstrated that using raw cassava starch or gelatinized
cassava starch as substrate had no significant effects on
hydrogen production. Performances of hydrogen production
were in steady-state from the third fed-batch operation and
also demonstrated that long term operation had no effect on
hydrogen production from thermophilic enriched cultures.
The compositions of VFA and ethanol at the end of fermenta-
tion were similar with the results obtained from batch tests
that acetic acid, ethanol and lactic acid were the main
soluble metabolites (Table 2). Two different cassava starch
fermentation types from the three thermophilic mixed
cultures were observed; acetic acid-ethanol and acetic acid-

lactic acid type fermentation. Table 3 summarizes the COD
mass balance, which described the effects of the thermophilic
mixed cultures PK, SW and PR on the hydrogen production and
fermentation patterns from the raw and gelatinized cassava
starch. The volatile suspended solids (VSS) formula was
assumed to be CsH;NO, [25]. Fermentation patterns depended
on substrates types (raw and gelatinized cassava starch). All of
the three thermophilic mixed cultures PK, SW and PR were
acetic acid-ethanol type fermentation when cultivation on raw
cassava starch, with an acetic acid yield of 26—44% (based on
COD) and ethanol yield of 10-30% (based on COD). Acetic
acid—lactic acid type fermentation occurred when cultivation
on gelatinized starch, with an acetic acid yield of 36—49%
(based on COD), ethanol yield of 10% (based on COD). Acetic
acid—ethanol type fermentation trended to show higher
hydrogen production potentials; by contrast, acetic acid—lactic
acid type fermentation showed lower hydrogen production
potentials. Lactic acid was found in some enriched cultures,
while lactic acid was not accompanied with hydrogen. The
reason for lactic acid accumulation was not clear but likely
related to environmental change during repeated cycle or
substrate overloading [26]. It was suggested when environ-
ment changes, bacteria would try to optimize the carbon flow
rate through the cell by usinglactate as electron sink and lower
down the acetate production, which gave high energy yield. As
a result, high lactate was found in all enriched cultures.

3.3. Continuous hydrogen production from cassava
starch processing wastewater

Adaptation of thermophilic mixed cultures to cassava starch
processing wastewater (CSPW) for long term stability on
hydrogen production in CSTR was investigated. Fig. 2 shows
the hydrogen production from three thermophilic mixed
cultures with continuous operation of 30 days. The enriched
cultures PK, SW and PR could completely degrade starch in
CSPW to hydrogen, acetic acid, lactic acid and ethanol. It was
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Fig. 1 — Time courses of fed-batch transfer hydrogen production by selected thermophilic mixed cultures. The thermophilic
mixed cultures were enriched from hot spring with raw and gelatinized starch by repeated batch cultures at 4 day intervals.

found that repeated batch cultivation was a very useful
method to adapt and enrich thermophilic mixed cultures that
could ferment CSPW with high hydrogen yield and without
significant lag phase. After adaptation, thermophilic mixed
cultures PK, SW and PR could produce hydrogen directly in the
CSPW feedstock, giving a maximum hydrogen yield of 287, 264
and 232 mL H,/g starch, respectively. These hydrogen yields

were close to that produced by sludge inoculum from
a municipal sewage treatment plant (244 mL H,/g sugar at
60 °C) [27]. Fermentation of CSPW resulted in comparable by-
products, independent of the fact that it has been previously
cultivated on cassava starch (CS) medium. When CSPW was
added, the present populations of all thermophilic mixed
cultures were able to use starch. Under condition with CSPW

Table 2 — Characteristics of gas production from starch and gelatinized starch for thermophilic mixed cultures enriched

from hot spring.

Inoculum  Enrichment H, H, Yield Substrate Metabolite formation (mM) Final VSS
sources substrates  production (mlL/gstarch) utilization : - - pH (g/1)
o Acetic  Butyric Lactic Ethanol
(mL/L) (%) . ! .
acid acid acid
PK Raw 1246 249.3 53.8 16.3 0 0 4.1 4.7 0.9
Gelatinized 1266 252.4 69.6 21.0 0 0.89 6.3 4.4 0.8
SW Raw 910 180.0 82.6 18.2 0 0 15.4 4.6 0.7
Gelatinized 1122 224.4 73.2 24.7 0 1.5 6.7 4.4 0.9
PR Raw 642 124.9 52.6 19.5 0 0 4.3 4.5 0.7
Gelatinized 826 165.4 58.0 23.8 0 1.24 2.6 4.4 1.0
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Table 3 — COD mass balance for each inoculum.

Inoculum  Enrichment H,  Substrate utilization Metabolite formation (%) Biomass (CsH;O,N)  Balance
sources substrates % % : : % %
(%) (%) Acetic Lactic Ethanol () (%)
acid acid
PK Raw 31.0 —100 36.4 0 13.8 13.5 —5.2
Gelatinized 24.4 —100 36.2 1.9 16.3 12.0 -9.2
SW Raw 14.8 —100 26.4 0 33.6 10.5 -14.7
Gelatinized 20.5 —100 40.4 3.1 16.6 13.5 —5.8
PR Raw 16.3 —100 44.5 0 14.9 10.5 -13.8
Gelatinized 19.1 —100 49.3 33 8.1 15.0 -5.3

feeding, acetic acid was the major soluble microbial product
while lactic acid was the minor soluble microbial product.

3.4. Microbial community analysis

Microbial community structures of the three thermophilic
mixed cultures (PK, PR and SW) cultivated in raw cassava starch
(CS) medium and cassava starch processing wastewater (CSPW)
were analyzed using DGGE analysis. Results indicated that
hydrogen-producing Thermoanaerobacterium-related organisms
in the inoculums were found in the hydrogen fermentation
both substrates (CS and CSPW), although no aseptic operations
were applied. The small differentband patterns wereillustrated
for each thermophilic mixed culture (Fig. 3). The closest relative
of the thickest band obtained in all thermophilic mixed cultures
and both substrates was the Thermoanaerobacterium saccha-
rolyticum. Thermophilic mixed culture PK gave the highest
hydrogen production and its microbial community in CS
medium was comprised of T. saccharolyticum, Thermoanaer-
obacterium thermosaccharolyticum and Thermoanaerobacterium
sp., while in CSPW T. saccharolyticum and uncultured Clostridium
sp. were dominant. Low microbial diversity was found in the
thermophilic mixed culture PK, T. saccharolyticum and T. ther-
mosaccharolyticum were considered to be the dominated ther-
mophilic hydrogen-producing bacteria. Microbial community
of thermophilic mixed culture SW in CS medium was
comprised of T. saccharolyticum, uncultured Clostridium sp.,
Thermoanaerobacterium thermohydrosulfuricus and Anoxybacillus

sp. while in CSPW comprised of T. saccharolyticum and Anox-
ybacillus sp. Microbial community of thermophilic mixed
culture PR in CS medium was comprised of T. saccharolyticum,
uncultured Clostridium sp. and Geobacillus sp. while in CSPW
comprised of T. saccharolyticum, Geobacillus sp. and Anoxybacillus
sp. No amplification products of archaeal 16S rRNA genes were
obtained from the DNA extracts of the three enriched cultures
samples with a nested PCR procedure, while the positive control
(DNA from anaerobic digester sludge) had a high amplification
yield (data not shown). This result indicated the absence of
archaea in the enrichment cultures.

The presence of T. saccharolyticum and T. thermosacchar-
olyticum species was in good agreement with other studies that
had identified Thermoanaerobacterium sp., as the main hydrogen
producing bacteria, at thermophilic conditions [19,28]. T. sac-
charolyticum is a thermophilic anaerobic bacterium, grows in
a temperature range of 45—65 °C and a pH range of 4.0—6.5 [29],
able to directly ferment hemicellulose, starch and xylan poly-
mers, as well as primary sugars found in cellulosic biomass,
including cellobiose, glucose, xylose, mannose, galactose, and
arabinose to acetic acid and ethanol as the end products.
T. thermosaccharolyticum is a thermophile with optimal growth
temperature at 60 °C and also able to convert carbohydrates
to hydrogen with butyrate as the end soluble product
[7,30]. Several species of the genus Thermoanaerobacterium
are known for their hydrogen production characteristics,
including T. saccharolyticum, T. thermosaccharolyticum, Thermoa-
naerobacterium polysaccharolyticum, Thermoanaerobacterium zeae,
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Fig. 2 — Hydrogen production from cassava starch manufacturing wastewater in CSTR with fed-batch mode of three

thermophilic mixed cultures developed from hot spring.
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Fig. 3 — DGGE profile of 16S rRNA gene fragments. The fragments were PCR-amplified from total DNA extract of thermophilic
mixed cultures for hydrogen production from raw cassava starch medium and cassava starch processing wastewater
(CSPW) (M, DGGE maker; A, PK sludge sample from raw cassava starch medium; B, PK sludge sample CSPW; G, SW sludge
sample from raw cassava starch medium; D, SW sludge sample CSPW; E, PR sludge sample from raw cassava starch

medium,; F, PR sludge sample CSPW).

Thermoanaerobacterium lactoethylicum, T. thermohydrosulfuricus
and Thermoanaerobacterium aotearoense. All these organisms
have optimal growth conditions at 55—70 °C and at pH 5.2—7.8
[15], which are accordance with operating conditions used in
this investigation.

The second dominant bacterial group found during our
experiments in the CS medium and CSPW was in the genera
Geobacillus, Clostridium and Anoxybacillus. Both Geobacillus and
Anoxybacillus are gram positive facultative anaerobic thermo-
philes, spore forming, and rod shape. Anoxybacillus had the
optimal growth condition of 62 °C and pH 9.5—9.7 and able to
produce hydrogen from monosaccharides [31]. Geobacillus
species are facultative anaerobic by reduced nitrate to nitrogen
gas, growth on various types of starch (such as potato, corn, and
cassava) since they are good starch degrading enzyme producer
including the alpha-amylase to hydrolyze raw starch [32,33].
Therefore, we proposed that Geobacillus species degrade starch
into small molecules first and then these less complex
compounds would be utilized by Thermoanaerobacterium, Anox-
ybacillus and Clostridium species for biohydrogen production.
Third dominant bacterial group found in the CS medium and
CSPW was in the genera Sulfobacillus which is able to degrade
lactate to acetate and/or hydrogen [34]. DGGE profile of bacterial
communities from sludges cultivation in CS and CSPW was not
significant difference. Both microbial communities were
dominated by T. saccharolyticum, Geobacillus sp. and Clostridium
sp. These thermophilic mixed cultures show promising to apply
for biohydrogen production from cassava starch processing
wastewater.

4, Conclusions

High potential thermophilic mixed cultures were enriched
from Southern Thailand hot springs over a wide temperature

range (53—80 °C). Significant hydrogen production was
obtained from three thermophilic mixed cultures PK, SW and
PR in cassava starch (CS) medium and cassava starch pro-
cessing wastewater (CSPW). The maximum hydrogen yield
from CSPW by thermophilic mixed cultures PK, SW and PR
were 287, 264 and 232 mL H,/g starch, respectively, corre-
sponding to 53%, 48.7% and 42.8% of the theoretical value.
Both microbial communities in CS medium and CSPW were
dominated by T. saccharolyticum, T. thermosaccharolyticum,
Anoxybacillus sp., Geobacillus sp. and Clostridium sp.
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ABSTRACT

We investigated the feasibility of producing biohydrogen from sago starch in wastewater
using a thermophilic mixed culture enriched from a hot spring in southern Thailand (PGK).
The effects of repeated batch cultivations, the dependence of the initial pH values ranging
from 5.0 to 8.0 and the initial sago starch concentrations ranging from 2.5 to 60 g/l as well
as the utilization of 4 different starch types (gelatinized dry starch, non-gelatinized dry
starch, gelatinized wet starch, and non-gelatinized wet starch) were examined in batch
experiments at 60 °C. Microbial community structures were also investigated. The
methane-free biogas evolved contained up to 55% hydrogen, with the remainder
comprising carbon dioxide. Repeated batch cultivation under identical conditions
improved the hydrogen yield. Gelatinized dry starch at an initial pH of 6.5 and an initial
starch concentration of 2.5 g/l gave the maximum hydrogen yield of 422 ml-H,/g-starch-
added (80% of the theoretical limit). PCR-DGGE profiles of 16S rRNA gene fragments from
the cultures showed that the predominant hydrogen producers were closely related to
thermophilic anaerobic bacteria, including Thermoanaerobacterium saccharolyticum, Ther-
moanaerobacterium thermosulfurigenes, and uncultured Thermoanaerobacterium sp., all of
which probably produced hydrogen with simultaneous generation of ethanol. The ther-
mophilic bacilli capable of utilizing starch, including Bacillus sp., Anoxybacillus sp., Bacillus
lentus, and Geobacillus sp., were also found in the starch cultures, but mainly in the non-
gelatinized wet starch culture.
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

production processes are environmentally sustainable. In
particular, fermentation processes that utilize free carbon

Production of biohydrogen by fermentative processes is desir-
able because such methods generate high yields of hydrogen
and high rates of bacterial growth with relatively low energy
inputs, compared to the photobiological methods [1,2]. Not only
is hydrogen a clean energy carrier, some biohydrogen

* Corresponding author. Tel./fax: +81 (0) 836 85 9312.
E-mail address: imai@yamaguchi-u.ac.jp (T. Imai).

available in large-volume discharges of agro-industrial waste-
water containing carbohydrates or lignocellulosic materials can
recover available energy as well as purify the effluent [3—8]. In
addition, high-temperature waste streams such as those from
food processing plants are especially conducive to hydrogen-
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producing reactions, because of the thermodynamics of the
reaction processes [9] and the resistance of these waste streams
to contamination by pathogens [10—13]. O-Thong et al. [1] have
reported that thermophilic bacteria can utilize a variety of
carbon sources and generate high yields of hydrogen as well
as tolerate acidic fermentation conditions. Thermophilic
anaerobic fermentation processes hold tremendous promise
for the forthcoming generations as well as for the commercial
production of hydrogen fuel and concomitant purification of
waste streams.

The capacity of fermentative microorganisms to produce
hydrogen from carbohydrates is well known and has been
studied and applied in a wide range of applications [14].
Researchers have utilized a variety of carbohydrates for
fermentation, from simple sugars, including glucose [15] and
sucrose [16], to more complex carbohydrates such as starch
and carbohydrate-rich agricultural products such as rice
[17,18]. Researchers have also investigated the production of
hydrogen from carbohydrate-rich wastewaters to benefit the
economy and to support the Clean Development Mechanism
(CDM) [19]. Hydrogen has been produced by fermentation of
the wastewater from a sugar factory [20], a sweet potato-
starch-manufacturing plant [21], and a brewery [22]. In this
study, we present data and observations on the production
of hydrogen from sago starch in wastewater.

Starch from the sago palm (Metroxylon sagu Rottb.) has long
been a staple food for populations in the Moluccas, West
Papua (Indonesia), and Papua New Guinea, and is widely used
as a dietary supplement in Southeast Asia. In food industries,
sago starch is used as an ingredient while making noodles,
vermicelli, biscuits, monosodium glutamate, glucose,
caramel, fructose, syrups, and many other food products [23].
Sago palm is considered a potential commercial crop because
of its numerous benefits compared to the other starch crops,
including high starch yields (15—25 ton/ha of dry starch),
relatively sustainable production, vigor, environmental
friendliness [24], and low cost of production [25]. On
Bengkalis Island and the surrounding areas of Riau Province
in Indonesia, starch is already being produced by the local
sago industries, and palm is being cultivated for large-scale
commercial production [26]. Moreover, Bustaman [27] has
documented the potential for sago-based bioethanol
production in Moluccas, and several other studies have
studied the production of bioethanol from this starch
[28—30]. However, few studies have used sago starch or the
wastewater from the sago starch-manufacturing units for
biogas production [25] and no report for hydrogen production.

Sago starch factories are usually located near rivers or
straits, and many of them discharge wastewaters containing
starch and pith residue directly into the waterways without
proper treatment. Production of wastewater in an average
facility can reach 10° I/day, with a biological oxygen demand
(BOD) and chemical oxygen demand (COD) of 3.4 g/l and
11.4 g/1, respectively [31]. BOD and COD are directly attributed
to starch and pith residues. Pith residues or “hampas”,
containing about 60—70% dry weight starch, are a by-product
of the rinsing procedures; approximately 1 ton/day of
hampas is generated by an average factory [25,32].

To reduce environmental impacts and recover the energy
lost in the waste stream, we investigated the feasibility of

using sago starch in wastewater for fermentative hydrogen
production by using a thermophilic mixed culture from a hot
spring in Thailand. A mixed culture from a hot spring was
selected because hot springs are recognized as a potential
source of thermophilic microorganisms with fermentative
abilities, such as hydrogen-producing bacteria [33,34]; also,
mixed cultures have benefits in industrial applications
because of their high microbial diversity, and because media
sterilization is not required [6,35].

In the present study, we examined the effects of repeated
batch cultivations, the use of different initial conditions of pH,
sago starch concentration, and starch type on biohydrogen
production in 4 serial batch experiments conducted at 60 °C.
In addition, we investigated the microbial community of the
thermophilic mixed culture in the sago starch media by using
16S rRNA-based molecular techniques, including polymerase
chain reaction-based denaturing gradient gel electrophoresis
(PCR-DGGE) and sequencing.

2. Materials and methods
2.1. Thermophilic enrichment of culture from a hot
spring

The enriched culture from Khong Pay Pao hot spring (PGK)
used in this study was obtained from previous research con-
ducted by Hniman et al. [36]. The culture was enriched from
sediment-rich water sample collected from a geothermal hot
spring located in Khong Pay Pao, Phang Nga, Southern
Thailand. Temperature and pH of sample were 60 °C and 6.5,
respectively. The enrichment of culture in basic anaerobic
(BA) medium supplemented with 10 g/l each of glucose,
xylose and xylose-glucose mixed substrate at the ratio of 1:1
under strictly anaerobic condition at 60 °C was performed by
repeated batch cultivations following the procedure of
O-Thong et al. [37] as described in detail by Hniman et al.
[36]. This culture gave maximum hydrogen yield of 199.8 ml-
H,/g-sugarconsumed USing glucose-xylose mixed substrates.
Subsequently, this culture was used in this study for
producing hydrogen from sago starch in wastewater.

2.2. Preparation of sago medium

Bushnell-Haas medium (BHM) consisting of (g/1): MgS0,4.7H,0,
0.2; KoHPOy, 1; KH,POy, 1; NH4NOs3, 1.0; FeCl;.6H,0, 0.05; CaCl,,
0.02 supplemented with yeast extract (1.0 g/1), peptone (1.0 g/1)
and sago starches were prepared for further batch hydrogen
production. Sago starches, wet and dry types, from Bengkalis,
Indonesia were supplied by local producer which were pro-
cessed for commercial uses. Gelatinization of those starches
was performed by autoclaving at 121 °C for 15 min to compare
with the raw starches.

2.3. Batch hydrogen production under thermophilic
conditions

In batch fermentation, we investigated the effects of repeated
batch cultivations, the effects of differentinitial pHs, initial sago
starch concentrations and starch types on biohydrogen
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production from sago starch in wastewater by enriched PGK
culture in 4 serial experiments. For all experiments, 50 ml
modified BHM supplemented with sago starch as substrate was
distributed anaerobically in 125 ml serum bottles capped with
rubber stopper and closed with aluminum caps. The 5 ml of
enriched PGK culture was transferred into the medium and
after theheadspace was replaced with nitrogen gas, the mixture
was cultivated at 60 °C for 3 days. The initial VSS concentration
measured in each serum bottle was around 90 mg/1. The pH was
set to 6.5 in all experiments, except for the second series. The
initial concentration of sago starch was adjusted to 10 g/l except
for the third series and gelatinized dry starch was used for all
experiments except for the fourth series. All experiments were
performed triplicate for verification purposes. The detail
procedures for each serial experiment are explained below.
First, to determine the effects of repeated batch cultiva-
tions, 5 ml of enriched PGK culture was cultivated in 50 ml
medium at 60 °C for 3 days. Then, 5 ml of inoculum from the
first batch was taken for cultivating into the second batch.
This procedure was repeated until 6 batch cultivations under
identical conditions. Second, to determine the dependence of
initial pH, the pH was set to various levels (in the range of
5.0—8.0, with increments of 0.5) in 7 serum bottles using 1 N
HCI and 1 N NaOH. Third, to verify the dependence of initial
sago starch concentration, the experiment was started with
the initial concentrations ranging from 10 to 60 g/l at incre-
ments of 10 g/l in 6 serum bottles. Afterward, lower range
concentration of sago starch (from 2.5 to 15 g/l with incre-
ments of 2.5) was set in another 6 serum bottles to confirm the
result. In the fourth series, in order to observe the effects of
sago starch type, we used 10 g/l of gelatinized and non-
gelatinized of dry and wet starches in 4 serum bottles.

2.4.  Analytical methods

Biogas volume was measured daily with a glass syringe and the
composition was analyzed by gas chromatography. Liquid
samples were also taken from the culture before and at the end
of each experiment for analyzing the composition of soluble
metabolites including pH, volatile fatty acids (VFA), total
organic carbon (TOC), reducing sugar, and total carbohydrates.
The measurement condition for biogas, VFA, and TOC analysis
were similar with our previous report [38]. Concentration of
reducing sugar and total carbohydrates were determined by
DNS [39] and anthrone-sulfuric acid methods [40] using
a spectrophotometer U-2001 (Hitachi, Japan) at 540 nm and
620 nm, respectively. Volatile suspended solid (VSS) was
quantified according to the standard methods for the
examination of water and wastewater [41].

2.5.  Microbial community analysis

PCR-DGGE was used to study microbial community structure in
two-stage process. Liquid samples were collected from serum
bottles under steady state conditions. The microorganisms cells
in 2 ml of sample were harvested in a tube by centrifuged at
5,000g for 5 min. The pelletized cells were washed three times
with TE buffer (10 mM Tris—HCl, 1 mM EDTA, pH 8.0) before
being resuspended in 1 ml of TE buffer. Genomic DNA was
extracted and purified using QIAamp DNA Stool Mini Kit

(QlAgen, Hilden, Germany). Genomic DNA was used as
a template for PCR reactions with a primer pair specific for
Eubacteria (universal primer 1492r and primer 27f) as well as for
Archeae (Arch21f and Arch958r) [42]. Each 50 pl (total volume)
reaction mixture containing 50 mM KCl, 20 mM Tris—HCI (pH
8.4), 5 mM MgCl,, each deoxynucleotide triphosphate at
a concentration of 200 mM, 1 ul of Taq polymerase (2U/m];
Sigma—Aldrich, St. Louis, MO), 10 pmol of each primer, and
1 pl of DNA extract solution. Sterile water was used as no
template control, 1 pl genomic DNA from Caldicellulosiruptor
saccharolyticus and Sulfolobus islandicus as positive and negative
control, respectively. The thermal cycling program used for
first amplification was as follows: predenaturation at 95 °C for
5 min; 30 cycles of denaturation at 95 °C for 30 s, annealing at
52 °C for 40 s and elongation at 72 °C for 90 s. The reactions
were subsequently post elongation at 72 °C for 30 min and
cooled to 4 °C. Amplification was checked by agarose gel
electrophoresis of PCR products using 1% agarose in 1xTAE
buffer. First PCR products were used as a template for nested
PCR reactions with a primer pair specific for Eubacteria (Primer
518r and 357f with 40 bp GC clamp at the 5’ end [43];) as well as
for Archeae (PARCH519R and PARCH340F with 40 bp GC clamp
at the 5 end [44];) were used to amplify the 200 bp fragment of
the V3 region. The amplicons were used as DNA template to
incorporate a GC clamp in the DNA fragment prior to DGGE
[45]. The second PCR program corresponded to 20 cycles of
three steps: 94 °C for 1 min, 65 °C for 0.75 min, and 72 °C for
1 min, 10 cycles of three steps: 94 °C for 1 min, 55 °C for
0.75 min, and 72 °C for 1 min followed by a final step at 72 °C
for 10 min. Amplification was checked by agarose gel
electrophoresis of PCR products before DGGE analysis.

DGGE analysis of the amplicons obtained from second PCR
was performed as previously described by Zoetendal et al. [46]
using the Dcode Universal Mutation Detection system (Bio-Rad,
Hercules, CA) with 8% (v/v) polyacrylamide gels and
a denaturant gradient of 30—60%. A 100% denaturing solution
was defined as 7 M urea and 40% formamide. Electrophoresis
was performed for 16 h at 70 V in a 0.5x TAE buffer at 60 °C.
The DGGE Marker II set (Nippon Gene, Tokyo, Japan) was co-
electrophoresed with the samples. DGGE gels were stained with
SYBR Green for 15 min and analyzed on GelDoc XR 1708170
system (Bio-Rad Laboratories, Hertfordshire, UK). DGGE profiles
were compared using the Quantity One software package
(version 4.6.0; Bio-Rad Laboratories). Most of the bands were
excised from the gel and re-amplified with primer 357f without
a GC clamp and the reverse primer 518r. After re-amplification,
PCR products were purified using E.Z.N.A cycle pure kit (Omega
Bio-tek, USA) and sequenced using primer 518r and were
directly sequenced (Macrogen; http://www.macrogen.com).
Closest matches for partial 16S rRNA gene sequences were
identified by database searches in Gene Bank using BLAST [47].

3. Results and discussion

3.1. Biogas composition and the effects of repeated batch
cultivation

The composition of biogas measured in all series of our exper-
iments was approximately 40—-55% hydrogen and 45—-60%
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Fig. 1 — Hydrogen production at different batch cultivations
with 10 g/l initial gelatinized dry sago starch concentration
using enriched PGK culture at 60 °C.
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carbon dioxide (excluding the residual nitrogen from the initial
sparging). No methane was detected in any treatment, verifying
the merit of an enriched PGK culture for biohydrogen produc-
tion, as previously reported [36]. The utilization of this enriched
culture for the fermentation of more complex carbohydrates,
namely, sago starches, yielded promising results. We found
that hydrogen yields were increased by increasing the
number of repeated batch cultivations until a nearly stable
level of hydrogen production was achieved, as shown in Fig. 1.
The advantage of repeated batch cultivations is that it allows
the microorganisms in a culture to adapt to their
environment, resulting in increased hydrogen yields as
compared to single batch cultivations described in previous
reports [1,48].

3.2. Dependence of biohydrogen production on initial pH

Initial pH has been recognized as an important determinant of
biohydrogen productivity. Table 1 summarizes the effect of
initial pH levels on final pH, H, yields (ml/g-starchaggeq), cell
yields (g-VSS/g-starchagqeq), VFA yields (g/l), reducing sugar
content (g/1), and substrate removal (%) for 10 g/l gelatinized
dry sago starch fermented for 3 days at 60 °C. The data
indicate that hydrogen production is high for initial pH
values of 6.5-8.0, and that maximum H, yields are obtained

at pH 6.5. The final pH under conditions of high hydrogen
yield decreased to approximately 4.5 because of the
accumulation of VFAs. Acetic acid was the sole VFA product
at all pH values, indicating that the enriched PGK culture
produced H, via the acetic acid fermentation pathway,
which is known to produce more hydrogen than other
pathways. As summarized by Hasyim et al. [38],
fermentation reactions producing hydrogen from glucose
can occur by several pathways: acetic acid fermentation,
butyric acid fermentation, ethanol fermentation, and
a mixture of acetic acid and butyric acid fermentation. Only
acetic acid fermentation can produce the maximum levels of
hydrogen generation (4 mol H,/mol glucose), whereas the
other fermentation mechanisms can produce only 2 mol
H,/mol glucose.

The fermentation culture with an initial pH of 6.5 also
attained the highest cell yield of all trials, confirming that this
pH is preferable for the growth of starch-hydrolyzing and
hydrogen-producing microorganisms in this culture. Inter-
estingly, the maximum substrate utilization was attained at
pH 7-8, not at pH 6.5, implying that at least one other
important metabolite is also produced during fermentation.
Ethanol fermentation is a possible route for producing H,
within this pH range, because of the lower H, yields. Other
metabolites that might be present in this pH range are alco-
hols and lactic acid, as shown by Hniman et al. [36] in their
study using PGK cultures. Lee et al. [49] found that limiting
the pH to 5.5—7.0 inhibits the production of ethanol in the
H,-producing fermentation of cassava starch. Therefore,
adjustment of the initial pH to values of approximately 6.5 is
considered important for the production of hydrogen from
sago starch using the hot spring culture from Thailand.

At an initial pH of 5.0—6.0, hydrogen yields in our trials
were very low compared to the yields at higher pH levels. Low
pH fermentation was accompanied by lower substrate utili-
zation and undetected VFAs (Table 1), indicating that H,
production is inhibited at low pH. Similarly, Zhang et al. [17]
reported low hydrogen yields at pH 5, and no hydrogen
production at pH 4. On the other hand, Lin et al. [50] found
that initial pH values of 5.0—5.5 were more favorable than
higher pH levels for hydrogen production from the starch in
a paper mill-wastewater treatment sludge digested by
a natural mixed culture, suggesting that the microflora in
this environment are preferentially adapted to low pH
conditions. Thus, inconsistent results regarding the effects
of initial pH on hydrogen production from starch are

Table 1 — Hydrogen production from sago starch using PGK culture at stationery phase of different initial pHs.

Initial pH Final pH H, yield Cell yield VFA (g/1) Reducing Sugar Substrate removal
(ml/g—starch 4q4eq) (g—VSS/g—starch ,aqea) HAc HPr HBu (g (%)
5 4.9 371 0.08 0 0 0 1.13 10.35
5.5 5.3 2.96 0.08 0 0 0 5.63 46.51
6 5.9 1.59 0.06 0.25 0 0 2.57 27.54
6.5 4.4 62.83 0.14 111 0 0 0.68 79.51
7 4.5 45.15 0.06 1.08 0 0 1.44 91.20
7.5 4.4 30.50 0.09 0.77 0 0 0.78 91.89
8 4.6 32.49 0.07 0.86 0 0 0.88 90.24
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probably because of the different characteristics of the
microorganisms in the cultures and due to the variations in
the substrate environment. Hence, it is necessary to study
the effects of initial pH on hydrogen production from diverse
environments and cultures before establishing large-scale
hydrogen production systems.

At low pH values, especially at a pH of approximately 5.5,
relatively high levels of reducing sugars were observed
(5.63 g/l) in our trials (from initial reducing sugar concentra-
tions of approximately 0.3 g/l). This indicates that the
hydrogen-producing microbe in the culture is not active in
these conditions (indicated by the low hydrogen yield), but
that the starch-hydrolyzing microorganism in the culture still
demonstrates high amylase activity. Konsula and Liakopou-
lou-Kyriakides [51] examined the effects of pH on the activities
of the enzymes involved in starch hydrolysis, and found that
the enzyme involved in amylase production displayed
considerable activity in the pH range of 5-7.5, and optimal
activity at pH 6.5. This might explain our observation that
hydrogen production is highest at pH 6.5, but that reducing
sugars are still produced at other pH values.

3.3. Dependence of biohydrogen production on initial
sago starch concentrations

In addition to pH and substrate composition, substrate
concentrations are recognized as one of the critical factors in
the production of hydrogen. Biological metabolic processes,
including specific metabolic pathways and the reaction
kinetics of hydrogen production, are considered to be affected
by substrate concentrations [49,52]. The measurements of
hydrogen yield in response to the amount of available
substrate (starch) provide valuable information about the
potential of the substrate to generate hydrogen. Therefore,
many research studies report the efficiency of hydrogen
production as a function of the hydrogen produced per
amount of substrate added [6,17].

In this study, we examined optimal hydrogen production
efficiency as a function of the initial sago starch concentra-
tion. In the first set of trials, we used initial starch concen-
trations ranging from 10 to 60 g/1, in increments of 10 g/I Fig. 2
illustrates H, yield (ml/g-starch,ggeq), substrate removal (%),
reducing sugar content (g/l), and cell yield (g-VSS/g-
starchaaqgeq) at different initial sago starch concentrations,
digested for 3 days at 60 °C and an initial pH of 6.5. Fig. 2B
shows that hydrogen yield and substrate removal tend to
decrease at sago starch concentrations greater than 10 g/1.

Further investigations using lower initial starch concen-
trations (2.5-15 g/l) showed that higher hydrogen yields
(maximum, 442.2 ml/g-starch,gqeq) Were achieved at initial
sago starch concentrations of 2.5 g/l (Table 2). This hydrogen
yield is nearly 80% of the theoretically derived maximum
value of 553 ml of hydrogen per gram of starch [17]. To our
knowledge, such efficiencies have never been reported in
other studies on hydrogen production from starch. The high
yield of hydrogen at low initial starch concentrations was
concomitant with the consumption of nearly 100% of the
starch, as shown in Table 2. Acetic acid was the sole VFA
product under these conditions (data not shown), confirming
that starch is digested via the acetate fermentation pathway.

Fig. 2 — Hydrogen production from sago starch using PGK
culture at initial starch concentration of 10—60 g/l after 3
days cultivation (A) Reducing sugar concentration and cell
yield (B) H, yield and substrate removal.

Final pH levels in all conditions were approximately 4, due
to the release of organic acids during the fermentation
process. Lower hydrogen yield at higher initial starch
concentrations have been observed by several researchers,
and this is possibly caused by factors such as incomplete
hydrolysis of starch, increase in the concentration of
byproducts (such as VFAs and alcohols), accumulation of
undissociated organic acids, or inhibition of the microorgan-
isms involved in starch digestion or hydrogen production
[6,8,17,52]. These factors might explain why lower initial
concentrations of sago starch are favorable for hydrogen
production, as observed in our study.

Fig. 2A shows that the reducing sugar concentration after 3
days of cultivation tends to increase with increasing sago
starch concentrations, indicating that the starch-degrading
capacity of this culture is quite high. Once again, this result
may be possibly due to the high amylase activity of starch-
degrading microorganisms in the culture, as well as the
effects of temperature (60 °C). We also considered that
a higher temperature of cultivation would facilitate the
degradation of starch into simple sugars, as compared with
lower temperatures, because starches start to swell at 55 °C
or higher depending on the type of starch, pH, water
content, and other factors [53]. Hence, cultivation under
thermophilic conditions is recommended for hydrogen
production from starch, including sago starch, because the
starch gelatinization temperature is around 70 °C [24].
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Table 2 — Starch balance and hydrogen yield from sago starch using PGK culture at static state of different initial starch

concentrations (2.5—15 g/l).

Initial conc. Starch balance H, yield Final pH
(g/1) input (mg) remain (mg) consumed (mg) removal % ml/g-starchadded

2.5 125 0 125.00 100 442.2 4.69
5.0 250 67.53 182.47 72.99 276.4 4.02
7.5 375 177.53 197.47 52.66 236.2 3.88
10.0 500 350.19 149.81 29.96 156.1 3.93
12.5 625 354.37 270.63 43.30 111.6 4.39
15.0 750 269.43 480.57 64.08 91.5 4.36

Fig. 2A also shows that low reducing sugar contents
accompany higher hydrogen yields that are produced from
an initial starch concentration of 10 g/1 (Fig. 2B), as compared
to other initial starch concentrations, indicating that sugars
in the medium are consumed by the hydrogen producers in
the culture. The high hydrogen yields are also accompanied
by the highest percentage of substrate removal. Cell yield at
an initial starch concentration of 20 g/l were similar to the
yield at 10 g/, but with lower hydrogen yield, lower substrate
utilization, and higher sugar concentration. Cell yield was
substantially increased at an initial starch concentration of
30 g/, paralleled by an increasing concentration of reducing
sugars. In summary, these observations suggest that higher
initial starch concentrations do not promote the growth of
hydrogen-producing microbes in this culture; nevertheless,
the results reveal the potency of starch degraders to grow.

3.4. Comparison of biohydrogen production from
different sago starch types

Two types of starch are commercially produced in sago starch-
manufacturing factories, namely, wet and dry. The main
difference between wet and dry starch is the moisture content.
In addition, the structure of starch may change because of

spontaneous fermentation during long-term storage. Wet
starch cannot be stored without proper storage methods
because microbial activity may corrode the grain, thus dimin-
ishing the quality of the starch [24,54]. Regional variation is
observed in the traditional methods of storing wet starch.

In this study, each type of starch was gelatinized at 121 °C
for 15 min to examine the effects of starch gelatinization on
biohydrogen production; results were compared with the data
on raw starch. The cumulative hydrogen yields (ml H,/g-
starch,ggeq) from the different types of sago starch for 4 days
of cultivation with 10 g/l initial starch concentrations are
depicted in Fig. 3. H, production ceased after 2 days of
cultivation, indicating the short hydraulic retention time of
the culture, probably caused by substrate- or product-
induced inhibition. The highest hydrogen yields were
achieved from gelatinized dry starch (157.3 ml H,/g-
starchaqgeq); hydrogen productivity decreased when using
gelatinized wet starch, non-gelatinized dry starch, and non-
gelatinized wet starch (H, yields of 107.4, 52.2, and 8.5 ml H,/
g-starch,ggeq, respectively). From these data, it appears that
the highest hydrogen yields are obtained using enriched
cultures and gelatinized dry starch.

Hydrogen yields obtained from both dry and wet gelati-
nized starch were higher than the yields obtained from non-
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Fig. 3 — Hydrogen production from sago starch using PGK culture at different starch type with 10 g/l initial starch

concentration for 4 days cultivation.
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gelatinized starch, clearly indicating that gelatinization favors
hydrogen production. Starch gelatinization can cause irre-
versible changes in grain properties such as granular swelling,
native crystallite melting, loss of birefringence, and starch
solubilization [55,56]. Thus, gelatinization might create
favorable conditions for microbial starch consumption in PGK
cultures. Lower hydrogen yield from wet starch was possibly
due to the properties of the starch. Further investigation is
required to completely understand the chemical and physical
properties of starch and to study the effects of gelatinization
on hydrogen production.

3.5. Comparison of hydrogen yield from starch, as
determined in previous studies

The utilization of starch as a substrate for hydrogen produc-
tion has been described in many research studies. Starch
contains approximately 20—-25% linear and helical amylose
and 75—80% branched amylopectin [57]. Sago starch generally
contains 27% amylose and 73% amylopectin [58], with minor
amounts of protein [55]. The structure and composition of
the molecules constructed by these 2 major high-molecular-
weight carbohydrate components are characteristic of each
particular plant species [59,60]. Therefore, different sources
of starch will result in different hydrogen yields; yields also
depend on factors such as the structure and composition of
the microbial community, composition of the medium, and
temperature.

Table 3 compares the hydrogen yields obtained by
anaerobic fermentation of soluble starch, cornstarch, and
cassava starch from previous studies [8,17,61,62] and sago
starch (this study). The data show that the highest hydrogen
yields are obtained using sago starch with initial starch
concentrations of 2.5 g/l. Hydrogen yields using initial
concentrations of 5 g/l sago starch (276 ml H,/g-starchaggeq)
can be compared to the yields obtained using other starch
sources. These results demonstrate the potency of the sago
starch in wastewater for producing hydrogen by using an
enriched PGK culture at moderate thermophilic conditions
(60 °C) and an initial pH of 6.5.

3.6.  Microbial communities of sago starch thermophilic
mixed cultures

Bacterial cultures were collected from 4 serum bottles under
steady state conditions, each containing a different type of
sago starch, i.e., non-gelatinized dry starch, gelatinized dry

starch, non-gelatinized wet starch, and gelatinized wet starch.
Fig. 4 shows the DGGE profiles of 16S rRNA gene fragments for
enriched PGK cultures from each bottle. A rapid comparison of
the DGGE patterns of PCR products from each culture did not
reveal any significant differences between the bacterial
community structures in these samples, except for the
communities from the non-gelatinized wet sago starch.
Thermophilic  anaerobic  bacteria of the genus
Thermoanaerobacterium were the dominant member in 3 of
the 4 cultures (all except the non-gelatinized wet starch
culture), with the strongest band intensity affiliated with the
uncultured Thermoanaerobacterium sp.

Further observations of the DGGE profiles from the gelati-
nized and non-gelatinized sago starch cultures indicate that
cultures from gelatinized starch (both dry and wet) possess
similar microbial community structures, which are affiliated
with Gram-positive bacteria, uncultured Thermoanaer-
obacterium sp., Thermoanaerobacterium saccharolyticum, and
Thermoanaerobacterium  thermosulfurigenes.
obacterium sp., an anaerobic spore-forming thermophilic
microbe, has been known for its capacity to utilize various
types of substrates for hydrogen production [1]. The
saccharolytic fermentative bacterium T. saccharolyticum
participates in interspecific hydrogen transfer in its natural
environment, thereby  producing hydrogen from
carbohydrates. The species has been engineered to produce
high yields of ethanol from a wide array of biomass-derived
sugars [63]. T. thermosulfurigenes, also known as Clostridium
thermosulfurigenes, produces an extracellular thermoactive
thermostable B-amylase and a cell-bound glucoamylase as
the major amylolytic enzymes responsible for starch
degradation. It also produces ethanol, acetate, lactate, and
hydrogen as the main end products [64].

In non-gelatinized dry starch cultures, Geobacillus sp. was
observed along with Thermoanaerobacterium sp. Geobacillus sp.
is widely distributed, and has been successfully isolated from
geothermal environments. Geobacillus sp. has aroused interest
in the industrial sector, on account of its potential applica-
tions in the biotechnological processes, for example, as
sources of thermostable enzymes such as proteases,
amylases, lipases, and pullanases [65]. In the non-gelatinized
wet starch culture, bands related to the Bacillus sp.,
including Bacillus lentus and Anoxybacillus sp., were detected.
These thermophilic bacilli are generally isolated from
geothermal hot springs, and mainly produce amylolytic
enzymes capable of utilizing carbohydrates, including
starch; some can also produce hydrogen [1,66,67].

Thermoanaer-

Table 3 — A comparison of hydrogen yields obtained by anaerobic fermentation of soluble starch, cornstarch, and cassava

starch from previous studies and sago starch (this study).

Starch source Initial Conc. Temp. pH Organism Reactor H, yield Ref.
(g/) (°C) (ml/g starch)

Starch (Farco Chemical, China) in wastewater 4.6 55 6 H-producing sludge Batch 92 [17]

Cornstarch 2 35 8 Mixed bacteria Batch 194 [61]

Cassava starch 10 35 7  Anaerobic activated sludge  Batch 240 [62]

Starch wastewater 5 37 6.5 Municipal WWTP sludge Batch 186 [8]

Sago starch in wastewater 2.5 60 6.5 Enriched mixed culture (PGK) Batch 442 This study
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Fig. 4 — DGGE profile of 16S rRNA gene fragments. The fragments were PCR-amplified from total DNA extracted of enriched
culture with sago starch used for hydrogen production (M, DGGE marker; A, bacteria community in non-gelatinized dry sago
starch; B, gelatinized dry sago starch; C, non-gelatinized wet sago starch; and D, gelatinized wet sago starch).

Since lower hydrogen yields were observed in the non-
gelatinized wet starch cultures (Fig. 3), we suggest that the
bacteria in these cultures are associated with the starch-
hydrolyzing processes, rather than with hydrogen
production, as indicated by the high percentage of starch
utilization (data not shown). Another possible contribution
of the Bacillus sp. observed in this system is oxygen
consumption, thereby generating the anaerobic conditions
required by the hydrogen-producing microbes. The presence
of some members of the aerobic Bacillus sp. in a hydrogen
production system, in conjunction with some members of
the anaerobic Clostridium sp., was observed in previous
studies also, and is considered to positively contribute to the
conditions essential for hydrogen production (an “added-
value”) by mixed culture methods [68—70].

The result of this microbial community analysis in
combination with the higher hydrogen yields obtained from
the gelatinized sago starch cultures (as depicted in Fig. 3)
indicate that gelatinized cultures possess microorganisms
capable of simultaneously degrading starch and efficiently
producing hydrogen. In conclusion, we state that the
enriched mixed culture from the hot spring in Southern
Thailand (i.e., the PGK culture) shows promising potential
for application in biohydrogen production from starch; the

bacterial activity simultaneously degrades starch and
produces hydrogen. Nested PCR of the DNA extracts of the
enriched culture samples did not detect any amplification
products of the archaeal 16S rRNA genes, thus indicating the
absence of archaea in the enriched cultures.

4, Conclusions

The enriched PGK culture used in this study can produce
a methane-free biogas with a hydrogen content of up to 55%.
The optimal conditions for producing hydrogen from sago
starch by using PGK culture at 60 °C were achieved when using
gelatinized dry starch medium with an initial pH of 6.5 and an
initial starch concentration of 2.5 g/l. The maximum hydrogen
yield obtained under these conditions was 442.2 ml H,/g-
starchaggeq (80% of the theoretical limit). Hydrogen yields
decreased at the lower and higher initial pH values, at higher
initial starch concentrations, and when using non-gelatinized
starch.

PCR-DGGE profiles of the 16S rRNA gene fragments from
the cultures showed that the predominant species associated
with efficient hydrogen production were closely related to the
thermophilic anaerobic bacteria, including T. saccharolyticum,
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T. thermosulfurigenes, and the uncultured Thermoanaer-
obacterium sp.; these microbes may simultaneously produce
hydrogen and ethanol. Thermophilic bacilli capable of
utilizing starch, including Bacillus sp., Anoxybacillus sp.,
B. lentus, and Geobacillus sp., were also found in the cultures,
but mainly in the non-gelatinized wet starch culture.
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ARTICLE INFO ABSTRACT

Felled oil palm trunk (OPT) (25 years old) is an abundant biomass in Southern Thailand. The
OPT composition was 31.28—42.85% cellulose, 19.73—25.56% hemicellulose, 10.74—18.47%
lignin, 1.63—2.25% protein, 1.60—1.83% fat, 1.12—1.35% ash and trace amount of minerals
(0.01-0.40%). Oil palm sap extracted from OPT was found to contain 15.72 g/L glucose,
2.25 g/L xylose, and 0.086 g/L arabinose. A total of twenty samples from hot springs
(45—75 °C and pH 6.5-8.4), oil palm sap and palm oil mill effluent were enriched for
isolation of hydrogen-producing bacteria. The highest hydrogen-producing strain was
isolated from oil palm sap and identified as Clostridium beijerinckii PS-3 using biochemical
test and 16S rRNA gene analysis. Among various carbon sources tested, glucose, xylose,
starch and cellulose were the preferred substrates for hydrogen production. The strain PS-3
could produce the maximum hydrogen yield of 140.9 ml H,/g total sugar and the cumu-
lative hydrogen production of 1973 ml/L-oil palm sap. Therefore, C. beijerinckii PS-3 is
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1. Introduction Biomass is an important contributor to the world economy.

Thailand is one of the largest food exporters in the world and

Hydrogen is one of the major and most important biofuels
which can be obtained by the fermentation of biomass using
microorganisms [1]. It may not have a significant environ-
mental impact as it did not involve any fossil fuel combustion
and has less effect on air pollution [2] with its low atmospheric
photochemical reactivity that further reduces its impact on
ozone formation. The production of hydrogen from lignocel-
lulosic biomass could improve energy security, reduce trade
deficits, decrease urban air pollution and contribute little net
CO, accumulation to the atmosphere [3].

is a major palm oil producer, producing 2.46—2.85% of world
production [4]. Thailand therefore has abundant supplies of
biomass resources with about 77 million oil palm trunks
distributed over 20 provinces in the country but mainly in the
south [4]. In 2008, there were 0.68 million tons of oil palm
biomass including trunk, fronds, and empty fruit bunches [5].
The oil palm trunks appear to be waste on replanting and left
unused in the plantation area. Hence, their economically
utilization is urgently needed and should have been inten-
sively studied.
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Various hydrogen-producing strains, including species of
Enterobacter [6] and Clostridium [7], have been studied. Some
enterobacter species can degrade soluble starch, while some
clostridium species are able to degrade insoluble starch without
any pretreatment [8]. Among the hydrogen-producers,
Clostridium butyricum has been studied most extensively due
toits fast growth with a high hydrogen yield (1.6—2.4 mol/mol-
glucose). Numerous investigations of biohydrogen production
using Clostridium sp. have been reported, which generally
gives a hydrogen yield of 1.4—2.8 mol/mol-glucose [9—11].
Clostridium acetobutylicum [12], Clostridium pasteurianum CH4
[13] and Clostridium paraputrificum [14] exhibited hydrogen
yields of 2.0 mol/mol-glucose, 2.07 mol/mol-hexose and
2.2 mol/mol-substrate, respectively.

This study aims to isolate mesophilic and thermophilic
anaerobes from different natural and man-made systems
such as hot springs, oil palm sap and oil palm mill effluent
(POME) for production of hydrogen.

2. Materials and methods
2.1. Culture medium

The synthetic medium used for bacterial growth contained
1.5 g/L KH,PO,, 2.9 g/L K,HPO,, 2.1 g/L urea, 4.5 g/L yeast
extract, 0.05 g/L MgCl,.6H,O, 0.0075 g/L CaCl,.2H,0O and
0.015 g/L FeS0,4.7H,0 [15] supplemented with mixed substrate;
5 g/L glucose, 5 g/L starch, 5 g/L xylose, 5 g/L cellulose. The
initial pH was adjusted to 7.0.

The oil palm (OP) sap medium used for enrichment of the
hydrogen-producing bacteria contained OP sap supplemented
with 1% (w/v) pulp (residues after pressing oil palm trunk
through a screw press) and 1 g/L yeast extract. The initial pH
was adjusted to 7.0.

2.2. Oil palm trunk (OPT) and preparation of oil palm
sap

Twenty-five year-old oil palm trunks were collected from an
oil palm plantation in Phangnga Province, Southern Thailand.
The length of felled OPT was in the range of 12 m—15 m, with
a diameter of 35 cm—80 cm. The whole OPT was cut at a length
of 3 m each at various heights and positions (top, middle,
bottom). The OPT of each position were cut into small pieces,
then stored in a —20 °C freezer until used. The OPT was
determined for cellulose, hemicellulose and lignin [16],
protein, fat, ash and mineral content [17]. The composition of
OPT was 31.28—42.85% cellulose, 19.73—25.56% hemicellulose,
10.74—18.47% lignin, 1.63—2.25% protein, 1.60—1.83% fat,
1.12-1.35% ash and with trace amounts of mineral content
(0.01—0.40%) (Table 1).

The top of the OPT was cut in cross section into three parts:
part A (core); B (middle); and C (outer) (modified from Yutaka
etal. [18]). Each part was soaked in water for 24 h, then pressed
through a screw press to obtain oil palm sap (OP sap) and pulp.
Concentrations of hexose (glucose) and pentose (xylose,
arabinose) were determined using high performance liquid
chromatography (HPLC) (Agilent 1200 series), equipped with
Aminex HPX-87H ion exclusion column. The HPLC was

Table 1 — Composition analysis at various heights and

positions of oil palm trunk (% dry weight).

Composition Top (%) Middle (%) Bottom (%)
Cellulose 42.85+ 2.5 40.65 + 2.8 31.28 + 3.5
Hemicellulose 25.56 + 3.4 2212 £1.5 19.73 £ 2.1
Lignin 10.74 + 1.8 15.32 + 2.2 1847 +£1.6
Protein 2.25 + 0.05 1.84 +1.2 1.63 + 0.4
Fat 1.83 + 0.02 1.61 + 0.02 1.60 + 0.01
Ash 1.12 £ 0.03 1.17 +£ 0.03 1.35 + 0.02
N 0.26 & 0.05 0.25 4+ 0.01 0.23 + 0.01
P 0.06 + 0.01 0.06 + 0.01 0.06 + 0.01
K 0.40 £+ 0.02 0.40 £+ 0.01 0.45 + 0.01
S 0.10 + 0.01 0.10 + 0.01 0.10 + 0.01
Ca 0.12 + 0.01 0.12 + 0.01 0.15 + 0.01
Mg 0.13 + 0.01 0.13 + 0.01 0.11 +0.01
Fe 0.03 + 0.01 = =

Zn 0.01 + 0.01 = =

Results are means 4 SD of three determinations.

operated with a refractive index detector under conditions of
0.005 M H,S0, as effluent for 0.6 ml/min and at 65 °C [19]. The
moisture content and free sugar content of each part are given
in Table 2. The amount of fermentable sugars was highest
(nearly 2%) in the sap (core) from the top of OPT. This OP sap
was consisted of 15.72 g/L glucose, 2.25 g/L xylose, and 0.086 g/
L arabinose. The OP sap was stored in a —20 °C freezer until
used.

2.3. Samples from hot springs, oil palm sap and palm oil
mill effluent (POME)

Water, sediment and soil samples were collected from four-
tenn geothermal springs located in Southern Thailand. The
temperature (45—75 °C) and pH (6.5—8.4) of all samples were
measured using a thermometer (on-site) and pH meter,
respectively. The samples were kept in serum bottles for
transportation to the laboratory and incubated at room
temperature (30 °C) for 24 h. The OP sap from the core section
of top OPT (Section 2.2) was used for enrichment the cultures.
Two sources of raw palm oil mill effluent (POME); sludge and
decanter effluent, were collected from the receiving tank of
Permkiat Palm Oil Co, Ltd. at Satun Province, Southern

Table 2 — Moisture content and free sugar content of each
part in cross section of the top oil palm trunk.

Parameters Parts
A (core) B (middle) C (outer)
Moisture content (%) 81.8+138 744+ 15 715 +£35
Free sugars
Glucose 1572 £ 2.4 12.06 + 1.2 771+1.1
Xylose 225+1.2 1.15+ 0.8 0.75+0.2
Arabinose 0.086 +£0.01 0.045+0.01 0.036 + 0.01
Total sugar (g/L) 18.06 +1.6  13.25+2.4 8.50 + 1.8

Samples from different part of oil palm trunk were prepared
according to the method described in Materials and methods.
Results are means =+ SD of three determinations.
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Thailand. Samples were collected in sterile plastic bags and
kept at 4 °C until used.

2.4. Culture enrichment

The samples (1 mL each) from hot spring and POME were
transferred into a 9 mL sterile OP sap medium. These were
compared to the 10 mL non-sterile OP sap medium that did
not contain any hot spring and palm oil mill effluent samples.
They were incubated at 30 °C and 60 °C for 5 days. The cultures
from the above three sources (hot spring, POME, non-sterile
OP sap) were then sub-cultured into the OP sap medium and
incubated again for hydrogen production. Samples were taken
at time intervals to determine the cumulative hydrogen
production. The consortia were kept in 50% glycerol at —20 °C.
The enriched cultures with high cumulative hydrogen
production were selected for isolation.

2.5. Isolation and characterization of the selected
bacterial strains

A synthetic medium was used for isolation [15] and prepared
in the OP sap (100% v/v) (as a diluent and a carbon source). The
selected culture was transferred into a 50 ml synthetic
medium and incubated at 30 °C for 24 h. The culture was
serially diluted in fresh medium and incubated as strict
anaerobes at the same temperature as that used for the
primary enrichment. Colonies from each dilution were
transferred to a fresh liquid medium and analyzed further for
hydrogen production. The isolated strains were tested for
hydrogen production from OP sap medium. Culture broth
from the serum bottles was taken for measurement of final pH
and analysis of substrate utilization, cumulative H, produc-
tion, H, yield, H, content and soluble metabolites (ethanol,
acetic cid, butyric acid and proionic acid).

The volumetric cumulative hydrogen production (ml/L)
was calculated from the total gas production and the
concentration of hydrogen in the headspace. The hydrogen
production yield was calculated as ml H,/g total sugar. The
strain producing the highest cumulative hydrogen production
was selected for further study.

2.6. Strain identification

The characterization and morphology of the isolated strains
were determined according to Bergey’s Manual of Determi-
native Bacteriology [20]. Morphological examinations were
performed with a scanning electron microscope (FEI Quanta
400, SEM-Quanta). Gram staining was performed by the
Hucker method [21]. Substrates were tested with the following
concentrations: 10 g/L for arabinose, fructose, galactose,
glucose, mannose, rhamnose, xylose, cellobiose, lactose,
maltose, sucrose, starch, xylan, cellulose, and glycerol. The
identification was confirmed using 16S rDNA technique.

The bacterial 16S rDNA (1400 bp) was amplified by the first
polymerase chain reaction (PCR) with universal primer. In the
second PCR, V3-specific reverse and forward primers with GC
clamp were used to amplify the fragment of V3 region of 16S
rDNA product from the first PCR. The DNA in the excised gel
slices were incubated in 20 ml of distilled water at 4 °C for 24 h

and re-amplified by PCR with the second PCR primers [22].
After re-amplification, PCR products were purified and
sequenced using reverse primer by the Macrogen sequencing
facility (Macrogen Inc., Seoul, Korea).

The closest matches for partial 16S rRNA gene sequences
were identified by the ribosomal database project (http://rdp.
cme.msu.edu/). This used the SeqMatch program and basic
local alignment search tool (BLAST) with nucleotide database
in the National Center for Biotechnology Information (NCBI;
http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.7.  Analytical methods

The evolved biogas was collected in the headspace of a serum
bottle. The total volumes at each time interval were measured
at room temperature using a syringe. Hydrogen in the biogas
was measured by a gas meter (MX2100 OLDHAM, MULTIGAS
Type MX2100) [23]. The culture broth was centrifuged at
10,000 x g for 10 min. Fermentation end products (volatile
fatty acids (VFA) and ethanol) in the supernatant were deter-
mined by gas chromatography (GC HP 6890 series) equipped
with a flame ionization detector (FID) and Innowax column
(dimensions 30 m x 320 um x 0.25 um). The temperature of
the injection port was 230 °C. The chromatography was per-
formed using the following program: 70 °C for 1 min,
70—180 °C with a ramping of 20 °C/min, 180 °C for 6 min. The
detector temperature was 250 °C [21]. Data were the average of
three determinations.

Table 3 — Hydrogen production using enrichment
cultures grown on OP sap medium supplemented with

pulp (1% w/v) at neural pH and incubated at 30 and 60 °C
for 5 days.

Samples Growth Temp. Growth Temp.
(30°Q) (60 °C)
Hp (ml/L)  Ha (%) Hz(ml/L) Hz (%)
OP sap
A (core) 1008.5 29.8 37.4 5.2
B (middle) 134.6 111 15.1 3.4
C (outer) 107.3 10.1 13.5 3.2
Palm oil mill effluent (POME)
Sludge 40.5 2.2 80.1 4.9
Decanter effluent 67.8 4.9 72.6 5.3
Hot spring
81RN1 1085.4 29.4 35.4 4.2
83RN3 0.0 0.0 323 4.6
85RN5 993.5 28.7 37.2 4.4
86RN6 333 3.9 42.9 4.7
89SR3-1 37.4 3.8 59.2 4.4
89SR3-2 982.9 27.1 45.4 4.5
93SR7 35.2 3.3 48.4 4.3
94SR8 57.1 2.2 86.1 5.0
97PG1 65.1 31 65.2 4.0
98PG2 58.3 2.2 72.3 4.3
99PG3 36.5 2.6 77.1 4.5
105TR1 65.5 3.3 45.6 3.8
107PL1 46.8 3.9 36.4 4.4
109PL3 35.2 4.4 38.6 3.6
112YL1 778.2 27.5 87.8 43
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Table 4 — Screening of fermentative hydrogen-producing bacteria supplemented with mixed substrates (5 g/L xylose, 5 g/L

glucose, 5 g/L starch and 5 g/L cellulose) in synthetic medium at neural pH and incubated at 30 and 60 °C for 5 days.

Mixed  Code of pure  Cumulative H, H, yield (ml H,/g H, Final Ethanol Acetic Butyric Propionic
cultures culture production (ml/L) total sugar) content pH (mM) acid (mM) acid (mM) acid (mM)
(%)

OP sap PS-3 1873.0 130.6 27.5 4.5 13.4 30.5 41.9 5.3

85RN5 PS-4 1773.4 109.6 26.4 5.1 15.1 4.3 11 0.2

85RN5 PS-5 1739.6 104.8 25.2 5.2 4.7 1.8 0.4 4.7

89SR3 PS-7 1869.6 119.7 28.0 4.6 12.5 29.5 39.1 4.9

112YL1 PS-8 1834.4 109.6 25.5 44 13.6 11.6 39.4 2.4

" N sugar. The soluble metabolites were composed butyric acid
3. Results and discussion (0.4—41.9 mM), acetic acid (1.8-30.5 mM), ethanol
(4.7—15.1 mM) and propionic acid (0.2—5.3 mM).

3.1. Strain enrichment, isolation and screening

Twenty samples from mesophilic and thermophilic natural
and man-made environments were used for enrichment. A
total of 20 enrichment cultures were tested for conversion of
OP sap to hydrogen at neutral pH and incubated at 30 °C and
60 °C. The top for hydrogen production was obtained from the
hot spring and OP sap incubated at 30 °C (778.2—1085.4 ml/L)
(Table 3). Their hydrogen content (27.1-29.8%) was also higher
than those from POME (2.2—4.9%). It was observed that the hot
spring and OP sap samples, hydrogen production from these
top mesophilic strains was much higher than those from the
thermophilic strains (35.4—87.8 ml/L). However, this was not
the case for the sludge and decanter effluent whereby
hydrogen production from the mesophilic strains (40.5 and
67.8 ml/L, respectively) were lower than those of the ther-
mophilic strain (80.1 and 72.6 ml/L, respectively).

The selected top 5 enriched cultures were subsequently
enriched in the OP sap medium (with no addition of pulp) for
screening. They exhibited higher hydrogen production
(1757—1967 ml/L) and hydrogen content (27—-28.6%) (data not
shown). These five sources were employed for the isolation of
high hydrogen-producing strains. Colonies were visible after
2—7 days incubation. Among 36 strains isolated, five of them
demonstrated high cumulative hydrogen production (Table 4)
and the top 5 hydrogen-producing strains encoded as the
isolate PS-3, PS-4, PS-5, PS-7 and PS-8 were selected. They
demonstrated great capacity in hydrogen production
(1739-1873 ml/L) as well as hydrogen content (25.2—28.0%)
closed to those original enriched mixed cultures. Their
hydrogen yields were in the range of 104.8—130.6 ml H,/g total

The OP sap contained free monomeric sugars dominated
by glucose and xylose and also had starch (2%) which could
be a substrate for hydrogen production. For screening of the
most efficient hydrogen-producing strain, the selected pure
strains were cultivated in 100% (v/v) OP sap with the addition
of 1% (w/v) pulp for another carbon source (in term of
cellulose) and 1 g/L yeast extract for nitrogen source and
vitamin. The results (Table 5) showed that they produced
hydrogen as the major fermentation products (1069—1973 ml/
L, 26.4—33.7% H, content and 71—141 ml H,/g total sugar) and
soluble metabolites were composed mostly of butyric acid
(1.9-42.5 mM), acetic acid (4.5-31.8 mM), ethanol
(11.2—19.3 mM) and propionic acid (0.3—5.4 mM). The highest
hydrogen production of 1973 ml/L was obtained from the
isolate PS-3. This was higher than those from C. butyricum
CGS5 grown in rice husk hydrolyzate (88.1 ml/L) [13] and
Enterobacter asburiae SNU-1 using glucose as a carbon source
(350 ml/L) [24].

3.2. Characterization of fermentative hydrogen-
producing bacteria

Five selected isolates designated as PS-3, PS-4, PS-5, PS-7 and
PS-8; were identified. They were different in colony shape and
identified using 16S rRNA gene sequence analysis. Among
them, the isolate PS-3 from oil palm sap gave the highest
hydrogen yield of 140.9 ml H,/g total sugar which was higher
than C. butyricum CGS5 (84 ml H,/g total sugar) [9]. This is
compared to those of 78.0, 71.3, 95.3 and 126.7 ml H,/g total
sugar from the isolates PS-4, PS-5, PS-7 and PS-8, respectively

Table 5 — Hydrogen production from OP sap (100% v/v) supplemented with 1 g/L yeast extract at neural pH and incubated at
30 and 60 °C for 5 days.

Pure Cumulative H, H, yield (ml H,/g H, Final Ethanol Acetic acid Butyric acid Propionic acid
culture production (ml/L) total sugar) content pH (mM) (mM) (mM) (mM)
(%)

PS-3 1973.0 140.9 33.7 4.3 15.6 31.8 42.5 5.4

PS-4 1169.6 78.0 315 4.8 19.3 4.5 21 0.3

PS-5 1069.7 71.3 26.4 4.9 17.2 4.8 1.9 0.3

PS-7 1334.5 95.3 325 4.5 13.4 31.2 41.2 5.3

PS-8 1773.5 126.7 29.6 4.4 11.2 13.2 322 1.2
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Clostridium beijerinckii PS-3

Clostridium diolis CLRI2 (FJ947160)
Clostridium butyricum CWBI1009 (GU395290)

100 Clostridium paraputrificumJCM 1293 (AB536771)

ClostridiumtyrobutyricumA1-3 (GU227148)

50 100 Clostridium pasteurianum JCM 1408 (AB536773)
101

0 Clostridium beijerinckii RZF1108 (GQ375085)

Clostridium saccharolyticum JPL_23 (FJ957875)

Clostridium bifermentans JCM7832 (AB538434)

Clostridium uzonii DSM9752 (Y18182)

100 ——— Clostridium thermoamyl ol yticum DSM2335 (X76743)

Clostridium thermocellum F7 (AM940140)
0.05
|

Fig. 1 — Neighbor-joining tree showing the phylogenetic position of isolated strain, C. beijerinckii PS-3, based on the 16S
IRNA sequences of the genus Clostridium. The numbers at the nodes indicate the levels of bootstrap support percentages

based on the neighbor-joining of 1000 replicates. Bar 0.05 nucleotide substitutions per site. GenBank accession numbers are
given in parentheses.

(Table 5). 16S rRNA analysis revealed that the isolate PS-3 is Therefore, the level of hydrogen production of C. beijerinckii
a member of the genus Clostridium. PS-3 from various types of carbohydrates was examined.
The closet phylogenetic relative was Clostridium beijerinckii,
where a similarity was recorded to the 16S rRNA genes of 97%.
A phylogenetic tree was constructed (Fig. 1). The phenotypic
characteristics properties such as endospore-Forming, being
Gram-positive, rod shape, motility, catalase positive and the
strict anaerobes of the isolate PS-3 were consistent with those
of the Clostridium species. However, most of them have been
reported to produce hydrogen [25]. These include mesophilics
(at 37 °C) of: C. acetobutylicum (1.8—2.0 mol/mol-glucose);
Clostridium bifermentans (not determined); C. beijerinckii
(2.0-2.8 mol/mol-glucose); C. butyricum (1.1-2.3 mol/mol-
glucose); Clostridium diolis (not determined); C. pasteurianum
(2.1-2.4 mol/mol-glucose); C. paraputrificum (1.0—2.2 mol/mol-
glucose); and Clostridium tyrobutyricum (1.47 mol/mol-glucose).
They also include thermophilics (at 55 °C) of: Clostridium
thermocellum (0.8—1.6 mol/mol-glucose); Clostridium thermo-
lacticum (1.1-1.5 mol/mol-glucose); Clostridium uzonii
(0.55—-0.67 mol/mol-glucose) and Clostridium thermosacchar-
olyticum (1.4—2.53 mol/mol-glucose) [26]. The isolated PS-3 can
growth with various types of carbohydrates as carbon sources
under mesophilic conditions. The substrate spectrum of the
strain PS-3 has an ability to produce growth from arabinose,
fructose, galactose, glucose, mannose, rhamnose, xylose,
cellobiose, lactose, maltose, sucrose, starch, xylan, cellulose,
and glycerol. Effective fermentative bacteria should use
various type of substrates especially complex carbohydrate. Fig. 2 — Scanning electron microscope (SEM) imaged of
Clostridium beijerinckii PS-3.

3.3. Identification of the isolated bacteria

Bacteria with the highest cumulative hydrogen production
were then examined under a microscope (20 kV, 20,000x). This
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revealed that the bacteria have a rod shape (Fig. 2), with
a diameter from 0.2 to 0.4 um and a length from 0.9 to 1.5 um.
The cells had rounded ends. They occurred singly or in pairs.
They exhibited Gram-positive staining in both the exponential
and stationary growth phases. Spore was observed when
nutrients were exhausted or other conditions become unfa-
vorable for growth.

The nearly full-length sequences of 16S rDNA gene
(1400 bp) were identified for the isolate. By aligning with the
16S rDNA gene sequences from GenBank releases, the strain
PS-3 exhibited 97% sequence identity with C. beijerinckii
JCM 7845. According to the multiple analysis results, this high
hydrogen-producing strain was placed in the species
C. beijerinckii PS-3. In addition, the 16S rDNA gene sequence of
C. beijerinckii PS-3 had been deposited in the GenBank under
accession number AB020190.

4, Conclusions

C. beijerinckii and C. acetobutylicum were found to be the
dominant bacteria in the OP sap and hot spring samples
(89SR3-2 and 112YL1). A mesophilic hydrogen-producing
bacterial strain was isolated from oil palm sap (OP sap) and
designated as C. beijerinckii PS-3. The bacterium can utilize
different carbon sources including glucose and xylose to
produce hydrogen. The maximal hydrogen yield and the
cumulative hydrogen production were 140.9 ml H,/g total
sugar and 1973 ml/L-oil palm sap, respectively. It can be
concluded that C. beijerinckii PS-3 is a potential candidate for
fermentative hydrogen production from oil palm sap.
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