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Abstract

The objective of the research described in thissithevas the identification and
characterization of anaerobic bacterial communitvél high metal resistance and ability
for metal removal, thus with potential for applicatin bioremediation processes.

A sulphate-reducing bacteria (SRB) consortium tasisto high concentrations of heavy
metals (Fe, Cu, Zn), similar to those typically g@et in acid mine drainage (AMD), was
obtained from a wastewater treatment plant. Moreavs consortium showed ability to
use wine wastes as carbon and electron sourcepfAylegenetic analysis of thdsr gene
sequence revealed that this consortium containdespef SRB affiliated t@®esulfovibrio
fructosovorans, Desulfovibrio aminophilus and Desulfovibrio desulfuricans. Wine wastes
as carbon source for SRB activity were applied witbcess in a bioremediation process for
the treatment of artificial AMD. TGGE fingerpringnand phylogenetic analysis showed
that the composition of the community in the bictea fed with wine wastes remained
stable during the whole time of operation and #sterial diversity was higher than the
community in the bioreactor fed with ethanol.

Several microbial communities were investigatedthair ability to remove uranium (VI)
and additionally the impact of U(VI) on SRB comnmiigs was explored. Although the
original communities were mainly composed by SRBerauranium exposure these
bacteria were not detected in the communities. Aigkest efficiency for U(VI) removal
was observed with a consortium from a soil collécte Monchique thermal place.
Moreover this community also showed ability to rem«&r(VI). However when U(VI) was
replaced by Cr(VI) several differences in the duie of the bacterial community were
observed. The mechanism of U(VI) removal by thissmtium was also investigated and
was found that U(VI) removal occurred by enzymatcluction and bioaccumulation.
Phylogenetic analysis of 16S rRNA showed that teismmunity was mainly composed by
bacteria closely related &porotalea genus andRhodocyclaceae family.

Keywords: Bacterial communities, Bioremediation, AMD, Uraniy®l), Chromium (VI)



Resumo

O principal objectivo do presente trabalho foi iifezar e caracterizar comunidades de
bactérias anaerbbias resistentes a metais tdxicosne capacidade para o0s remover,
consequentemente, com elevado potencial para seqginadas em processos de
biorremediacdo de aguas e efluentes contaminadws metais, homeadamente aguas
acidas de mina (AMD), e efluentes contendo uramicromio.

As AMD possuem um pH muito baixo e contém normakeestevadas concentracdes de
metais pesados e sulfato. Assim, o tratamento dimmdécom bactérias redutoras de sulfato
(BSR) tem sido considerado uma alternativa promaspara a descontaminacado de AMD.
As BSR sao consideradas importantes membros da nidate microbiana, sendo
interessantes tanto ao nivel economico como anabienbiotecnoldgico. Estas bactérias
utiizam o sulfato como aceitador de electrfes mgradacdo da matéria orgéanica,
produzindo sulfureto de hidrogénio. O sulfureto kiglrogénio gerado reage com
determinados metais pesados, tais como ferro, cebmnco, produzindo sulfuretos
metalicos que sdo bastante insollUveis. Assim, @édrda utilizacdo das BSR num processo
de biorremediagcao para o tratamento da AMD conseguaiminar simultaneamente os
sulfatos e metais pesados. Para o desenvolvimeatourd processo eficiente de
biorremediacdo da AMD s&o necessarias BSR resstedd concentracoes de metais
pesados que normalmente estdo presentes nestas. &Jga metais pesados sao
normalmente téxicos para 0s microorganismos ingdupara as BSR. A toxicidade dos
metais pesados deve-se ao facto destes teremdagacie se ligarem as células através da
substituicdo dos i0es essenciais e de bloquearemgrgms funcionais de moléculas
importantes, como por exemplo as enzimas. Assimmaiais podem provocar a lise celular
e a inactivacdo das enzimas. Deste modo € neeepsdduisar BSR resistentes aos metais
pesados que se pretendem eliminar.

Neste trabalho conseguiu-se isolar um consorcidebano contendo BSR com uma
elevada resisténcia a metais pesados (Fe, Cu @ pajtir de lamas de uma estacao de
tratamento de aguas residuais. Este consércio ooostiportar as concentracfes destes
metais que normalmente se encontram presentesMBs A analise filogenética revelou

que este consoércio bacteriano continha espécieBSfe afiliadas comDesulfovibrio



desulfuricans e Desulfobulbus rhabdoformis. Observou-se também que este consorcio
bacteriano utilizava tanto o etanol como o lactaimo fonte de carbono e de electrdes na
reducdo do sulfato. Visto que o lactato € uma fdetearbono mais dispendiosa do que o
etanol, assim € preferivel num processo de biomlegao usar o etanol para promover a
actividade destas BSR. Normalmente as AMD nédo mosselevadas concentracOes de
compostos que possam funcionar como fonte de carbate electrdes para as BSR, pelo
gue € necessario adicionar uma fonte externa,rdefa promover a actividade bacteriana.
Assim, foi investigada a possibilidade de usarduess de industrias alimentares (inddstrias
vinicolas e queijarias) como fonte de carbono eldetrbes para as BSR, visto que estes
residuos sdo largamente produzidos em Portugaler@asse que os residuos de uma
industria vinicola (que contém etanol) podem sadas eficientemente pelas BSR como
fonte de carbono e de electrbes, desde que misti@in lama de marmore, que também
€ um residuo. A lama de marmore funcionou como &mme agente neutralizante.
Verificou-se que o consorcio bacteriano com capatgdpara usar residuos vinicolas como
fonte de carbono e de electrbes era constituido ¢mpécies deDesulfovibrio
fructosovorans, Desulfovibrio aminophilus e Desulfovibrio desulfuricans. Posteriormente,
investigou-se a aplicacdo dos residuos vinicolasodonte de carbono e de electrbes para
a actividade das BSR num processo de biorremedipeé® o tratamento da AMD.
Verificou-se, tal como nos estudos anteriores,agies residuos promoveram uma eficiente
actividade das BSR e consequentemente o sistenf@odemediacdo apresentou uma
eficiente performance no tratamento da AMD, consefju produzir adgua tratada com
caracteristicas, em termos de pH, sulfato e m@faisCu e Zn), que cumprem a legislacéo
em vigor para agua de rega.

Para além da eficiéncia do processo de biorrem&alidg AMD usando residuos vinicolas
como fonte de carbono e de nutrientes foi tambénndada a dinamica das populacdes
bacterianas no sistema de biorremediacéo, atravéécdica de electroforese em gel com
gradiente de temperatura (TGGE) e da analise fiégea. Procedeu-se também a
comparacao da estrutura da populacdo bacteriama\a@gida no biorreactor alimentado
com residuos vinicolas com a estrutura desenvohadaiorreactor alimentado com etanol.
O perfil de TGGE e a analise filogenética mostrague a composi¢cdo da comunidade
bacteriana no biorreactor alimentado com residumieolas permaneceu estavel durante

todo tratamento e que possui uma maior diversidaderiana comparativamente com o



biorreactor alimentado com etanol. Através da aedilogenética das bandas do TGGE
observou-se que a comunidade bacteriana no bitoresonentado com residuos vinicolas
era constituida por bactérias afiliadas com os r@én®esulfovibrio, Clostridium,
Citrobacter e Cronobacter e com a ordem Bacteroidales, enquanto a comunidade
dominante desenvolvida no biorreactor alimentada etanol era composta por bactérias
pertencentes somente ao géreesulfovibrio. A presenca de diferentes grupos bacterianos
no biorreactor alimentado com residuos vinicolagese que talvez ocorra uma interac¢cao
sinérgica entre as diferentes populacfes bacteridsia sinergia podera ser a razdo pela
qual as BSR conseguem utilizar o residuo viniaple, € um substrato organico complexo,
como fonte de carbono e de electrbes na reduc&alfido.

Algumas &aguas subterrdneas e superficiais estadarncoadas com uréanio. Esta
contaminacdo poderd ser o resultado de procesdosaisa actividades mineiras ou
descargas de material nuclear para o ambienteééscas convencionais aplicadas na
remocdo de uranio de solu¢des aquosas sdo normelin@seadas em processos fisico-
quimicos, como por exemplo precipitacao atravésdiigfio de carbonatos. No entanto estas
técnicas tém elevados custos associados e limgaéodricas.

Actualmente a biorremediacdo é considerada comopatencial alternativa aos métodos
convencionais de remocéao de uranio, uma vez queipearias vantagens tais como baixos
custos operativos e uma elevada eficiéncia noniextto de efluentes com concentracdes
baixas de uranio.

Durante as Ultimas duas décadas tem-se vindo aoltas@ue diversos grupos de
microrganismos possuem capacidade para removeioudansolugdes aquosas. As BSR
sdo um exemplo desses microrganismos. Algumassdbstaérias tem capacidade para
reduzir enzimaticamente o uranio (VI) a uranio (Ble € bastante insolavel, ao contrario
do uranio (VI). Consequentemente as BSR sdo camaside como potenciais candidatas
para serem aplicadas em processos de biorremediacaguas e efluentes contaminados
com uranio. Assim, investigou-se a capacidade dés/a&omunidades de BSR para
removerem uranio (VI) de solu¢cdes aquosas. Aditmoeate, investigou-se o efeito do
uranio (VI) na estrutura das comunidades bactesicateavés da analise por TGGE.
Conseguiu-se obter consoércios com capacidade panaver uranio (VI) a partir das
comunidades de BSR, tendo-se verificado no entamt drastica alteracdo na composicéo

das comunidades bacterianas durante a exposicacaam (VI). Surpreendentemente as



BSR, que eram o grupo de bactérias que predominaantulturas originais, ndo foram
detectadas nas comunidades com capacidade paraereananio. Este resultado salienta a
necessidade de monitorizar as populacdes domindatagte os estudos de bio-remocao.
Através da analise filogenética das bandas do T@B&ervou-se que 0S CONsSOrcios
bacterianos com habilidade para remover uranio e@amstituidos por bactérias afiliadas
com o génercClostridium e com as familia€aulobacteraceae e Rhodocyclaceae. Assim
estas bactérias possuem potencial para seremdgdiean processos de biorremediacao de
aguas e efluentes contaminados com uranio.

Visto que o uranio (VI) e o cromio (VI) possuemuaitas semelhancas nomeadamente o
mesmo estado de oxidacdo da forma mais solUvg@ossibilidade de serem reduzidos por
via biologica originando estados de oxidacao ingsmk) U(IV) e Cr(lll), foi investigada a
possibilidade das comunidades bacterianas com idapiacpara removerem o U(VI) terem
também capacidade de remover o Cr(VI). Para atiegie objectivo estudou-se a
capacidade de remocéao de U(VI) por comunidade®tachs obtidas a partir de diversas
amostras ambientais, umas contaminadas com uranioute@s ndo contaminadas.
Posteriormente as comunidades que demonstrararcidage para remover U(VI) foram
testadas também para a remocdo de Cr(VIl). Tambémosgarou a estrutura das
comunidades bacterianas com capacidade de remarao fVI) com a das comunidades
bacterianas que demonstraram capacidade para recroneio (VI). Esta comparacéo foi
realizada através da analise por TGGE. Verificougse de todas as comunidades
bacterianas testadas, somente trés € que mosthataittdade para remover uranio (VI):
uma proveniente de amostras de solo das termasdehidue, outra proveniente de lamas
da uma zona humida da mina da Urgeirica e outreepiente de sedimentos da mina da
Urgeirica. A maior eficiéncia de remocdo de ambesntetais foi observada com um
consorcio bacteriano obtido a partir de amostrasale das termas de Monchique. Este
consoodrcio conseguiu remover 91% de U(VI) de unhacéo que continha 22 mg/L e 99%
de Cr(VI) de uma solugéo que continha 13 mg/Cd¥/1). Este estudo demonstrou que as
comunidades com capacidade para remover uraniotg¥ipém possuem capacidade para
remover cromio (VI). No entanto observaram-se diasrdiferencas na estrutura das
comunidades quando o uranio (VI) foi substituide pamio (VI). Através da analise
filogenética das bandas do TGGE, verificou-se qsge consorcios bacterianos com

capacidade para remover uranio eram maioritarisanemstituidos por bactérias afiliadas



com o génerclostridium e com a familidRhodocyclaceae, enquanto que as comunidades
estabelecidas na presenca do cromio (VI) eram iteiamente compostas por bactérias
pertencentes ao géne@ostridium e as familiadRhodocyclaceae e Enterobacteriaceae.
Este ultimo grupo foi somente detectado nas conadieisl com capacidade de remover o
cromio (VI). A presenca de bactérias nunca repagatbmo possuindo capacidade para
remover estes metais, como € o caso das bactéringente as familid@hodocyclaceae

e Enterobacteriaceae, foi uma importante descoberta encorajando a exgdo das
potencialidades destes microorganismos para finsiateemediacdo. Uma vez que estas
comunidades sdo constituidas por espécies ba@eripouco ou nada exploradas em
termos de biorremediacdo, o mecanismo envolvideensocdo de uranio (VI) ndo esta
ainda esclarecido. Tem sido demonstrado que osorgamismos possuem diversos
mecanismos de remocao de metais como por exemyphoudacado do metal no interior das
células, adsor¢do a superficie celular e alterdgdestado de oxidagdo do metal, tornando-
0 menos soluvel. Este Ultimo mecanismo é normaleneealizado por intermédio de
enzimas existentes nas ceélulas. Assim, para obtdrecimentos sobre a remoc¢ao de uranio
(VI) pelas comunidades bacterianas descobertasi@ntente, procedeu-se ao estudo do
mecanismo envolvido na remocéo de uranio (VI) dasddas comunidades bacterianas:
uma proveniente de um local ndo contaminado (tedaedgonchique) e outra proveniente
de uma mina de uranio (mina da Urgeirica). A reroa@ U(VI) foi testada na presenca de
células vivas, células mortas e produtos produzekbsacelularmente pelas bactérias. Em
ambos os consorcios observou-se somente remogd@/tlena presenca de células vivas e
verificou-se, através da analise de difraccao aior X, a presenca de U(IV) no precipitado
produzido biologicamente. Através da analise ddslast bacterianas por microscopia
electronica de transmissdo (TEM) observou-se aepgas de precipitados densos
maioritariamente na regido periplasmatica das a®lule ambos os consorcios e
precipitados arredondados no citoplasma de algudlatas do consércio proveniente das
amostras de solo das termas de Monchique. Estebackss sugerem que a remog¢ao de
uranio (VI) pelo consorcio bacteriano proveniente aimostras de solo das termas de
Monchique ocorreu por reducédo enzimatica e pordoimaulacdo, enquanto que a reducao
enzimética provavelmente foi o Unico mecanismo ko na remocdo de uranio (VI)
pelo consércio proveniente de sedimentos da mindrdairica. Os resultados da analise

por espectrometria de infravermelho por transfolmndd Fourier (FTIR) sugeriram que



depois da reducdo do uranio (VI), o metal poderdeaeligado aos grupos carboxilicos,
fosfato e amida existentes nas células bacteriahaanalise filogenética, baseada na
sequenciacdo do gene 16S rRNA, mostrou que a cdadmiproveniente de amostras de
solo das termas de Monchique era maioritariamentstituida por bactérias afiliadas com
0 géneroSporotalea e com a familiaRhodocyclaceae, enquanto que a comunidade
proveniente de sedimentos da mina da Urgeirica neagoritariamente composta por
bactérias afiliadas com o gén&lwstridium e também com a famillhodocyclaceae.

Tendo em conta que existe uma grande diversidadaict®rganismos na natureza é de
grande importancia pesquisar e caracterizar coradeglbacterianas resistentes a metais e
com capacidade para os remover. Com este trabalhseguiu-se demonstrar que é
possivel obter consoércios bacterianos a partirndestrtas ambientais com potencialidades
para serem aplicados em processos de biorremedigcaguas e efluentes contaminados
com metais. Conclui-se também que a exposicdo demirdidades a diferentes metais
promove o crescimento de diferentes populacoe®tachs, o que enfatiza a necessidade
de, para além de monitorizar a eficiéncia de remalp® metais, monitorizar as populacdes
bacterianas dominantes envolvidas nos estudos ateeimiediacdo. A identificacdo das
comunidades bacterianas, bem como o conhecimebte ae interac¢des entre as bactérias
e 0s metais poderdo contribuir para o desenvolvionda estratégias de biorremediacdo

mais eficientes.

Palavras-chave:Comunidades bacterianas, Biorremediacdo, AMD, idr@n), Cromio
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Chapterl

General Introduction



1. Introduction

Metals constitute about 75% of the known elemeniey are distributed all over the earth
(Raab and Feldmann, 2003; Gadd 2010) and are ystlafisified in the following three
categories: toxic metals (such as Cr, Zn, Cu, Mi, &5, etc.), precious metals (such as Pd,
Pt, Ag, Au, etc.) and radionuclides (such as U,R&, Am, etc.) (Bishop, 2002; Wang and
Chen, 2006). Metals are a kind of resource thdtersoming rarer. However, due to their
increasing application, the heavy metals pollutias accordingly become one of the most
serious environmental problems.

Current and past mining activities are considersedttee principal sources of metal
contamination in soils and waters (Johnson andbided, 2005). The miningndustry
produces acidic wastewaters containimgh concentrations of sulphate, heavy metals and
metalloids (such as arsenic) (Naggiadl., 2000; Garciat al., 2001; Johnson and Hallberg,
2005). Such waters, known as acid mine drainageIAMre considered one of the major
environmental problems faced by the mining indestiiChockalingam and Subramanian,
2009). Uranium mining activities have also resuliedhe generation of large amounts of
wastes containing different heavy metals and radibbtles with severe impact in the
environment (LIloyd and Macaskie, 2000). Moreovdthwhe rapid development of several
industries (including energy and fuel productioerstifizer and pesticide, electroplating,
photography, dyes, textile), wastes containing feedee directly or indirectly discharged
into environment (Barnhart, 1997; Bishop, 2002; Wamd Chen, 2006). Heavy metal
contamination represents a severe environmentaecorowing to their hazardous impact,
causing serious damage to human health, biodiyessitl ecosystems (Navareb al.,
2008).

Physicochemical methods, such as chemical newtiliz followed by hydroxide or
carbonate precipitation of metals, solvent extoagtion exchange processes, adsorption on
activated carbon and membrane technologies havedm®wentionally employed for heavy
metals removal from industrial wastewaters (Lan@yet977; Shokes and Moller, 1999;
Burgess and Stuetz, 2002; Wang and Chen, 2006).et4mw these methods have
significant disadvantages, such as incomplete metaloval, cost (high reagent and/or

energy requirements) generation of toxic sludgetber waste pollutants, and they are not



selective enough to allow the recovery of heavyaisepresent in the effluent (Chubsir
al., 2004; Saeeckt al., 2005; Chenet al., 2008). For theses reasons, research and
development focused on the search of better decomééion methods and new
technologies has been intensive.

Bioremediation strategies based on the use of mmigemisms are considered a potential
alternative and an economically attractive apprdhelh offers several advantages over the
traditional techniques, such as low operating castimimum production of disposable
sludge volume and high efficiency in detoxifyingryedilute effluents (Valls and de
Lorenzo, 2002)However, heavy metals are generally toxic for macganisms, due to
substitution of essential ions on cellular sitesd @lockage of functional groups of
important molecules such as enzymes (Gonzalez-Sval., 2009). This results in
denaturation and inactivation of enzymes and dissapof cell organelle membrane
integrity (Saniet al., 2001; Cabreraet al., 2006). In order to develop an efficient
bioremediation process, selection of the most ieffitcmetal-resistant bacteria is required
The present study focuses in the identification elnaracterization of anaerobic bacterial
communities with high metal resistance and abilirymetal removal, thus with potential
for application in bioremediation processes foatingent of wastewaters containing metals,
namely AMD, wastewaters containing uranium and stdal effluents contaminated with

chromium.

2. Wastewaters containing metals

2.1. Acid mine drainage

Acid mine drainage (AMD), also known as acid roc&idage (ARD), results from mining
activities where pyritic minerals have been expoeavater andoxygen (Romaret al.,
2008). During mining exploration oxygen and water wasrddtuced into the deep
geological environment leading to the oxidationnoinerals (Christensent al., 1996;
Bankset al., 1997). Oxidation also occurs when reduced misefaainly sulphide) are
brought to the surface and deposited in heaps @anlkal., 1997). The oxidation of

sulphide minerals leads to the formation of acidiastewaters containingigh
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concentrations of sulphate and metallic ions, kn@snAMD (Kaksonen and Puhakka,
2007; Costaet al., 2008; Pérez-Lopert al., 2008). Metals concentration in AMD is
determinate by the composition of the mineralse Tow concentration of organic matter
(below to 20 mg/L) presents a problem for bioreragdn of these wastewatefdohnson
and Hallberg 2003).

AMD is currently one of the most widespread fornigollution worldwide Tabaket al.,
2003, Pinto and Silva, 2005). This problem is alspy important in Portugal where
extensive sulphide mining activities played an imgat role from pre-historic until recent
times. Nevertheless, in the last decades practicll the mining activities have been
suspended and as a consequence several mineasitebden left untreated (Oliveigaal .,
2000). Portugal has about 175 abandoned mine aiigsl4% of the 85 abandoned mines
studied by Oliveiraet al., in 2002, were found to generate AMD and/or toepashigh
degree of environmental risk. Examples of such s®wf pollution are mines of S.
Domingos (Fig. 1.1), Aljustrel, Caveira and Lou@ihto and Silva, 2005).

i

Fig. 1.1 S&o Domingos mine: open pit lake (left) and AMOgtit). (Photos: Monica
Martins).

The abandoned copper mine of Sdo Domingos, lodatdtértola (Beja District)s one of
the most emblematic Portuguese mining sites in Ibexian Pyrite Belt (IPB). The
beginning of mining exploitation in the area dabeak to the pre-Roman period, remaining
in activity until 1966, when it was definitely cled. The intense mining activity is reflected
by the presence of huge volumes of AMD (Pérez-L&giegt., 2008). The AMD from S.
Domingos is highly acidic (pH around 2) and is euéerised by high concentrations of
heavy metals, mainly Fe (500 mg/L), Cu (50 mg/Lj) @10 mg/L) and sulphate (3100
mg/L) (Costa and Duarte, 2005; Costaal., 2008). These characteristics make this AMD

4



an excellent candidate for the application of attreent based in the SRB activity for metal
precipitation through biologic sulphate reduction.

2.2. Wastewaters containing radionuclides

Uranium mining and mineral processing for produttad nuclear power have resulted in
the generation of significant amounts of wastegaiomg radionuclides (mainly uranium)
with severe impact on environment (Gorby and LoyE§92; Choudhary and Sar, 2009).
Due to the use of sulphuric or nitric acid as estlats in the operation, these wastewaters
are generally characterised by very low pH, higiele of uranium, heavy metals, sulphate
and nitrate (Yiet al., 2007).

Portugal was particularly rich in uranium minegy(dJrgeirica, Cunha Baixa, Quinta do
Bispo, Vale de Abrutiga) (Pinto and Silva, 200%).the last century 4370 tons og@j,
radio salts and about 13 millions tons of differémds of wastes were produced in
Portugal (Nercet al., 2003). Underground and open pit mining were tla@nnextraction
techniques used, as well iassitu-leaching to recover uranium from the poorest dter¢

et al., 2003). Wastewaters produced inysitu-leaching process still persist in all of the
areas where uranium mining occurred, even afteexipdoration has ceased (Pereastal .,
2008). The abandoned uranium mine of Urgeiricategtan Canas de Senhorim (Viseu
district, North Portugal) is an example of suchrseuof contamination. Urgeirica mine
exploration began in 1913 for radium extraction dhi$ activity was maintained until
1944, After this year, this mine was exclusivelydidated to the production of uranium
(Madrugaet al., 2001). The mine exploration has been stoppelardéecade of 90.
Radionuclides like uranium are of particular comcgue to their high toxicity and long half
lives. Uranium can be characterised as a heavyileland slightly paramagnetic metal and
is widely dispersed in the earths crust, rocks soit at the level of about 2-4 ppm by
weight (Gavrilescuet al., 2009). Uranium is in fact more abundant than gaiter,
mercury or cadmium (Gavrilesatial., 2009).

Natural uranium exists in three different formo{epes):>%U, U, and®*, in relative
abundances of 99.27 %, 0.72 %, and 0.0055 %, regplgc(Eisenbud and Gesell, 1997).
Uranium can exist in the +3, +4, +5 and +6 oxidatgiates, however only U(IV) and



U(VI) are stable in agueous solution. Uranium existsolution predominantly as U (VI) in
the form of divalent oxocomplex (U&) and as soluble carbonate complexes (Gavrilescu
et al., 2009).

Uranium (1V) is very insoluble forming uraninite QJ), on the other hand uranium (VI) is
much more soluble and mobile (Gavrilegtwal., 2009). Therefore the reduction of U(VI)
to U(IV) by some microorganisms has been viewedaapotential mechanism for

sequestration of environmental uranium contaminafWwall and Krumholz, 2006).

2.3. Wastewaters containing chromium

Chromium is one of the metals most widely usedha industry. Consequently, large
amounts of chromium are discharged into the enuiemt (Remoundakdt al., 2007) due
to inadequate waste treatment (Chen and Hao, 19%8jther tanning, electroplating,
metallurgy, petroleum refining, textile manufachgiand metal finishing are the major
sources of chromium discharge (Barnhart, 1997; Rewakiet al., 2007).
Textile manufacturing is considered as the modupng of all industrial sectors (Kheliét
al., 2009). In fact, several pollutants are presenteitile effluents such as dyes, heavy
metals (e.g. chromium) and sulphatdts (Cetinet al., 2008). Thechromium complex in
textile dyes is formed through the chemical reactietween GOz and a variety of azo
organiccompounds (Cetiet al., 2008). Thestructure of these chromium complexes is very
stable and hard tadestroy (Deleeet al., 1998). In the automotiveector, hexavalent
chromium is used in surface treatment in order ieuee anti-corrosion protection of
metallic components in steel or aluminum, frictfanilitation and decoratio(Remoundaki
et al., 2007).
The aqueous solubility of chromium and its toxiarg strongly dependent on its oxidation
state (Chardiret al., 2002). Chromium exists in a number of oxidatitatess being the
most stable and common forms the trivalent, Cr(lhd the hexavalent, Cr(VI),
(Remoundaket al., 2007; Thackeet al., 2007). Cr(VI) is highly soluble and thus, mobile
and bio-available in aquatic systems (Chengl., 2006). Cr(VI) is known as carcinogenic
and mutagenic, being actively transported intosceila the anion transport pathway
(Stearns et al., 1995; Flores and Pérez 1999; eSali., 1999). In contrast, Cr(lll) has
relatively low toxicity and tends to form insolulded strong complexes with hydroxides at
6



neutral pH (Raket al., 1989;Palmer and Wittbrodt, 1991Riotransformation of Cr(VI) to
non toxic Cr(lll) by microorganisms offers an ecaonocal and eco-friendly option for

treatment of waters contaminated with chromi@falet al., 2005).

3. Biologic sulphate reduction applied in the treanent of

wastewaters containing metals

The role of SRB in acid mine waters was first exgtbby Colmer and Hinkle (1947) and
since then microbial remediation of sulphate andaientaining wastewater was applied
in several passive and active processes (Tettté., 1969).Due to combined removal of

metals and sulphate, the biological treatment \BIRB is considered the most promising
alternative for the treatment of several types rafustrial wastewaters, namely AMD

(Johnson and Hallberg 2005; Necuktaal. 2007).

3.1. Diversity of sulphate-reducing bacteria

SRB constitute a diverse group of prokaryotes pighetically and metabolically versatile
and may represent the first respiring microorgasismith subsequent role in the
biochemistry of the various environments (Bartod &auque, 2009). Until the early 1980s
it was thought that sulphate reducers played onlgniaor part in the carbon cycle.
However, through the research carried by Fritz Widd980), it was discovered that SRB
are the main players in anaerobic carbon cyclingy®ér and Stams, 2008). SRB have
successfully adapted to almost all the ecosystentiseoplanet and consequently they are
widespread in anoxic habitats such as marine sedanenydrothermal vents and
hydrocarbon seeps (Muyzer and Stams, 2008; BaridrFauque, 2009). SRB can also be
found in habitats with extreme pH values such asingiwastewaters, where pH can be as
low as 2 and in soda lakes, where pH can be asasdl® (Muyzer and Stams, 2008). They
are also present in aquifers and in engineerece®gst such as anaerobic wastewater
treatment plants (Muyzer and Stams, 2008; BartohFauque, 2009).
Based in analysis of 16S rRNA gene sequences,ntwrk SRB can be grouped into seven
phylogenetic groups: five within the bacteria awd within the Archaea (Table 1.1).
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Table 1.1Phylogeny of sulphate-reducing prokaryotes (Caattab., 2000; Garrityet al.,
2003; Meyer and Kuever, 2007; Muyzer and Stams8200

Phylum Class Family Genus

Desulfovibrionaceae Desulfovibrio

Desulfacinum;
Syntrophobacteraceae Desurforhabdus

Desulfovirga

Thermodesulforhabdus

Syntrophaceae Desulfomonile
Desulfobacca

Desulfobacterium
Desulfobacter
Desulfobacula
Desulfobotulus
Desulfocella
Desulfobacteraceae Desul fococcus
Desulfofrigus
Desulfonema
Desulfofaba
Desulforegula
Desulfosarcina
Desulfospira
Desulfotignum

Proteobacteria Delta-

proteobacteria
Desulfobul bus
Desulfocapsa
Desulfobulbaceae Desulforhopalus
Desulfofustis
Desulfortalea
Desulfarculaceae Desurfarculus
Desulfonatronumaceae  Desulfonatronum
Desulfomicrobiaceae Desulfomicrobium
Desulfocaldus
Desulfohal obium
Desulfohalobiaceae Desulfonatronovibrio
Desulfonauticus
Desulfothermus
Desulfotomaculum
Firmicutes Clostridia Peptococcaceae Desulfosporosinus
Desulfosporomusa
Thermo- Thermo- Thermo- Thermodesulfobacterium
desulfobacteria desulfobacteric desulfobacteriaceae Thermodesul fatator
Nitrospira Nitrospira Nitrospiraceae Thermodesulfovibrio
Unclassified Unclassified = Thermodesulfobiaceae Thermodesulfobium
Euryarchaeota Archaeoglobi Archaeoglobaceae Archaeoglobus
Crenarchaeota Thermoprotei Thermoproteaceae Thermocladium
Caldivirga




All of the SRB groups are characterised by the& of sulphate as a terminal electron
acceptor during anaerobic respiration. Most of thdphate reducers belong to
Deltaproteobacteria. The majority of SRB of thisasd are mesophilic, however
Desulfacinum and Thermodesulforhabdus are thermophilic (Castret al., 2000). The class
Clostridia contains SRB affiliated toDesulfosporomusa, Desulfosporosinus and
Desulfotomaculum. This bacterial group includes the only SRB knotenform heat-
resistant endospores (Casibal., 2000) and all are Gram-positive. Some species of
Desulfotomaculum are thermophilic, although their optimal growtimfgeratures are lower
than those of thermophilic Gram-negativBegulfacinum and Thermodesulforhabdus
genera) and archaeal sulphate reducers (Castto al., 2000). The
Termodesulfobacteriaceae, Nitrospiraceae and Thisudfobiaceae families only contain
thermophilic SRB. Within Archaea, at present orlyee genera of sulphate reducers are
known: Archaeoglobus, Thermocladium and Caldivirga genera. The archaeal sulphate
reducers exhibit optimal growth temperatures ab®8C, however they can survive at

lower temperatures (Castebal., 2000).

3.2. Sulphate reduction and metals precipitation

3.2.1 Assimilatory and dissmilatory sulphate redugon

Several microorganisms reduce sulphate in the sanadlunts required for the synthesis of
cellular material. This small-scale reduction ofpbate has been known by assimilatory
sulphate reduction (Peck, 1961). In assimilatoiplsate reduction, sulphide is not usually
produced in detectable amounts from sulphate. Aongnoup of microorganisms have the
ability to reduce sulphate in great excess of tatral requirements and thus massive
amounts of sulphide are produced (Peck, 1961). [Enge-scale reduction of sulphate to
sulphide has been identified by dissimilatory salghreduction. In dissimilatory sulphate
reduction (also called sulphate respiration) micgaaisms use sulphate as an external
electron acceptor in the oxidation of energy subss resulting in the production of
sulphide (Peck, 1961; Barton and Fauque, 2009). mhgr group of microorganisms
known to be dissimilatory sulphate reducers are SRi2 pathway of dissimilatory and



assimilatory sulphate reduction is described in. R (Peck, 1961; Postgate, 1984,
Madiganet al., 2003; Barton and Fauque, 2009).

ATP PPi —> 2 Pi ATP ADP
sozr |87 APS W | PAPS
4 ¥, ,
ATP-sulfurylase 2 APS-kinase
e

PAPS-reductase
APS-reductase

80,2 | + AMP S0,> |+ PAP
2e .
or }/\ Dissimilatory 6e
Ge sulphite reductase N
TN 8306 1
Dissimilatory 26
sulphite reductase V e- .
Trithionate reductase
§,05*
f 2e
Thiosulphate reductase M
S2- S
Dissimilatory sulphate Assimilatory sulphate
reduction reduction

Fig. 1.2 Dissimilatory and assimilatory sulphate reductiadenosine triphosphate (ATP),
adenosine diphosphate (ADP), adenosine 5 -phosjgiega (APS), inorganic
pyrophosphate (PPi), adenosine monophosphate (AMpBYpsphoadenosine 5'-
phosphosulphate (PAPS) and phosphoadenosine 5pipdtes (PAP). (Adapted from
Postgate, 1984; Madigaal., 2003)

The first step of assimilatory and dissimilatorypiate reduction is the activation of the
sulphate ion. Sulphate is the unique electron d@océipat must be activated before it can be
reduced. This activation is made by means adendsipigosphate (ATP). The enzyme
ATP-sulfurylase catalyzes the binding of sulphategphosphate group of ATP molecule,
forming adenosine 5°-phosphosulphate (APS) andgaroc pyrophosphate (PPi) (Peck,
1961; Postgate, 1984; Madigahal., 2003; Barton and Fauque, 2009). APS structure is
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similar to ATP but two of the phosphate groups diPPAare replaced by a sulphate group
(Postgate, 1984). The formation of PPi is thermadayically unfavourable, therefore the
reaction needs to be pulled to completion. This teaction was carried by an inorganic
pyrophosphatase (pyrophosphate phosphohydrolasehwhydrolyzes PPi forming
phosphate (Peck, 1961; Madigetral., 2003; Barton and Fauque, 2009).
In dissimilatory sulphate reduction APS is reduckectly to sulphite (S€) with the
release of adenosine monophosphate (AMP). Thigiosars catalyzed by APS-reductase
and it is the first redox reaction. In assimilgtoeduction, another phosphate group is
added to APS forming phosphoadenosine 5 -phospplostd (PAPS) in the presence of
the enzyme APS-kinase. Then PAPS is reduced tdiseldy PAPS reductase, with the
release of phosphoadenosine 5 -phosphate (PAPK,(P@61; Postgate, 1984; Madigain
al., 2003; Barton and Fauque, 2009).
The six-electron reduction of sulphite to sulphidast compensate the energy investment
of sulphate activation and yield additional ATP fwowth (Barton and Fauque, 2009). The
mechanism of sulphite reduction to sulphide is ssha controversial and two different
metabolic pathways have been proposed (Fig. 1@t¢ate, 1984; Madigaet al., 2003;
Barton and Fauque, 2009):

1) Sulphite is reduced to sulphide in one step, catalyby dissimilatory sulphite

reductase (DSR) without the formation of free intediates.
2) Sulphite is reduced to sulphide in three steps gudimo free intermediates:
trithionate ($0s%) and thiosulphate ¢(©3%).

In the dissimilatory sulphate reduction, sulphideskcreted into the environment whereas
in assimilatory reduction, the sulphide formed mmediately converted into organic
sulphur compounds, such as amino acids (Madéyah, 2003).
The resulting sulphide from dissimilatory sulphadeuction may dissociate according to
the environmental conditions. The following equilim equations describe this
dissociation (Johnson and Hallberg, 2005):

HS— HS +H  pKa=6.9 (25°C) (1.1)

HS & $ +H' pKa=12.9 (25°C) (1.2)
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In the optimum pH for SRB activity (around 7}$and HSare the predominant sulphide

forms.

3.2.2 Metal precipitation by biologic sulphide

SRB are anaerobic microorganisms that use sul@sateterminal electron acceptor for the
degradation of organic compounds, resulting ingheduction of hydrogen sulphide and
alkalinity (Kaksonen and Puhakka, 2007; Muyzer &tdms, 2008; Qiwet al., 2009).
Biologic hydrogen sulphide reacts additionally wittertain metals dissolved in
contaminated waters forming insoluble precipitgi@hite et al. 2003, Costa and Duarte
2005, Vega-Lopeet al. 2007) and, as a result, the concentrations ohsitépand dissolved
metals are reduced. The biological transformaticocess is described in the following
reactions, where Ci represents the electron donor and khetals, such as Zh Cu*",
Ni?*, Cd*, Fé*, Hf*, PF or Cd* (Kaksonen and Puhakka, 2007; @iwl., 2009):

2 CHO + SQ% —H,S (g) + 2 HC@ (1.3)
HoS + M — MS (s) + 2H (1.4)
HCOs; + H — CO, (g) + HO (1.5)

The potential advantages of metal sulphide pretipit include production of lower sludge
volume and lower solubility of the metal sulphidgenerated compared with the
corresponding hydroxides or carbonates (Table (B2yrakdaret al., 2009; Gonzalez-
Silvaet al., 2009). Moreover, a high degree of selective matatipitation is possible with
sulphide, as opposed to hydroxide precipitatio.(Ei3) (Huismaret al., 2006). Optimal
pH values for precipitation of several metals hé&esn suggested by Hammaekal.
(1994), Govindet al. (1997) and Tabakt al. (2003): copper can be precipitated as CuS at
extremely low pH values (pH 1.0) without precipitation of other metals, wheyre&anS
precipitates at pH values between 2 and 5. Moredwvefil) does not precipitate as FeS
until pH reaches values above 4.5. Thus, a sekgtigcipitation of metal sulphides by pH
control can be an additional advantage.
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Table 1.2 Solubility product constants of several metalshwitydroxide, carbonate and

sulphide ions, K, at 25°C (Sillen and Martell, 1964).

Chapter 1: General introduction

Ksp

Metal OH" COs~ s

cu’ 2.0 x 10" 1.3 x 10™ 1.0 x 10
Fef* 2.0 x 10" 5.0 x 10" 1.0 x 10"
zn* 5.0 x 10" 1.0 x 10 1.0 x 10%
Cd* 2.0 x 10 2.5 x 10 1.0 x 107
PK 4.0 x 10" 1.6 x 10" 1.0 x 10”®
Ni2* 2.0 x 10'° 1.3 x 10 1.0 x 107

Fig. 1.3 Solubility of metal hydroxides and sulphides asction of pH (Huismaret al.,

2006).

Soluble Metal Corcentration, wmg/)
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3.3. Electron donor and carbon source for sulphateeducing bacteria

SRB are known to utilise hydrogen and a numberimmple organic compounds such as
carboxylic acids (e.g. formate, lactate and acgt@talcohols (e.g. ethanol and methanol)
as energy sources (Table 1.3) (Liamleam and Anneegha007). Oxidation of organic
compounds can be incomplete with acetate as admjupt or complete, leading to the final
production of carbon dioxide (Postgate, 1984; Muyaread Stams, 2008). SRB that degrade
organic compounds completely normally also useaéeeds carbon and electron source
(Postgate, 1984; Muyzer and Stams, 2008).

Table 1.3 Sulphate reducing reactions with different electdonors. Gibbs free energy
changes were calculated from Thaeteal. (1977).

Substrate Equation AG°
(kJ/reaction)
Hydrogen 4H,+ SQ® + H'— HS + 4H,0 -151.9

Lactate 2CH;CHOHCOO + SQ* — 2CHCOO + HS + 2HCQ + H*  -159.6

Formate  4HCOO + SQ* + H" — HS + 4HCQy -146.7
Acetate CH3;COO + SQ* — HS + 2HCQ -47.3

Ethanol 2CH;CH,OH + SQ* — 2CH,COO + HS + 2H,0 + H' -132.7
Methanol 4CH;OH + 3SQ“ — 4HCQ; + 3HS + 4H,0 + H' -361.7

Thermodynamically, sulphidogenesis with hydrogerelastron source is more favourable
than with acetate or formate and would be a redatisnexpensive substrate (Lessal.
2003; Fedorovichet al. 2000; Nagpalet al. 2000. However, engineering and safety
requirements are needed at a commercial scale rftdnigt al. 2006; Kaksonen and
Puhakka, 2007) which largely contribute to incretmeinvestment and operating costs of
the process. Most SRB that use hydrogen as eledwaor are able to grow on formate
(Liamleam and Annachatre, 2007).

Acetate is a key intermediate in the breakdown gjanic substances in anaerobic

processes and can be used as an electron donocadmh source by some SRB. However,
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low biomass yield is achieved with this substrétaksonen and Puhakka, 2007; Liamleam
and Annachatre, 2007). Lactate is the carbon somast widely used by SRB (Postgate
1984; Barnes 1998; El Bayoungy al., 1999). Although lactate promotes high biomass
yield and high alkalinity production, this subs&ratould be too expensive for a large scale
process (Kaksonen and Puhakka, 2007; Liamleam amdchatre, 2007). Methanol is of
particular interest as electron donor because ite&dily available and cost effective
(Kaksonen and Puhakka, 2007; Liamleam and Annagh2®07). Methanol can be directly
used by SRB or indirectly used via the involvemehbther anaerobic microorganisms.
The growth of SRB with methanol is slow and metlgers can compete for it with SRB
under mesophilic conditions (Kaksonen and Puhakk®7; Liamleam and Annachatre,
2007). According to the literature, ethanol seembd the most cost effective substrate
(Huismanet al., 2006; Tsukamotet al., 2004). However, a draw-back of using this carbon
source is a rather low growth rate of SRB (Kaksoaed Puhakka, 2007; Liamleam and
Annachatre, 2007). Furthermore, the incomplete atbioth of ethanol does not produce
alkalinity and leads to acetate accumulation (Kaksoand Puhakka, 2007; Liamleam and
Annachatre, 2007).

Several natural sources of organic materials sgraselectron donors and carbon sources
have been already investigated. Zageryl., (2006) investigated several carbon sources
for biological sulphate reduction in the treatmerit AMD: maple wood chips, leaf
compost, conifer compost and poultry manure. Thbaudemonstrated that a mixture of
organic materials was most effective compared wiitlgle natural organic substrates. In the
study of Changt al. (2000) oak chips, spent mushroom compost and argah soil were
tested as electron donors for SRB. Results shohestdspent mushroom compost is better
electron donor compared to oak chips and orgaaiicsoil (Changt al., 2000). Boshof&t

al. (2004) showed that tannery effluent can be usedasbon and electron source by SRB
in the treatment of AMD. Gibergt al. (2004) showed that sheep manure was the best
substrate for SRB followed by poultry manure anHl leaf. The efficacy of lignocellulose
as a carbon source for sulphate reduction has teeemtly demonstrated by Rometnal.
(2008).

The selection of the carbon source depends to @ grdent on the degradability of the
organic substrate and on the composition of theéebiat community. Normally, complex

organic compounds are not direct substrates for §RBnleam and Annachhatre, 2007,
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Muyzer and Stams, 2008). Therefore, SRB are dep¢rate other microorganisms that
degrade these substrates and ferment them to psoithat can be used as carbon source by
SRB (Liamleam and Annachhatre, 2007; Muyzer andmSta2008) (Fig. 1.4). The
syntrophic relationships established between variguicroorganisms allowed the
degradation of complex molecules, such as glucasd, the use of the corresponding
degradation products by SRB (Zhabal., 2010). MoreoverClostridium sp. has been
reported as playing an important role in fermentimgplasses and glucose, and as
cooperating with SRB for sulphate reduction (Bruggen and Gottschalk, 2009). The
involvement ofLactobacilli, other fermentative bacteria, in molasses ferntemtavas also
reported when this substrate was provided as electonor for sulphate reduction (Maree
et al., 1986). The co-existence of SRB and fermentataedria may be the key factor for

the utilization of complex organic substrates abaa sources for sulphate reduction.

Organic macromolecules

(proteins, polysaccharides and lipids)

l Hydrolysis

Monomers

(amino acids, sugars and long-chain fatty acids)

l Fermentation sO2>
Reduced compounds Sulpha.te
reduction
(lactate, butyrate and propionate) -

S0,

Sulphate reduction

-
-

A\ SO > sz
H, Acetate
Sulphate reduction

SO >

§2- :
Sulphate reduction

5>

Co,

Fig. 1.4 Schematic representation of anaerobic microbial ratigion of organic
compounds in the presence of sulphate (adapted¥toyzer and Stams, 2008).
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3.4. Sulphate-reducing based processes

The bioremediation processes can be categorized timd types: passive and active
treatments systems (Jonhnson and Hallberg 2005df&k and Puhakka, 2007).

3.4.1. Passive biologic treatments
Passive applications for treatment of groundwatertaminated with metals include the
enhancement of the microbial activity in groundwatquifers through substrate injection
or permeable reactive barriers (Kaksonen and Puhd&@07) (Fig. 1.5a and b). Permeable
reactive barriers consist of zones of reactive maténstalled across the flow path of
contaminated groundwater (Richardson and Nicklo@02). SRB reduces sulphate from
water by using the electron donors present in #reidy (Kaksonen and Puhakka, 2007).
This process generates alkalinity and precipitabbmetals as sulphides. The success of
this type of treatment depends on the selectioth@fmaterial that composes the barrier.
Gravel can be mixed with organic material to inseethe permeability and limestone may
be added to provide additional alkalinity (Waybrantal., 1998; Amos and Younger,
2003).
Infiltration beds and wetland systems are passearents that can be applied for surface
contaminated waters (Kaksonen and Puhakka, 20@7) X/5c and d). Infiltration beds are
used for treating contaminated surface waters simalar manner as reactive barriers are
used for groundwater. The bed contains organic ma#gethat support the growth and
activity of sulphate reducers and is covered withrapermeable liner that helps to create
anaerobic conditions (Jonhnson and Hallberg 20G&ksknen and Puhakka, 2007) (Fig.
1.5¢).
Wetlands have been recognized for several yearkvascost systems to treat metal
containing wastewaters (Jonhnson and Hallberg 26GHsonen and Puhakka, 2007).
These systems have been applied for the removaulphate, metals and radionuclides
from mine waters (Jonhnson and Hallberg 2005; Ka&saand Puhakka, 2007). Wetlands
can be classified as aerobic and anaerobic. Thernodjective of the aerobic wetland
systems is to enhance the oxidation and hydrolgeastion of metals and to retain the
resulting metal precipitates (Jonhnson and Halll#0@5; Kaksonen and Puhakka, 2007).
The hydrolysis of metals produces acidity and cqusatly this type of system is generally
17



constructed to treat waters that are alkaline. Blaltytes are normally planted in aerobic
wetlands for aesthetic reasons as well as to regulater flow and to filter and stabilise the
metal precipitates (Jonhnson and Hallberg 2005sKa&n and Puhakka, 2007).

a) b)
Substrate Reactive
injection @ barrier

4_.
- >
- >
< >
Polluted Polluted
groundwater groundwater
d)

Gravel

Impermeable liner

Impermeable liner

Fig. 1.5Passive treatment based in sulphate reductiorANID: a) substrate injection, b)
permeable reactive barriers, c) infiltration bedd d) anaerobic wetland systems (adapted
from Kaksonen and Puhakka, 2007).

Wetlands supplement with submerged organic sulesaet called anaerobic wetland or
compost bioreactors (Fig. 1.5d). These organictsaties stimulate microbial activity. The
biologic reactions that occur in anaerobic wetlam@erate alkalinity and biogenic
sulphide and therefore may be used to treat wastesvéhat are acidic and metal rich
(Jonhnson and Hallberg 2005; Kaksonen and Puh&ki&,). Macrophytes can be used in
anaerobic wetlands but only for aesthetic reasBesetrating plant roots may cause the
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ingress of oxygen into anaerobic zones which isaumirable to reductive processes
(Jonhnson and Hallberg 2005).

Passive biological treatment approaches offer logt-and minimal maintenance solutions
for treating metal containing wastewaters, and they are also suitable for remote mining
areas. However the required area may be largemttal recovery is difficult, and the
control and predictability of the process poor doeseasonal variations (Kaksonen and
Puhakka, 2007). To minimize the weaknesses of yasgatment, SRB can be selectively
enriched and their activity used in more controllbabreactors (active treatments)
(Kaksonen and Puhakka, 2007).

3.4.2. Active biologic treatments

Numerous reactor designs for biological sulphattucgon have been reported, such as
batch reactors, sequencing reactors, fluidized#eadtors, up-flow anaerobic packed bed
reactors and membrane bioreactors (see review kddfeen and Puhakka, 2007).

Biological sulphate reduction and metal precipiatcan be applied in single or separated
unit processes where the metals are precipitated far the biological step by recycling

either sulphide containing water opFicontaining gas (Fig. 1.6).

A Treated ] b)

Water

Sulphide

w

Treated 4 | [
Water

F s

30 AMD

AMD 1 |

Sludge

Fig. 1.6 Active treatment based in sulphate reduction,AMD: a) single-stage process
(up-flow anaerobic packed bed reactor), b) twoetpgcess with sulphide recirculation
(up-flow anaerobic packed bed reactor with a sgitle
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The single-stage treatment process is a low-cdstiso for AMD decontamination, but it
may not be viable if the wastewater is very acmlicontains high concentrations of heavy
metals. Many single-stage treatment systems haireedt alkaline materials to generate
additional alkalinity. Barrost al. (2009) showed that the incorporation of a solicstea
material (calcite tailing) in the bioreactor proegdadequate conditions for simultaneous
removal of metals and sulphate from AMD.

Active systems where metals precipitate prior te Hiological step allow a selective
precipitation of metal sulphides which can be adittmhal advantage (Tabak al., 2003;
Huismanet al., 2006). By controlling the pH and sulphide concatmbn, metals can be
selectively recovered from a multi-metal waste aguee metal-sulphide based on their
different solubilities (Fig. 1.3) (Tabaét al., 2003; Huismaret al., 2006). Tabalet al.,
(2003) developed a two stage process for metaragpn from AMD using sulphide and
hydroxide precipitation. In a recent study, Sahyaket al. (2009) showed the efficiency of
selective precipitation of copper and zinc in araeanbic baffled reactor. Moreover,
Bijmanset al. (2009) showed selective recovery of nickel ovenim a gas lift bioreactor.
At industrial stage, Thioteq technology is an exkmgf full-scale process which uses
sulphate reduction and metal precipitation in safear unit processes (Huismahal.,
2006). This technology has been developed by PaB¥esand has been applied with

success in treatment of metal and mining industxgtewaters (Huismaat al., 2006).

4. Biologic mechanisms applied in metal removal

Metals can be classified into essential and tol@ments for each organism. Iron, copper,
zinc, calcium, manganese, magnesium, sodium arabgiam are metals that are essential
for most organisms (Raab and Feldmann, 2003). Hexyeassential metals can be toxic
when their concentration is higher than that respufior metabolism, at this point the metal
can act as inhibitor of metabolic pathways by gitgribinding to enzymes, or by forming

unwanted radicals or less stable reaction-prodaetistherefore wasting energy (Raab and
Feldmann, 2003). Therefore, microorganisms haveeldped a whole range of

mechanisms to deal with unfavorable environmentalddions, such as the presence of

higher concentration of metals, allowing their $uaV in extremely harsh conditions like
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soils and waters contaminated with metals (RaabFahdmann, 2003). In addition, these
microbe-metal interactions have played an importal# in the solubility and mobility of
metals in soil in waters (Lovley and Coates, 199he distribution of metals between
solid, soluble and volatile species was thought dofong time to result purely from
geological processes. The knowledge about the enfla of microorganisms on this
distribution grew over the last decades (Raab aidnann, 2003). Some microorganisms
act as geochemical agents promoting precipitatioamsformations or dissolutions of
minerals (Lovley and Coates, 1997; Raab and Feldm2003). For instance microbes can
dissolve metal ions, for example iron from pyriéed convert them into soluble species.
This mechanism can help in the leaching of thes#atoinants from soils (Lovley and
Coates, 1997; Raab and Feldmann, 2003). Moreovierpanganisms can also operate in
the opposite way by changing the redox state ofalmetonverting them to insoluble or
volatile species (e.g. Hf can be enzimatically reduced to volatile ®HgLovley and
Coates, 1997; Raab and Feldmann, 2003; Gadd, ZDi€)adsorption and accumulation of
metals by microbial biomass can also prevent furthggration of metals (Lovley and
Coates, 1997; Raab and Feldmann, 2003). Theseghbiofmocesses are considered as
important as the physicochemical reactions thatuodén the environment (Raab and
Feldmann, 2003). Nowadays these biologic mechanisraee explored in order to

developed efficient processes for treatment obsamld waters contaminated with metals.

4.1 Biosorption and bioaccumulation of metals

Biosorption and bioaccumulation have been demamestréo possess good potential to
replace conventional methods for the removal ofatsgfVolesky and Holan, 1995; Malik,

2004). The differences between biosorption and dgieaulation processes are listed in
Table 1.4. Biosorption is a metabolic passive psedey which metals are bound to the
surface of cells walls and occurs even with deammbiss (Lovley and Coates, 1997;
Chojnacka, 2010). This process is very similardoventional adsorption or ion-exchange
except that the sorbent is biologic (Lovley and t€sa 1997; Chojnacka, 2010).
Bioaccumulation is a metabolic active process whishperformed by living cells

(Vijayaraghavan and Yun, 2008; Chojnacka, 2010)thie bioaccumulation process the
metals accumulate inside the cells, and this psooesurs in two stages: the first, faster, is
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identical to biosorption, and the second stageckwis slower, includes metal transport into

the cells (mainly via energy active transport

ayste (Aksu and Do6nmez, 2000;

Chojnacka, 2010). Inside the cells the metals prede or are transformed into other

species by oxidation or reduction (Wang and Che062Yilmazer and Saracoglu, 2009).

Table 1.4 Comparison between biosorption and bioaccumulaf{Mijayaraghavan and

Yun, 2008; Chojnacka, 2010).

Features Biosorption Bioaccumulation
Mechanism Metals are bound to cellular Metals are bound to cellular surface
surface and accumulate inside of the cells

Biomass Not alive Alive

Cost Usually low High, the process involves living
cells, therefore costs with cell
maintenance are required

Selectivity Poor Better than biosorption

Versatility Good. The binding sites can Not very flexible. The process is

accommodate several metals
Rate of removal Fast
Metals affinity High

Metal recovery High, with proper selection ol
elutant.

Regeneration and High
Reuse

affected by high metals concentration
Slow
Depends on the toxicity of the metal

Even if possible, the biomass cannot
be used for next cycle

Very limited since most of the metals
are intracellularly accumulated

With the bioaccumulation process it is possibladach lower residual concentration of

metal in solution. Part of the metals is transpbiteo the cell releasing the binding sites

present in surface, therefore additional amounmetals can be bound, increasing the

removal rate (Chojnacka, 2010). On the other hémhccumulation is a more complex

process with more costs associated, since thisepsoaequires nutrients for cell

maintenance (Vijayaraghavan and Yun, 2008; Chojma2@10).
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Biosorption might be an important natural processrhetals concentration in soils and
contaminated aquifers. Furthermore a barrier ofrooiganisms with biosorptive abilities
could be applied in order to remove metals fronugdwater (Lovley and Coates, 1997).
The biosorption process can effectively sequesssotyed metal ions from dilute complex
solutions with high efficiency and quickly (Nortehal., 2004; Orharet al., 2006).

For a long time the mechanism of biosorption waknown. Several different processes
were thought to contribute to what was observeliasorption: surface complexation and
precipitation, physical adsorption and ion exchafg&ng and Chen 2006; Wang and
Chen 2009). Recently the dominating role of the exthange process was confirmed
(Chojnacka, 2010). Therefore the pH is the opemnationdition that most strongly affects
the efficiency of this process; pH determines tla@gnation or deprotonation of metal ions
binding sites and thus influence the availability tbe binding sites to metal cations
(Chojnacka, 2010). Generally the process of bjtsmm can be described as biological ion
exchange with binding groups present on the surfafceell walls such as hydroxyl,
carboxyl, phosphoryl and amino groups (Jiangl., 2004; Acharyat al., 2009).

The first major challenge for metal removal by lmoamulation and biosorption is to select
the most promising biomass. The biosorbents shbalkk high metal-binding capacity
(Wang and Chen, 2009). In addition, the bioaccutmgaorganisms should be resistant to
high concentrations of metals and they should meehmechanisms which protect from
excessive accumulation inside the cell (Deng antsdij 2001; Kocberber and Dénmez,
2007). They should have mechanisms of intracelloilading, for instance synthesis of low
molecular weight proteins, such as metallothionemisich bind the metals in order to
exclude them from metabolic processes. These potrie frequently synthesized as the
response to the presence of metal ions in the gromgédium (Martin-Gonzaleet al.,
2006). Moreover some bacteria belonging to geBeacilus, Acinetobacter, Pseudomonas
and SRBcan produce extracellular polymeric substanceSjEBeech and Cheung, 1995;
Pirog, 1997; Flemming and Wingender, 2001; Guibewal., 2005; Ueshimat al., 2008).
EPS are produced during microorganisms growth &ed tomposition depends on the
strain and the culture conditions. However, thegegally contain high molecular weight
compounds such as proteins, polysaccharides, glgtmps and lipopolysaccharides,

which possess a substantial quantity of anionic functignaups ¢arboxylic, phosphoric,
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amino, and hydroxyl groupgpontributing for metal adsorption to the biomé&kemming
and Wingender, 2001; Guibaeatal., 2005; Ueshimat al., 2008).

Several microorganisms have been investigatechtar metal binding ability under several
conditions (see reviews by Whang and Chen (200fay&raghavan and Yun (2008) and
Whang and Chen (2009)). Moreover the process obodpgtion has been recently
commercialized and BIO-CLAIM® is one of the biosents available on the market. This
product consists of bacteria of the geBasillus treated with caustic soda and immobilized
in polyethyleneimine (PEI) beads and glutaraldehi@eojnacka, 2010).

4.2. Metals reduction and precipitation

Microorganisms can remove a number of metals fitoeneinvironment by reducing them to
a lower redox state (Lovley and Coates, 1997). With approach the mobility and toxicity
decrease for several metals for instance U(VI) (t/YJand Cr(VI) to Cr(lll) (Wall and
Krumholz, 2006; Cheung and Gu, 2007; Gadd, 2010gtaM reduction can be a
detoxification mechanism or a metabolic processwinch metals are used as electron
acceptors in anaerobic respiration (dissimilatogtahreduction) (Lovley 1993; Slobodkin,
2005). Different physiological groups of bacteri@ aesponsible for dissimilatory metal
reduction such as SRB, thermophilic microorganisms(lll)-reducing bacteria and
fermentative bacteria (Slobodkin, 2005; Wall anditdholz, 2006; Cheung and Gu, 2007;
Mohapatraet al., 2010). Moreover, in recent years, attention hasnbfocused on the
application of this approach for recovery of platim group metalsLloyd et al. (1998)
reported that Pd(Il) was reduced to Pd(0) on ttasa ofDesulfovibrio desulfuricans with
hydrogen as electron donor. The enzyme implicatethis reaction was a hydrogenase
(Lloyd et al., 1998). Yonget al. (2002) demonstrated the application of this apgrda the
recovery of Pd(0) from industrial wastes containgojuble Pd(Il).Recently the reduction
of Rh(lll) and Pt(IV) by a mixed consortium of SR#as demonstrated Bygwenya and
Whiteley (2006) and Rashamuse and Whiteley (208&9pectively.Moreover, it was
discoveredthat two different hydrogenase enzymes were inwblvethe bioreduction of
platinum (IV) into platinum (0): First platinum ()Vwas reduced to platinum (ll) by

oxygen-sensitive novel cytoplasmic hydrogenasesaednd platinum (1) ion was reduced
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to platinum (0) by another two-electron bioreduatioinvolving an oxygen-
tolerant/protected periplasmic hydrogenase (Rigtat., 2009).

4.2.1. Dissimilatory reduction of radionuclides

It was been reported that several microorganisnes able to enzymatically reduce
radionuclides (Mohapatre al., 2010). For instance, the ability of SRB (Llostcal., 1998;
De Lucaet al., 2001), Thermoterrabacterium ferrireducens, Tepidibacter thalassicus
(Chernyhet al., 2007) andClostridium sp. (Francist al., 2002) for reduction of Tc(VII)
was demonstrated. The enzymatic reduction of Put@\WPu (l1l) has been documented for
Bacillus sp., Clostridium sp., G. metallireducens and S. oneidensis (Russinet al., 1994;
Boukhalfaet al., 2007; Francist al., 2007).

Geobacter metallireducens andShewanella putrefaciens were the first bacteria found to use
U(VI) as a terminal electron acceptor (Lovletyal., 1991). In 1992, Lovley and Phillips,
demonstrated that bacteria belonging to the gBmaslfovibrio were also capable of U(VI)
reduction. Since the pioneer work of Lovley andwsarkers in the early ninety’s (Lovlest
al., 1991; Lovley and Phillips, 1992) a number of teaal genera responsible for the
reduction of uranium (VI) have been describ€tbstridium (Franciset al., 1994; Gao and
Francis, 2008)Cellulomonas (Saniet al., 2002),Desulfotomaculum (Tebo and Obraztsova,
1998), Thermoanaerobacter (Slobodkin, 2005).

The dissimilatory reduction of U(VI) is achieved the enzyme uranium reductase in the
presence of hydrogen (equation 1.6) or organic camgs (equation 1.7) (Mohapatea
al., 2010). Upon reduction the highly soluble and rehi(VI) is converted to insoluble
U(lV), which then precipitates from aqueous solasio

U0, (ag)+ Ho — UO, g+ 2H' (1.6)
2UO,"" (aq) + CHO + HO — 2UQ; () + COy + 4H' (1.7)

Beside the dissimilatory U(VI) reduction, SRB caeduce uranium (VI) by indirect
pathway due to the production ot& during dissimilatory sulphate reduction. Halal.
(2006) suggested that the reaction stoichiometrichvhest represents U(VI) reduction by

hydrogen sulphide in anaerobic conditions couldheefollowing equation:
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U™ (agy+ HS — UQ, o+ S + H' (1.8)

The reduction of U(VI) to U(IV) requires two eleotrs, however the mechanism of this
microbial electron delivery has not yet been cosiglely determined for any dissimilatory
metal reducing bacteria (DMRB) (Wall and Krumhd&906).

A few uranium reductases has been purified andackenized from bacteria belonging to
genera Geobacter, Desulfovibrio and Shewanella (Lovley et al., 1993; Wade and
DiChristina, 2000; Lloydet al., 2003; Bencheikh-Latmangt al., 2005). Biochemical
characterization of the uranium reductase Gf sulfurreducens indicates that it is a
periplasmic cytochrome; (PpcA) with a molecular weight of 9.6-kDa. In witstudies
indicate that inDesulfovibrio vulgaris the uranium reductase activity with hydrogen as
electron donor is present in the soluble fractiord aequires cytochrome; and a
perisplasmic hydrogenase (Wade and DiChristinap200all and Krumholz, 2006). The
U(VI) reduction in S putrefaciens strain 200 occurred by outer membrane c-type
cytochrome (Wade and DiChristina, 2000; Wall anduridholz, 2006). By assays of
mutants ofS oneidensis MR-1 several proteins, including one involved iemaquinone
biosynthesis (MenC), periplasmic cytochrome (MtrAuther membrane protein (MtrB),
cytochrome localized in the cytoplasmic membrangr{&), were shown to be need for
optimal U(VI) reduction (Bencheikh-Lantmagtial., 2005).

4.2.2. Dissimilatory chromium (V1) reduction

The microbial reduction of Cr(VI) to Cr(lll) has &e one of the most widely studied forms
of metal bioremediation (Lovley and Coates, 19%icrobial Cr(VI) reduction was first
reported in the late 1970s when Romanenko and Kokei(1l977) observed the Cr(VI)
reduction byPseudomonas spp. grown under anaerobic conditions. Since theariety of
genera of bacteria were found with ability for CiVeduction under varying conditions:
Thermoanaerobacter (Roh et al., 2002), Desulfovibrio (Lovley, 1995; Goulheret al.,
2006),Desulfomicrobium (Michel et al., 2001, Chardiret al., 2002),Geobacter (Lovley et

al., 1993) andhewanella (Myerset al., 2000).

Cr(VI) serves as a terminal electron acceptor érttembrane electron-transport respiration

pathway, a process that results in energy conservébr growth and cell maintenance
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(Horitsu et al., 1987; Lovley and Phillips, 1994). Cr(VI) reductiddy microorganisms
consumes large amounts of protons which resulisarnncrease of the background pH. The
increase of pH facilitates the precipitation of teduced chromium as chromium hydroxide
as shown in equation 1.9 (Molokwaeteal., 2008):

CrOs% (ag+ 8H — CrP** + 3H,0 — Cr(OH); () +3H" (1.9)

SRB have been extensively studied for reductiormetals, including Cr(VI) (Lovley,
1995; Michelet al., 2001; Chardinet al., 2002; Goulheret al., 2006). Equation 1.10
illustrates biologic Cr(VI) reduction by SRB usitartate as a carbon source and electron
donor (Chardiret al., 2002):

CH;CHOHCOO + CRO# (ag + 4H" — CH,COO +COy + 2 Cr(OH) 5 (1.10)

In addition, SRB can also indirectly promote Cr(\8duction by sulphide production
which can abiotically reduce Cr(VI) (Lovley, 1995).

Periplasmatic and membrane associated enzymes faugne to mediate the process of
Cr(VI) reduction in anaerobic conditions (Cheungl &u, 2007). The cytochrome proteins
in out membrane are frequently involved in the &t transport from electron donor to
electron acceptor hexavalent chromium (Cheung amd2G07; Hong and Gu, 2009). The
enzymatic reduction of Cr(VI) iDesulfovibrio vulgaris was found to involve a solubtg
cytochrome (Lovley, 1995) while iDesulfomicrobium norvegicum a hydrogenase andca
type cytochrome catalyzed Cr(VI) reduction (Mickedl., 2001; Chardiret al., 2002).
Treatment based in the metals bio-reduction israeir@nmentally friendly method because
it avoids the use of chemicals and the reactiomsiroat ambient temperature (Renshaw
al., 2007; Mohapatrat al., 2010). Therefore dissimilatory reduction of U(\ahd Cr(VI) is

a potential mechanism for removing these metalm ftontaminated environments.
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5. Scope and organization of this thesis

The main goal of the research described in thisisheas to identify and characterize
anaerobic communities with high metal resistancd ability for metal removal by
different mechanisms. Moreover, the microbe-mat&dractions were also explored. The

organization of the objectives of this thesis isvgh in Fig.1.7.

Bioremediation of AMD Bio-removal of U(VI) and Cr{VI)

e ==

Search of SRB resistant to the main Effect of uranium (VI) on Chapter 6
Chapter 2 | heavy metals present in the AMD of S. two SRB cultures
Domingos mine

|

Search of an efficient and low
e cost carbon source for SRB

Anaerobic bio-removal of
uranium (VI) and chromium | Chapter 7

l (Vi)

Application of wine wastes as carbon
UL source in the biological treatment of

AMD
l 4
Dynamics of bacterial community in Mechanism of uranium
bioremediation process for AMD {VI) removal by two Chapter 8
Chapter 5 - . . A
treatment using wine wastes as anaerobic bacterial
carbon source communities

Fig. 1.7 Schematic organization showing the objectives Ardé¢spective chapters.

In Chapter 2 the tolerance of SRB consortia from several emwvirental sources to the
main heavy metals (Fe, Zn and Cu) present in th®AWS. Domingos mine is compared.
Generally, AMD is deficient in carbon sources/eleat donors and thus, an external
addition is required to achieve sulphate reductidmerefore, the choice of carbon source
for SRB activity can be the key-point to ensurenhpgrformance, long-term efficiency and
not less important the economical viability of theatment. ThusChapter 3 is devoted to
the study of the possibility of using two wastesnir food industry as sources of carbon
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compounds to promote sulphate reduction by the &RBortium selected in Chapter 2. In
Chapter 4 the application of the bacterial consortium anel Wastes from food industry,
previously selected in Chapters 2 and 3 respegtiuela bioremediation process for AMD
treatment is studied. The dynamic of the bact@aglulations in the bioremediation system
applied to the AMD treatment using wine wastes aban source was elucidated by
temperature gradient gel electrophoresis (TGGElyaisaand is presented @hapter 5.

The U(VI) reduction ability of SRB has been demaaistd (Lloydet al., 1998; De Lucat

al., 2001), consequently SRB are thought to have & bigremediation potential for
uranium-contaminated waters. Therefore,Ghapter 6, besides the assessment of the
efficiency of uranium bio-removal by two SRB enmaént consortia, the analysis of the
community structural shifts in these consortia, doethe presence of uranium is also
presented. Considering some similarities betweanium and chromium, namely the same
oxidation state of the most soluble form (VI) ame fpossible bio-reduction to insoluble
oxidation states, U(IV) and Cr(lll), the investigat concerning if the anaerobic bacterial
communities able to remove uranium (VI) are aldeative for chromium (VI) removal is
presented itChapter 7. The structure of the bacterial communities wibiity for uranium
(VI) and chromium (VI) bio-removal is also comparedthis chapter. The mechanism
involved in uranium (VI) removal from aqueous sauat by two anaerobic bacterial
consortia (selected in the Chapter 7) is presemdéthapter 8. Moreover, the molecular

identification of the two consortia is also inclade
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Chapterz

Characterization and activity studies of highly heay
metal resistant sulphate-reducing bacteria to be &l in

acid mine drainage decontamination

Abstract

Biological treatment with sulphate-reducing baeefSRB) has been considered as the
most promising alternative for acid mine drainagd1D) decontamination. Normally,
these waste waters contain high concentrationslphate and heavy metals, so the search
for SRB highly resistant to metals is extremely aripnt for the development of a
bioremediation technology. A SRB consortium resist@ high concentrations of heavy
metals (Fe, Cu and Zn), similar to those typicgltgsent in AMD, was obtained among
several environmental samples, from a wastewatstrtrent plant. The phylogenetic
analysis of thedsr gene sequence revealed that this consortium cenggecies of SRB
affiliated toDesulfovibrio desulfuricans and Desulfobul bus rhabdoformis. The results show
that the presence of usually lethal concentratadrise (400 mg/L), Zn (150 mg/L) and Cu
(80 mg/L) is not toxic for the sulphate-reductioacteria present in this sample. As a
consequence, a very good efficiency in terms gflsate reduction and metals removal was
obtained. Both ethanol and lactate can be usetlibyrtoculum as carbon source. With the

other samples tested sulphate reduction was iekliltny the presence of copper and zinc.

A modified version of this chapter was published as:

Martins M, Faleiro ML, Barros RJ, Verissimo AR, Bziros MA, Costa MC (2009)
Characterization and activity studies of highly \heanetal resistant sulphate-reducing bacteria to
be used in acid mine drainage treatment. J. Hakéait]. 166: 706-713.



1. Introduction

Sulphate-reducing bacteria (SRB) are important nemlbf microbial communities with
economic, environmental and biotechnological irser&RB have the ability to reduce
sulphate to sulphide and this sulphide reacts wgtitain metals dissolved, such as copper,
iron and zinc, forming insoluble precipitates (Beetoet al., 2005). Anaerobic reduction
of sulphate by SRB has been reported to be usetthdareatment of a variety of sulphate-
containing industrial effluents (Gibedt al., 2004; Tsukamotcet al., 2004; Icgen and
Harrison, 2006), being mining wastewaters, ricthn@avy metals, one of the most relevant
examples. However, the use of SRB for these agjita has generally one important
limitation: lack of bacterial resistance to metals.

Heavy metals are generally toxic for microorganismsluding SRB, due to substitution of
essential ions on cellular sites, and blockageuattional groups of important molecules
such as enzymes. This results in denaturationraaxdivation of enzymes and disruption of
cell organelle membrane integrity (Sasial., 2001; Cabrerat al., 2006). It has been
reported that toxic concentrations of heavy metatsSRB range from a few ppm to as
much as 100 ppm (Sasi al., 2001; Cabrerat al., 2006). The metal resistance of SRB
varies with thespeciesDifferent organisms exhibit diverse responses tact@ns, which
confer them a certain tolerance to metals. Theyehawnumber of specific resistance
mechanisms, such as sequestration or transformettiother chemical species (Valls and
De Lorenzo, 2002).

The search for SRB resistant to metals is very mapo for the development of efficient
bioremediation processes based on the use of ltiaeseria.

The purpose of this work was to compare the tolmranf SRB consortia from several
environmental sources to the most concentratedyhesetals (Fe, Zn and Cu) present in
acid mine drainage (AMD) of S. Domingos mine (aaradoned copper mine in Southeast
Portugal). The AMD from S. Domingos pit lake is g acidic (pH around 2) and
characterised by high concentrations of heavy metalinly Fe (500 mg/L), Cu (50 mg/L),
Zn (110 mg/L) and sulphate (3100 mg/L) (Costa andrie, 2005; Costet al., 2008).
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2. Materials and methods

2.1. Sampling and chemical characterization

The search for SRB was done by using environmeataples collected in the Provinces of
Algarve and Alentejo, South Portugal. In Algarveil samples from Monchique thermal
place, sediments from Formosa estuary and sludge fwo waste water treatment plants,
located in Montenegro and in Estoi, were collectediments from the mining area of S.
Domingos (Alentejo) were also collected in two isiccCorta (near the top of the pit lake)
and near the stream of Chanca, that crosses S.ngomimine. The samples were identified
by the names of the places where they were collectbe use of natural sources has
advantages over the use of pure bacterial cultuhes, contain bacterial consortia that
facilitate the development of reducing conditiomsl ahey are also more easily available
(Gibertet al., 2002).

Multielemental analysis of the environmental sarapellected (Table 2.1) was carried out
by Total Reflection X-Ray Fluorescence (TXRF) usiag EXTRA-IIA (Atomika
Instruments) spectrometer. Previous to instrumeaalysis, samples were submitted to
microwave acid digestion in closed TeffofPar® bombs, usingagua regia, HF and
gallium as internal standard (Barreiesl., 2001).

2.2. SRB enumeration

SRB populations were enumerated by the three-tubst Mrobable Number (MPN) assay
with serial dilutions in Postgate E medium (Postgh984). Essays were performed in

triplicate. The MPN tubes were incubated at roomperature (21+1°C) for 5 days.
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Table 2.1Elemental composition of the environmental sampked for SRB search.
Values for the metals tested in the present stoelynabold.

Concentration (g/kg)

Element Monchique Montenegro Corta  Formosa Estoi  Chanca
K 30 7.6 14 11 2.3 14
Ca 4.8 43 4.7 12 77 0.52
Ti 6.8 2.8 5.3 2.2 15 3.8
Vv 0.178 0.052 0.147 0.068 0.052 0.099
Cr <0.03 0.040 0.065 0.024 0.029 0.054
Mn 0.83 0.13 <0.03 0.075 0.18 <0.03
Fe 24 16 73 15 8.4 61
Ni <0.01 0.018 <0.01 <0.01 0.022 <0.01
Cu 0.009 0.10 2.0 0.009 0.25 0.72
Zn 0.077 0.430 0.99 0.061 1.2 0.55
As <0.01 <0.01 1.0 0.011 <0.01 1.6
Se <0.007 <0.007 <0.007 <0.007 <0.007 <0.007
Rb 0.25 0.068 0.098 0.085 0.017 0.074
Sr 0.82 0.118 0.145 0.079 0.36 0.094
Cd <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Sn <0.04 <0.04 3.2 <0.04 <0.04 0.16
Sb <0.04 <0.04 0.36 <0.04 <0.04 0.19
Ba 0.7 0.4 0.6 <0.2 0.4 0.5
Pb 0.020 0.08 6.0 0.019 0.10 4.6

2.3 Batch experiments

Experiments were performed in batch and in anaerobnditions. All experiments were

performed in duplicate using 120 ml glass bottlestaining 100 ml of growth medium

with pH around 7. Oxygen diffusion was eliminateg 10 ml of sterile liquid paraffin.

After inoculation, the bottles were sealed withybutbber stoppers and aluminium crimp

seals and incubated at room temperature (21+1°C).

The growth media used was modified Postgate B med{Postgate 1984). The

modifications of the medium composition for indivad experiments are described below.

46



2.3.1. Study of efficiency of sulphate reduction by SRB paulations from the
collected samples

The growth medium used was supplemented with resaas redox indicator (0.03 g/L).
The inoculation was carried out using 5 g of eathhe samples previously mentioned
(sediment, sludge or soil).

Further tests were carried out using bacteriakoadllected from the previous studihe
bacterial cells were harvested by centrifugatiorgsieed and transferred to the test

solutions.

2.3.2. Effect of heavy metals on sulphate reduction

The growth media contained lactate (6 g/L) as aadowd energy source, sulphate (3.5 g/L)
and resazurin as redox indicator (0.03 g/L). Défarexperiments were carried out with 0.4
g/L or 0.8 g/L of iron only, or 0.4 g/L of iron,@ g/L of copper and 0.15 g/L of zinc in the
mixture. The metal salts used for the study wer&@&gH,O, ZnSQ.7H,O and
CuSQ.5H,0. A test without metals was done as control.

2.3.3. Effect of carbon source on sulphate reducimo

The growth media contained a carbon and energyceoi g/L) and resazurin as redox
indicator (0.03 g/L). Lactose and ethanol weredadon sources selected, considering the
great availability of these compounds in by-produdit the cheese and winery Portuguese
industries and the eventual future utilization leéde wastes as carbon sources. Lactate is
the carbon source most widely used by SRB (Postdat4; Barnes, 1998) and was also

used as control.

2.4. Sampling and analytical methods

Periodically, 5 mL samples were collected usingyange, and filtered using a 0.2 pum
hydrophilic polyestersulfone membrane (Machererag®). Redox potential, pH, soluble
concentrations of lactate, lactose, ethanol, aeetatlphate and heavy metals were
measured in each sample. Redox potential and pE measured immediately after sample
collection and filtratiorusing a pH/E Meter (GLP 21, Crison). A high perfamoe liquid
chromatograph (Beckman), equipped with a polysph@/HY column (30cm x 0.65cm,
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Merck) and a RI detector, was used for lactatetot®; ethanol and acetate analysis.
Sulphate concentration was measured by a UV-VISctegghotometer (Hach-Lange
DR2800), using the sulfaVer4 method (Hach-Langey). dfetermination of the dissolved
metals (Fe, Cu and Zn) the filtered samples weidifead with nitric acid and analysed by
Atomic Absorption Spectroscopy (AAS) using a ShimadAA-680 model spectrometer.

An optical microscope equipped with a digital camékeica D C300FX) was used to
visualise the bacteria present in the inoculum ainMnegro. Cells were centrifuged (10

min at 4000 rpm) and washed with sterile distilater prior to Gram staining.

2.5. Molecular characterization

2.5.1. Extraction of DNA

Total genomic DNA was extracted from cell cultuggswn on modified Postgate B media
The cells were harvested from 20 mL of cell cultbyecentrifugation at 4000 rpm for 10
min and twice washed with chilled deionised waiXA extraction was carried out by the
following method: 300 pL of sodium dodecyl sulhéSDS) lysis mixture [500 mM Tris-
HCI pH 8, 3% (w/v) SDS, 100 mM NacCl] and 300 uL miiosphate buffer pH 8 were
added, followed by a freeze-thaw treatment (thng#es consisting of 1 min in liquid /N
followed by 5 min in a 37°C water bath). After cddir lysis, 300 pL of chloroform-isoamyl
alcohol (24:1) were added. The solution obtained wentrifuged at 13000 rpm, for 10
min. After precipitation with isopropanol at -20%0Gr 20 min, DNA was resuspended in 35
uL HxO. Nucleic acid extraction was evaluated on a 1%)(agarose gel electrophoresis
in Tris-Acetate-EDTA (TAE) buffer.

2.5.2. PCR amplification ofdsr gene

PCR was conducted in a total volume of 50 pL. Comtgudissimilatory sulphite
reductasedsr) genes were amplified using the primers DSR1FR8BR4R (Wagner «l.,
1998; Changet al., 2001; Zaguryet al., 2006), which amplify a 1.9 Kb fragment. The
primers were purchased from Thermo Fischer Scienflihe reaction mixture used for
PCR amplification contained 30.75 uL of® 1 pL of each primer (10 pmol/uL), 1 pL of
dNTP's (10 mM), 5 pL of MgGI(25 mM), 10 pL of 5xGo Taq® buffer (Promega,
Madison, USA), 0.25 pL of GoTag®DNA polymerase {Rega, Madison, USA), and 1
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pL of DNA. The DNA of a strain oDesulfovibrio subsp. and dEscherichia coli was used
as positive and as negative control, respectivéZR amplification was carried out in a
thermocycler (T1, Biometra). Thermal cycling wasrrieml out by using an initial
denaturation step of 94°C for 3 min, followed Iy &/cles of 94°C for 1 min, 56°C for 1
min and 72°C for 2 min and completed with an extenperiod of 5 min at 72°C. The PCR
products were separated in a 1% (w/v) agarosengeAE Buffer.

2.5.3. Cloning ofdsr gene and RFLP analysis

PCR products were purified (E.Z.N'X. Gel Extration Kit, Omega) and ligated into the
cloning vector pGEM®-T Easy followed by transfoioa into E. coli DH5-alpha
competent host cells, according to the manufactuiestructions (Promega, Madison,
USA). All the white colonies were amplified by ditePCR with the DSR1F and DSR4R
primers according to the conditions described above

Restriction fragment length (RFLP) analyses wemedasing the restriction enzymetah
and Haelll (Promega). Fragments of the digested PCR produets separated in a 2%
(w/v) agarose gel in TAE Buffer.

2.5.4. Sequencing and phylogenetic analysis

Representative clones from each digestion pattene welected for sequencing at CCMAR
(Centro de Ciéncias do Mar, Universidade do Algarféedsr gene inserted in plasmids
was amplified using the primers DSR1F and DSR4Rom@ing to the conditions described
above. PCR products were purified (E.Z.N*\Gel Extration Kit, Omega) and sequenced.
Sequence identification was performed by use ofBhASTN facility of the National
Center for Biotechnology Information  (http://wwwimnamlm.nih.gov/BLAST/).
Cladograms were constructed using MEGA version dn(ldraet al., 2007) and the
Neighbour-Joining algorithm was applied (Saitou awhel, 1987; Studier and Keppler,
1988).
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3. Results
3.1. Determination of sulphate-reducing bacteria ppulation

Large number of SRB was observed in the sludge mgrmom the waste water treatment
plants of Montenegro and Estéi where 1.8 x@6U/g and 5.3 x10CFU/g respectively,
were found (Fig. 2.1). In the soil samples of Magale thermal place, the number of SRB
reached was 2.3 x{@FU/g, while in the sediments of Formosa estuaryl8® CFU/g

were found. In both samples from the mining areari@ and Chanca) SRB were not

detected.

SRB enumeration by MPN

S

Log10 UFC/g
I

A B C D E F
Samples

Fig. 2.1 SRB enumeration in samples collected. Sampledvidachique, B- Montenegro,
C- Corta, D- Formosa, E- Estéi and F- Chanca. Regahe average of triplicates and error
bars indicate the standard deviations.

The efficiency of sulphate reduction by SRB exigtim the samples collected was
investigated. After 42 days of study, the mostoggfit sulphate reduction was verified with
the bacteria present in the samples from Monten€g86%) and Estoi (93.0%). The
bacteria from Monchique presented a sulphate remuetficiency of 64.7 % and bacteria
from Formosa 33.5 %. The sulphate reduction wasofbgerved in the samples of the

mining area (Corta and Chanca).
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The following studies were performed using the idacof Montenegro, Estéi and
Monchique, which presented the highest efficientcyerms of sulphate reduction (higher
than 50 %) in the batch tests.

3.2. Effect of heavy metals on sulphate reduction

In these experiments the efficiency of biologicalpsate reduction in the presence of two
different concentrations of iron and in the preseraf iron, copper and zinc was

investigated. The effect of those metals on supheduction is shown in Fig. 2.2.
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Fig. 2.2 Evolution of sulphate reduction by SRB in the diffiet test: without metal®),

0.4 g/L Fe ¥), 0.8 g/L Fe @) and mix test with Fe, Cu and Zf)( Data are the mean of
duplicates and error bars are smaller than the signtnerefore not shown.

The presence of iron in the medium affected the ohtsulphate reduction, and this effect
also depended of iron concentration. The only etkaepvas observed with the sample of
Monchique, for which 0.4 g/L of iron in the mediwid not influence the efficiency of
sulphate reduction as a function of time: bothha absence and in the presence of that
concentration of iron, sulphate was completely ceduafter 20 days of experiment. When
the concentration of iron in the medium was incedlato 0.8 g/L, sulphate concentration
was reduced to less than half the initial valuéini20 days.

Was observed that the presence of zinc and coppéhe medium inhibited sulphate
reduction by SRB in the samples of Monchique andiEEig. 2.2). However, this did not

happen with the SRB from Montenegro. In fact, af8@r days of experiment sulphate
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concentration decreased about 50 %, although tbetilae was increased. Complete
sulphate reduction was achieved after 110 dayswigigothat the toxic effect of these
metals did not prevent sulphate reduction by thimmunity.

The removal of these metals is an indirect consegpi@f biological activity, so a larger
extent of reduction of sulphate to sulphide resuliarger efficiency of metal removal.

The rate of decrease in concentration of coppénenmedium was faster than that of zinc
or iron. As shown in Fig. 2.3, with 80 mg/l Cu astial concentration, this metal was
completely removed from the medium within 15 dayshwll the inoculum sources. In the
case of zinc, the concentration decreased frommigQ to 2.0 mg/L within 18 days, with
SRB from Montenegro. With the other two inoculatEsand Monchique), zinc was almost

completely removed but after a much longer timeddgs).

80 ‘ 200
—e&— Monchique —e— Monchique

150 v Montenegro
—a— Estéi

60 1 v Montenegro
—a— Estoi

Copper (mg/L)
8
Zinc (mg/L)
2

N

o
[$)]
o

0 T L — 0
0 10 20 3 40 50

Time (d) Time (d)

Fig. 2.3Evolution of copper and zinc concentrations inredia as a function of time.
Data are the mean of duplicates and error barsmaadler than the symbols, therefore not
shown.

The removal of iron takes longer: this metal wagmiicantly removed within 44 days
(from 400 mg/L to 58 mg/L) with SRB from Montenegmdependently of the presence of
zinc and copper in the medium (Fig. 2.4).
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Fig. 2.4Evolution of iron concentration in the media asiaction of time for the different

test: 0.4 g/L Fed), 0.8 g/L Fe ¥) and mix test with Fe, Cu and Zm). Data are the
mean of duplicates and error bars are smallerttasymbols, therefore not shown.

According to the results obtained the sample of tdoegro contains the SRB most
resistant to the metals under study. This inoculsiitonstituted mainly by Gram-negative

bacilli and some cocci (Fig. 2.5).
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Fig. 2.5Photomicrograph of bacteria present in the inaoubdi Montenegro. Amplification
of 1000X.
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3.3. Effect of carbon source on sulphate reduction

Experiments were conducted to compare the sulpiealigction profile in the presence of
the three carbon sources mentioned (Fig. 2.6). mbst efficient sulphate reduction was
generally observed with lactate for all inoculactzde was totally consumed in the first
days of experiment at the same time as acetateigiiod was observed.

Efficient sulphate reduction by SRB with ethanolcasbon source was only observed with
the inocula from both wastewater treatment plamMentenegro and Estéi). Although the
concentration of ethanol has decreased in the saaigllonchique, no sulphate reduction
was observed.

In the presence of lactose, a more complex orgamilecule, no sulphate reduction was

observed independently of the inocula. Howevetpke consumption was detected.
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Fig. 2.6Evolution of lactate, acetate, ethanol, lactosesartiphate concentrations in the
presence of lactate (A), ethanol (B) and lactogeafcarbon source on sulphate reduction
by SRB. Data are the mean of duplicates and e dre smaller than the symbols,

therefore not shown. Symbol®)(carbon source ) acetate andl) sulphates.

3.4. RFLP and Sequence Analysis

The dissimilatory sulphite reductase ged& ) was used to elucidate the composition of the
SRB consortium of each of the different samplesstigated. To achieve this goal, the
primer pair DSR1F/DSR4R (Wagnetral., 1998; Changt al., 2001; Castret al., 2002)
which amplifies a 1.9 Klosr gene fragment was used. These primers have slowe &
powerful tool on SRB diversity studies where thglppenetic analyses were based either
on restriction analysis of the cloned fragmentexjuencing the cloned 1.9 Kisr fragment
(Bakeret al., 2003; Liuet al., 2003; Bahet al., 2005)

A total of forty three clones were obtained: eiffbin the samples of Monchique (Monc),
eleven from Estoi (E) and twenty four clones fronorienegro (Mont) samples. The

combination of the RFLP patterns from both enzynpeeduced four patterns for
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Monchique samples, five for Estéi and seven for Morgro samples. The sequences
obtained for thelsr gene from these clones were analysed and equaltiuped four major

clusters (Fig. 2.7).

7or- Mont25  UBC EF645665.1 (94)
Dasulfovibrio desulfuricans strain F28-1
Mont27  UBC EF645664.1(93) DQ092635.1 (93, 93. 92 and 95)

93
MUnt?a]UBC EF645665.1 (94 and 97)

a7 Mont10

E3 UBC EF643667.1 (96)
Mont3 Deasulfovibrio desulfuricans AF273034.1
o % :|UBC EF643667.1(96, 98, and 98)  |(95, 95 and 96)

53 L Mont23
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Monc2 UBC AY920610.1 (96)/ Desulfovibrio vulgaris oxamicus AB061543.1 (93)

93|

Moncd  UBC AF418187.1 (94) Desulfovibrio fructosovorans DSM 3604 AF418187.1 (94)
100 Moncl  fyocutfovibrio fructosovorans AB061538.1 (91)

Monc3
Desulfovibrio fructosovorans DSM 3604 AF418187.1 (93)
Mont22

UBC EF645671.1 (88)/ Desulfobulbus rhabdaformis AT250473.1 (82)
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Fig. 2.7 Cladogram constructed for the selected clones tonchique (Monc), Estoi (E)
and Montenegro (Mont) samples usindsr gene sequence. The Neighborhood-
Joining algorithm was usedBootstrap values are indicated on branches. Following the
clone name the most closely related species andnib&t related cultured species are
indicated. The percentage of similarity is indicaten brackets. UBC — uncultured
bacterium clone.

The sequences obtained were registered in the Gén@aJ189153 — EU189184). The
first cluster is formed by Mont25, Mont26, Mont2iidaMont10 clones and the sequence
analysis revealed that these clones share singilarth Desulfovibrio desulfuricans strain
F28-1 as the most closely related cultured speties.second cluster is constituted by the
clones Mont3, Mont23 and E3 and the cultured sgeniest closely related to them is
Desulfovibrio desulfuricans AF273034.1. The remaining clones from Estoi couti a
third group, in which E4 is the most distant. Bgsence analysis the E1 clone is affiliated
to uncultured bacterium clone NTUA-1A-DSR14 EF64586 whereas the clones E2 and
E7 share similarity to uncultured bacterium clongW-1A-DSR1 EF645664.1. The

sequence of clone E4 is affiliated to unculturedBSffone GranDSR2 and the cultured
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Desulfovibrio desulfuricans isolate SRDQC. The cluster constituted by MoncbnbB and
Monc4 clones showed similarity with the culturBasulfovibrio fructosovorans, namely
the sequence of Monc 1 is closeltofructosovorans AB061538.1 and Monc 3 and Monc 4
are related t®. fructosovorans DSM 3604 AF418187.1. Regarding the clone Mond B, i
phylogenetically affiliated wittDesulfovibrio vulgaris oxamicus. The sequence analysis of
the clone Mont 22 revealed affiliation to unculiirbacterium clone, NTUA-1A-DSR1
EF645664.1 and to culturdksulfobulbus rhabdoformis AJ250473.1.

4. Discussion

Regarding the diversity of samples it was expetiaubtain diverse bacterial communities,
in order to increase the probability of finding ristresistant SRB suitable to be used with
the aim of AMD bioremediation. The highest effiaigrof sulphate reduction by SRB was
observed in sludge samples from the wastewatenesd plants of Montenegro and Estdi,
where larger numbers of SRB were detected. Theepecesof SRB was not observed in the
samples from the mining area (Corta and Chancajoringly, sulphate reduction was not
detected either. A possible reason for this resulhe high acidity of these sediments,
which do not allow SRB survival. In the remainingperiments the pH value was
maintained at about 7, much higher than the pHesbf the media with Corta or Chanca
samples, which decreased from 6.7 to 3.7 and dspectively, immediately after addition
of the solid samples. The difficulty to grow SRB atid medium has already been
mentioned in the literature by Gareiaal. (2001).

In this study the SRB existing in the consortiuranir Monchique demonstrate a certain
tolerance for iron. This behaviour can eventuallydue to the fact that among the three
samples tested, the sample from Monchique is tleetlwat presents the highest iron content
(Table 2.1) and therefore its SRB are probably naolagpted to that metal. Our results show
that the presence of zinc (150 mg/L) and copper r(&flL) significantly inhibited the
activity of SRB present in the samples of Monchiguel Estoi. It has been reported that
the characteristic toxic concentration of zinc 8RB is 13 to 40 mg/L (Haet al., 1994;
Poulsonet al., 1997; Utgicaret al., 2001). It has been mentioned that SRB are seeasiti
copper, with no growth observed at 2 mg/L (Satral., 2001) or 10 mg/L (Azabost al.,
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2007) of this metal. In the present study, everughothe concentration of both elements
was higher than those previously reported (Tal®¢, 2hey did not stop sulphate reduction
by SRB from Montenegro. The difference in behavican be due to a higher natural
tolerance to these metals of the inoculum of Moe¢eo compared to the others and

suggests different phylogenetic affinities.

Table 2.2Toxic concentrations of metals reported by othehars.

Toxic
Metal concentrations SRB cultures Reference
(mg/L)
Cu(l) >10 Desulfomicrobium sp. Azabouet al., 2007
9 Desulfovibrio vulgaris Cabrereaet al., 2006
2 Desulfovibrio desulfuricans G20 Saniet al., 2001
12 Mixed culture Utgikaret al., 2001
4-20 Mixed culture Haoet al., 1994
Zn (I >125 Desulfomicrobium sp. Azabouet al., 2007
20 Desulfovibrio vulgaris Cabrereet al., 2006
20 Mixed culture Utgikar et al., 2001
13 Desulfovibrio desulfuricans Poulsonet al., 1997
25-40 Mixed culture Haoet al., 1994
Fe (ll)  >60 Desulfomicrobium sp. Azabouet al., 2007

In this study, the removal of metals was also eatald. It was observed that copper was the
first element to be removed, followed by zinc ahdrnt iron. This result was in accordance
with the literature (Christensahal., 1996) and can be explained by the solubilitie€ 0§,
ZnS and FeS, which are respectively 5.83¥1fig/L, 2.31x10 mg/L and 3.43x10 mg/L
(De Vegtet al., 1998; Johnson and Hallberg, 2005). Hence, copeeds the least amount
of sulphide to precipitate, while iron needs thghleist. In most cases, although the yield of
sulphate reduction was more than enough to pratgpitompletely all the metals in the
solution, the precipitation of iron was never quiative. This is probably due to the fact
that produced k§ easily escapes as a gas during sampling being ebih not accessible
to the dissolved metals.

Due to near neutral pH of the media, some metagzipitation as (oxy)hydroxides

probably occurs, as already reported by Zagtigy. (2006). Therefore the re-dissolution of
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Fe(OH} in reducing conditions (Johnson and Hallberg, 2Q0&guryet al., 2006), may
also be responsible for incomplete iron precipotati

The phylogenetic analysis showed that Montenegrthésmost diverse sample, having
species closely related to two different sequenoésDesulfovibrio desulfuricans
(AF273034.1 and F28-1 DQ092635.1) and one related ahother SRB genus
Desulfobulbus rhabdoformis, a genus not found in the other samples. This fact
particularly relevant due to the excellent perfonce of the Montenegro SRB consortium
in the presence of iron, copper and zinc compard thve other inocula and considering
their ability to use ethanol as carbon sourcerhabdoformis was recently identified on
bioreactors working in the presence of ethanolaban and energy source (Daral.,
2007). In addition, its ability to use a signifitasange of substrates, nhamely propionate,
lactate, pyruvate, malate and fumarate is knowren(lgt al., 1998). The Monchique
consortium includes species affiliatedResulfovibrio fructosovorans, which is known to
differ from all other describeDesulfovibrio species by the ability to use fructose (Ollivier
et al., 1988).

The SRB consortium of Monchique samples also iredua sulphate and nitrate reducing
bacteriumDesulfovibrio vulgaris oxamicus, that was reclassified by Lopez-Cortésal.
(2006) asD. oxamicus sp. nov. comb. nov. The type strain (DSM 1925 D. oxamicus is
known to be able to oxidize incompletely lactatel &thanol to acetate (Lopez-Corgs
al., 2006). Thus, the presence of this species, tegethith other than SRB in the
consortium, may explain the slight decrease of reihaaccompanied by an ineffective
sulphate reduction.

The SRB inoculum from Estoi samples is affiliatedinty with the cultured species of
Desulfovibrio desulfuricans, which showed a similar performance to MontenegRBS
consortium in terms of sulphate reduction, in tihespnce of ethanol. The occurrence of
bacteria affiliated taD. desulfuricans in both samples of Montenegro and Estéi is not
surprising, as both are from wastewater treatmkamtg whereas Monchique inoculum was
collected from a thermal place.

The results of this study emphasise that the composof the inoculum can be
determinant in the performance of sulphate redusysgems for the treatment of acid mine
drainage. Moreover was observed the sulphate neduests affected by the type of carbon

source used. Most efficient sulphate reduction elaserved with lactate. When lactose was
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added as carbon source no sulphate reduction westele, probably due to the complexity
of this molecule. However, lactose consumption watected which can be due to the
presence of bacteria other than SRB in the comnsortivhich are able to use this carbon
source in their metabolism. The preference of SBBsimple organic molecules, like
lactate or ethanol, instead of complex moleculeh s lactose was previously reported in
the literature (Barnes, 1998; Gibettal., 2004; Tsukamotat al., 2004; Zaguryet al.,
2006).

5. Conclusions

A SRB consortium resistant to high concentratiohfieavy metals (Fe, Cu and Zn) was
isolated from Montenegro wastewater treatment plahts, the Montenegro consortium,
constituted by SRB affiliated toDesulfovibrio desulfuricans and Desulfobulbus
rhabdoformis, seems to be the more suitable for an applicabotiné¢ treatment of AMD
containing sulphate and metals (at least Fe, ZnGndAn efficient sulphate reduction by
this consortium was observed with lactate and ethas carbon sources. In addition, the
ability of the highly metals tolerant SRB consomtiio use ethanol as carbon source is a
promising result considering an eventual utilizatad ethanol rich wastes, which are easily
available in Portugal. The Montenegro consortiuni e used to inoculate a sulphate-

reducing bioreactor for the decontamination of AKi@n S. Domingos mine.
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Chapter3

Biological sulphate reduction using food industry vastes

as carbon sources

Abstract

Biological treatment with dissimilatory sulphatedoeing bacteria has been considered as
the most promising alternative for decontaminatmi sulphate rich effluents. These
wastewaters are usually deficient in electron dsraord require their external addition to
achieve complete sulphate reduction. The aim ofptiesent study was to investigate the
possibility of using food industry wastes (a walsten the wine industry and cheese whey)
as carbon sources for dissimilatory sulphate-redpbiacteria. The results show that these
wastes can be efficiently used by these bacteasiged that calcite tailing is present as a
neutralizing and buffer material. A 95 and 50% bkale reduction was achieved within 20
days of experiment by a consortium of dissimilatewyphate-reducing bacteria grown on
media containing waste from the wine industry ceede whey respectively. Identification
of the dissimilatory sulphate-reducing bacteria oamity using thedsr gene revealed the
presence of the specid3esulfovibrio fructosovorans, Desulfovibrio aminophilus and
Desulfovibrio desulfuricans. The findings of the present study emphasiseptitential of
using wastes from the wine industry as carbon sofoc dissimilatory sulphate-reducing
bacteria, combined with calcite tailing, in the dBpment of cost effective and

environmentally friendly bioremediation processes.

A version of this chapter was published as:
Martins M, Faleiro ML, Barros RJ, Verissimo AR, @@$1C (2009) Biological sulphate reduction

using food industry wastes as carbon sources. Bradation 20: 559-567.



1. Introduction

In recent years several bioremediation processasdoan the use of dissimilatory sulphate-
reducing bacteria (DSRB) have been developed fertsatment of acid mine drainage
(AMD) (Neculitaet al., 2007; Johnson and Hallberg, 2005; Tabak and @pw?003; Steed

et al., 2000) or other sulphate-rich effluents (Burgess Stuetz, 2002; Limat al., 2001).
DSRB use sulphate as electron acceptor and anyenengcarbon source as electron donor
(Pfenninget al., 1981), generating sulphide. This sulphide readtstimnally with certain
metals dissolved in contaminated waters, such pperpiron or zinc, forming insoluble
precipitates (Vega-Lopez al., 2007; Costa and Duarte, 2005; Whetal., 2003) and, as a
result, the concentrations of sulphate and disslotwetals are reduced.

Considering that sulphate reduction is an enerdgnsive process (Barnes, 1998), a
considerable amount of an energy-rich reductameégsiired. Consequently, the choice of
the carbon source has an important effect on thaesfcy and economical viability of the
bioremediation technologies based on the use skthacteria.

DSRB are known to utilise simple organic compousaish as carboxylic acids or alcohols
(Widdel and Bak, 1992; White, 1995) as carbon ametgy sources. Lactate is the carbon
source most widely used by DSRB in laboratory g¢elttonditions (Barnes, 1998; Postgate
1984; ElI Bayoumyet al., 1999). However lactate would be too expensiveaftarge scale
process.

Hydrogen can also be used as an energy source rhg &65RB (Lenset al., 2003;
Fedorovichet al., 2000; Nagpakt al., 2000). Although hydrogen would be a relatively
inexpensive substrate, this was deemed not to keceeptable energy source because of
engineering and safety requirements at a commesdale (Huismanet al., 2006).
According to the literature, ethanol seems to leentiost cost effective substrate (Huisman
et al., 2006; Tsukamotet al., 2004).

Several natural sources of organic materials sgraselectron donors and carbon sources
have been already investigated: molasses, bagassage sludge, leaf mulch, wood chips,
animal manure, vegetal compost, sawdust, mushro@mpost, whey, and other
agricultural wastes (Coetset al., 2006; Costa and Duarte, 2005; Annachhatre and
Suktrakoolvait, 2001; Waybraret al., 1998; Christensest al., 1996; Hammaclet al.,
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1994; Dvoraket al., 1992). The selection of the carbon source depémd great extent on
the degradability of the organic substrate.

The purpose of this work was to investigate thesiilgty of using two wastes from food
industry as sources of carbon compounds to proswhate reduction by DSRB. The two
wastes were selected from wine and cheese indsissiiece they are produced in Portugal
in large amounts and widespread geographic locatiand consequently are easily
available at zero or negative cost. Tens of thodsaf n? of both wine industry wastes
and cheese whey are produced yearly in the conéihBortuguese territory.

The search for efficient, low cost and largely &afae carbon sources (preferably wastes)
for DSRB to be used in bioremediation processestlier treatment of sulphate rich
effluents is of outmost importance. In additionuse wastes in such processes is relevant
from an environmental point of view, since it redsiche problematic of their disposal and

promoting their biodegradation contributes to daseepollutant release to the environment.

2. Materials and methods

2.1. Source and cultivation of DSRB community

The community of DSRB utilised in these experimemés obtained from a sludge sample
from a wastewater treatment plant, located in Moegeo, Faro, in southern Portugal. This
consortium was previously selectedGhapter 2. The bacterial community was grown and
maintained in Postgate B medium (Postgate, 1984)yp@n temperature in anaerobic
conditions. The bacteria were harvested by cewgfaiion, washed with Postgate B

medium, and transferred to the batch solutions.

2.2. Composition of industrial food wastes used asrbon source

The wastes used in the experiments as carbon souesee from the cheese and wine
Portuguese industries. Cheese whey was analyseshg usi MILKO-SCAN

spectrophotometer and is mainly composed by fat5¢b), proteins (0.30%), lactose
(4.52%) and total solids (6.37%). Lactate was retected by HPLC analysis. The waste
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from the wine industry was collected prior to thettlng stage and contains 53.5 g/L
ethanol, measured by HPLC. Both wastes were stirdeC.

2.3. Composition of calcite tailing

The calcite tailing used in the experiments as atrakzing and buffer materiak the
residue from a marble stone cutting and polishimdustry. The presence of crystalline
phases was assessed by X-ray diffraction, usingukeB AXS-D8 Advance diffractometer
with Cu Ko radiation and step of 0.02 °/s. The EVA code wsexiifor the identification of
the peaks and phase analysis. This material islynaomposed of magnesium calcite
(~89%), quartz (~11%) and traces of illite minerakwous studies (data not shown) show
that no biological sulphate reduction occurs in firesence of calcite tailing without

addition of a suitable electron source.

2.4. Batch experiments

The growth experiments were carried out in dupdicassing 120 mL glass bottles
containing 100 mL of Postgate B medium (Postgat®84)1 with the following
modifications: 6 g/L of a carbon and energy sowm@pound, 2 g/L sulphate and resazurin
as a redox indicator (0.03 g/L). Oxygen diffusiomsaeliminated by adding 10 mL of
sterile liquid paraffin. The inoculum size used V&% (v/v), with most probable number
(MPN) of DSRB of 1.8x10CFU/mL. After inoculation, the bottles were sealeith butyl
rubber stoppers and aluminium crimp seals and imteabat room temperature (21+£1°C), in
anaerobic conditions.

Several carbon sources were tested: cheese wheye Wwam the wine industry, lactate,
lactose and ethanol. A test without carbon sourae warried out as control. Batch tests

were also carried as described, but the media stgrplemented with 2 g of calcite tailing.
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2.5. Statistical analysis

Each set of experiments was carried out in dugic@ihe data were subject to one-way
ANOVA. All differences were considered to be stiatally significant if P < 0.05.

2.6. Sampling and analytic methods

5 mL samples were periodically collected, usingyange, and filtered using a 0.2 um
hydrophilic polyestersulfone membrane (Machererag®l). Redox potencial and pH were
determined using a pH/E Meter GLP 21, Crison. Highformance liquid chromatograph
(Beckman) equipped with a polyspher® OAHY columf (3n x 0.65 cm, Merck) and a
refractive index detector, was used for solubleal&s lactose, ethanol and acetate analysis.
The analysis was performed with sulphuric acigS&, 1.4 mM) as eluent, at a flow rate of
0.5 mL/min. The compounds were identified by thetention times in comparison to
standards: lactate (11.347 min) as sodium lacttteggnol (17.123 min), acetate (13.636
min) as sodium acetate.3-hydrate and lactose (6.863 monohydrate. Sulphate
concentration was quantified by UV/visible spectrojpmetry at 450 nm (Hach-Lange
DR2800 spectrometer) using the method of sulfa\ldath-Lange), (Susukt al., 2003).

2.7. Molecular characterization of DSRB community

2.7.1. Extraction of DNA

Total genomic DNA was extracted from cell cultuggswn on modified Postgate B media
The cells were harvested from 20 mL of cell cultbyecentrifugation at 4000 rpm for 10
min and twice washed with chilled deionised waBiA extraction was carried out by the
following method: 300 pL of sodium dodecyl sulhéSDS) lysis mixture [500 mM Tris-
HCI pH 8, 3% (w/v) SDS, 100 mM NacCl] and 300 uL miiosphate buffer pH 8 were
added, followed by a freeze-thaw treatment (thng#es consisting of 1 min in liquid N
followed by 5 min in a 37°C water bath). After cddir lysis, 300 pL of chloroform-isoamyl
alcohol (24:1) were added. The solution obtained wentrifuged at 13000 rpm, for 10

min. After precipitation with isopropanol at -20%0Gr 20 min, DNA was resuspended in 35
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uL HxO. Nucleic acid extraction was evaluated on a 1%)(agarose gel electrophoresis
in Tris-Acetate-EDTA (TAE) buffer.

2.7.2. PCR amplification ofdsr gene

PCR was conducted in a total volume of 50 pL. Comitgudissimilatory sulphite
reductasedsr) genes were amplified using the primers DSR1IFAGE CAC TGG AAG
CAC G-3) and DSR4R (5-GTG TAG CAG TTA CCG CA-IWagneret al., 1998;
Changet al., 2001; Castrat al., 2002), which amplify a 1.9 Kb fragment. The peis
were purchased from Thermo Fischer Scientific. Teaction mixture used for PCR
amplification contained 30.75 pL of,8, 1 pL of each primer (10 pmol/uL), 1 pL of
dNTP's (10 mM), 5 pL of MgGI(25 mM), 10 pL of 5xGo Taq® buffer (Promega,
Madison, USA), 0.25 pL of GoTag®DNA polymerase {Rema, Madison, USA), and 1
uL of DNA. The DNA of a strain oDesulfovibrio subsp. was used as positive control and
of Escherichia coli as a negative control. PCR amplification was edrrout in a
thermocycler (T1, Biometra). Thermal cycling wasrrieal out by using an initial
denaturation step of 94°C for 3 min, followed Iy &/cles of 94°C for 1 min, 56°C for 1
min and 72°C for 2 min and completed with an extenperiod of 5 min at 72°C. The PCR
products were separated in a 1% (w/v) agarosengeAE Buffer.

2.7.3. Cloning ofdsr gene and restriction fragment length polymorphisms(RFLP)
analysis

PCR products were purified (E.Z.N'X. Gel Extration Kit, Omega) and ligated into the
cloning vector pGEM®-T Easy (an insert vector gatif 3:1) with T4 ligase enzyme
followed by transformation int&. coli DH5-alpha competent host cells, according to the
manufacturer’'s instructions (Promega, Madison, USAlN the white colonies were
amplified by direct PCR with the DSR1F and DSR4knprs according to the conditions
described above.

Restriction fragment length (RFLP) analyses wenmedasing the restriction enzymegah
and Haelll (Promega). Fragments of the digested PCR produets separated in a 2%
(w/v) TAE agarose gel.
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2.7.4. Sequencing and phylogenetic analysis

Representative plasmids from each digestion pattegre selected for sequencing at
CCMAR (Centro de Ciéncias do Mar, Universidade dgafve). The dsr gene inserted in
plasmids was amplified using the primers DSR1F RB8&4R, according to the conditions
described above. PCR products were purified (EA.N. Gel Extration Kit, Omega) and
sequenced. Sequence identification was performedsibyg the BLASTN facility of the
National Center for Biotechnology Information (httwww.ncbi.nlm.nih.gov/BLAST/).
Cladograms were constructed using MEGA version dmlraet al., 2007) and the

Neighbour-Joining algorithm was applied (Saitou awhel, 1987; Studier and Keppler,
1988).

3. Results

3.1. Lactate as carbon source

The profile of sulphate reduction by DSRB in thegance of lactate as carbon source is
shown in Fig. 3.1. In the first 7 days of the exment sulphate was completely reduced
and lactate was totally consumed. At the same thoetate production by DSRB was
observed. Without carbon source sulphate concemtratas always near 2 g/L. The pH
values were close to 7 during all the experiment.

6 8
-
5
= L6
I
=}
T
[ 4T
§2
Q L2
ol
o
0 \ ‘ ‘ 0
0 20 40 60 80

Time (d)

Fig. 3.1 Profile of sulphate reduction and consumption afbon source by bacterial
consortium using lactate as carbon source witheldite tailing. Data are the average of
duplicates and error bars indicate the standariatiens of the average values. Symbols:

(e) sulphate, ¢) lactate, ¥) acetate andx)) pH.
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3.2. Lactose and cheese whey as carbon source

Sulphate reduction was not detected when lactoseutilessed as carbon source (Fig. 3.2a).
A similar behaviour was observed when cheese whey wtilised (Fig. 3.2b). However,
lactose consumption was verified in both casesud33%). The production of lactate

(0.96 g/L) was observed in the presence of chebésy.w
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Fig. 3.2 Profile of sulphate reduction and consumption ofboa source by bacterial

consortium using two lactose-baseatbon sources: a) lactose, b) cheese whey, ©skct
with calcite tailing and d) cheese whey with cactailing. Data are the average of
duplicates and error bars indicate the standariatiens of the average values. Symbols:

(e) sulphate, ¢) lactate, ¥) acetate, {) lactose andi) pH.

When the media containing lactose and cheese wlere wupplemented with calcite
tailing, efficient sulphate reduction was achiegdg. 3.2c and 3.2d): 80% and 94%
sulphate reduction was obtained respectively, atethd of the experiment. In addition,
higher consumption of lactose and higher productibfactate and acetate were observed
in both cases, in comparison with the experimeatfopmed without calcite tailing. It was
observed that the pH of the media containing lactsd cheese whey in the absence of
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calcite tailing decreased from 7 to values belowluding the experiments. When these
carbon sources were supplemented with calcitentpilihe pH increased from 4 to 6 and

thereafter it was maintained near this value uhélend of the experiments.

3.3. Ethanol and waste from the wine industry as chon source

The sulphate reduction profile with ethanol as oarbource is shown in Fig. 3.3a. The pH
of the solution when ethanol was used as carborcealoes not decrease to values lower
than 5, not compromising DSRB growth and activiliiis behavior, already observed in

previous studies, justified that no calcite tailmgeded to be added.
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Fig. 3.3 Profile of sulphate reduction and consumption ofboa source by bacterial

consortium using two ethanol-based carbon souragsethanol, b) wastes of winery
industry and c) wastes of winery industry with daldailing. Data are the average of
duplicates and error bars indicate the standaréatiens of the average values. Symbols:

(e) sulphates,®) ethanol ¥) acetate andx() pH.
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High sulphate reduction was observed when purenethveas used as carbon source. 98.5%
reduction of sulphate was observed in the firsti@@s. For this reduction the consortium of
DSRB used 1.8 mmol ethanol per mmol sulphate retiwwed 1.6 mmol acetate was
produced.

When the waste from the wine industry was usedsdsffias carbon source sulphate were
not reduced and ethanol was not consumed by DSRB3Rb). However, in the presence
of calcite tailing (Fig. 3.3c) efficient sulphateduction was achieved. After 20 days 95%
sulphate reduction was observed. Ethanol consumpatial acetate production were also
observed. For each mmol sulphate reduced, 0.94 nathalnol was consumed and 1.6
mmol acetate was produced. When the waste fronmihe industry was used in the
absence of calcite tailing the pH of the mediumspntéed values near 4.7 during all the
experiment. On the other hand, when calcite taNimg present the pH increased to values

close to 6, similar to what was observed in theseixpent with ethanol.

3.4. Phylogenetic analysis of DSRB community

The dissimilatory sulphite reductase ged& ) was used to elucidate the composition of the
DSRB consortium grown with waste from the wine isitly as carbon source.

A total of sixteen clones were obtained and althi@dse clones were subjected to RFLP
analysis. Eight different patterns were obtainetie Tepresentative clones from each
pattern were selected for sequencing and theseesegsi were submitted to the GenBank
(accession numbers: EU552471 to EU552486).

In the cladogram obtained for tlisr gene sequence of the selected clones three major
clusters were identified (Fig. 3.4). The first oisecomposed of two clones affiliated to
Desulfovibrio desulfuricans. Desulfovibrio desulfuricans isolate SRDQC (accession
number DQ450464.1) anBesulfovibrio desulfuricans strain F28-1 (accession number
DQ092635.1). The second group contains clones airtol Desulfovibrio fructosovorans
(accession number AB061538.1). The third assemldagsists of clones with affiliation to
Desulfovibrio aminophilus strain DSM 12254 (accession number AY626029.1).
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BV2 UBC NTUA-1A-DSR3 EF645667.1 (98)/ Desulfovibrio desulfuricans isolate SRDQC DQ450464.1 (96)

BV3 UBC MTUA-1A-DSR14 EF645665.1(93)/ Desulfovibrio desulfuricans strain F28-1 DQO92635.1 (92)
———— Bv3
62
— 100

100 BV12 | pesulfovibrio fructosovorans ABOG1538.1 (94,95 and 92)

98 BV12

BVI6  UBC GranDSR10 AYS29609.1(100)/ Desulfovibrio fructosavorans ABO61538.1 (88)

BV3
99 | UBC GranDSR16 AYS20604.1 (94 and 91}/

| gyv11 | Desulfovibrio aminophilus strain DSM 12254 AY626029.1 (88 and 85)

Fig. 3.4 Cladogram constructed for the selected clonesgudsn gene sequence. Partial
weighted combined-data cladogram of relationshipdso gene sequences for the selected
dissimilatory sulphate-reducing bacteria clonese THeighbour-Joining algorithm was
used. Bootstrap values are indicated on branches. Following the clone enahe most
closely related species and/or the most relatedureal species are indicated. The
percentage of similarity is indicated in brack&tBC - uncultured bacterium clone.

4. Discussion

This study shows, for the first time, that a wasten the wine industry can be used by
DSRB present in a bacterial consortium, provided thneutralising and buffer material is
present. In this case calcite tailing, another evasaterial, was used. Accordingds gene
analysis, the DSRB consortium is constituted by imens of the specieBesulfovibrio
fructosovorans, Desulfovibrio aminophilus and Desulfovibrio desulfuricans. The
dominance of théesulfovibrio genus was observed, which is consistent withalitee
data mentioning its predominance in wastewatetrtreat plants (Santegoesdsal., 1998;
Baenaet al., 1998; Daret al., 2005). The genudSesulfovibrio represents a group of Gram-
negative sulphate reducers in which all specieslis&itheir substrates incompletely to
acetate (Widdel and Bak, 1992).

The increased efficiency of sulphate reduction ISRB observed when the food industry
wastes were supplemented with calcite tailing carexplained by the increased pH. The
difficulty to grow DSRB in media with low pH hasrahdy been mentioned previously
(Garciaet al., 2001; Benedettet al., 2005). According to the literature, specific diions
such as an anaerobic environment, a redox potembahd -200 mV and pH values above
5 must be met to enable sulphate-reducing act{@tyhen, 2006). When the medium was
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supplemented with calcite tailing, due to its naliging and buffer capacities, the pH was
close to 6 or higher during all the experiment. réfi@e, good conditions for DSRB
activity were achieved, allowing sulphate reductma consumption of the carbon source.
Sulphate reduction observed in the presence addacand in the presence of cheese whey
(both supplemented with calcite tailing) was slowempared to sulphate reduction in the
presence of lactate, ethanol or waste from the widestry, the last one supplemented with
calcite tailing. When lactose was supplemented watlcite tailing, approximately 20 days
were needed to consume half of the added sulpluateentration, while with lactate and
ethanol near complete sulphate reduction occuriddnn/ and 20 days, respectively. The
complexity of lactose molecule, in comparison watimanol or lactate, may explain this
result. In fact, few bacterial species, and amdreggmt no DSRB, are able to metabolize
lactose, thus it required more time for its degtimea

When lactose or cheese whey was provided as atedtvoors for sulphate reduction the
pH of the medium decreased and lactose was consutdmekver, no sulphate reduction
was observed. These results can be explained hQy¢lsence in the bacterial consortium of
bacteria other than DSRB with ability to use laetostheir metabolism. The production of
lactate observed in Fig. 3.2b can result from ttividy of lactic bacteria present in the
cheese whey.

When lactose and cheese whey were supplemented caitiite tailing, production of
lactate was observed suggesting that lactose carsdx by other bacteria present in the
consortium, such as lactic bacteria, producingalacthat may be further utilized by DSRB
and converted to acetate. This indirect path waesadl/ reported when molasses were used
as carbon source (Marekal., 1986).

Consumption of the acetate produced, by DSRB, meati by several authors (Barnes,
1998; Daret al., 2007), was not observed. This probably indic#fiesabsence of acetate
utilising bacteria in this particular community.

When waste from the wine industry was used as caslooirce in the presence of calcite
tailing, lower ethanol consumption (0.94 mmol/mnwliphate reduced) was observed
compared with pure ethanol (1.8 mmol/mmol sulphatieiced). This is probably due to the
fact that the waste from the wine industry may aonbther nutrients that may be used as
carbon sourceDesulfovibrio fructosovorans is known to differ from all other described

Desulfovibrio species by its ability to use fructose (Ollivetral., 1988) andesulfovibrio
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aminophilus has been reported to be able to use amino acidaraen and energy sources
(Hernandez-Eugeni@t al., 2000). The waste from the wine industry usuallytams
amino acids and fructose in significant amounts,itsés possible that these can be
consumed by the DSRB consortium. This in turn drgléhe reduced amount of ethanol
consumed per mmol sulphate. According to the liteea(Waybrangt al., 1998; Zaguryet
al., 2006), materials containing multiple organic Studtes or mixtures are most effective in
promoting sulphate reduction compared to thoseatoinig a single organic substrate.

The use of waste from the wine industry as carlmamce for sulphate reduction by DSRB
IS promising in contrast to other wastes. Whenfeorsawdust and composted spruce chips
were used no sulphate reduction was observed (¥&pal., 2006). Waybrangt al. (1998)
achieved sulphate reduction only when sheep maplure calcite and sand were mixed

with other organic constituents.

5. Conclusions

Taking into account the results achieved the wasta the wine industry in the presence
of calcite tailing seems to be promising as carbaurce to promote DSRB activity. Cheese
whey in the presence of calcite tailing can alsoubed as carbon source for biological
sulphate reduction, but the process is considersbiyer.

Their efficiency as carbon sources is only revealdegn those wastes are supplemented
with calcite tailing that acts as a neutralizingd dvuffer material, achieving suitable pH
conditions for DSRB activity.

The possibility of using food industry wastes, martrly the wastes from wine industry, to
promote an efficient sulphate reduction is an ingodrfinding. By this way these wastes
can be reutilised in bioremediation processes basddSRB for the treatment of sulphate

rich effluents, with both environmental and econcathbenefits.
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Chapter4

Wine wastes as carbon source for biological treatnmé of

acid mine drainage

Abstract

Possible use of wine wastes containing ethanobdsoo and energy source for sulphate-
reducing bacteria (SRB) growth and activity in treatment of acid mine drainage (AMD)
Is studied for the first time. The experiments wpegformed using anaerobic down flow
packed bed reactors in semi-continuous systems. fHselts show that efficient
neutralization and high sulphate removal (> 90%)enadtained with the use of wine wastes
as substrate allowing the production of effluentthveoncentrations below the required
local legislation for irrigation waters. This is lgrpossible provided that the AMD and
wine wastes are contacted with calcite tailing,ast® material that neutralizes and provides
buffer capacity to the medium. The removal of nwetading wine wastes as carbon source
was 61-91% for Fe and 97% for both Zn and Cu. Tweet removal of iron, when wine
waste is used instead of ethanol, may be due tpré#sence of iron-chelating compounds in
the waste, which prevent the formation of iron kide, and partial unavailability of
sulphide because of re-oxidation to elemental sulplidowever, that did not affect
significantly the quality of the effluent for irr&gion. This work demonstrates that wine
wastes are a potential alternative to traditionBBSsubstrates. This finding has direct

implication to sustainable operation of SRB bioteefor AMD treatment.

A version of this chapter was published as:
CostaMC, Santos ES, Barros RJ, Pires C, Martins M (200e wastes as carbon source for

biological treatment of acid mine drainage. Cherhesp 75: 831-836.



1. Introduction

Biological treatment with sulphate-reducing baed®RB) has been considered the most
promising alternative for the treatment of sevéyaes of industrial wastewaters, namely
acid mine drainage (AMD) (Johnson and Hallberg 200&culitaet al., 2007).

Generally, AMD is deficient in carbon sources/aleat donors and thus, an external
addition is required to achieve sulphate reductidmerefore, the choice of carbon source
for SRB activity can be the key-point to ensurehhpgrformance, long-term efficiency and
economical viability of the treatment. Selectionaotuitable carbon source and electron
donor for biological sulphate reduction is basedtbree factors: degradability of the
carbon source and hence its capacity to allow cetae@ulphate reduction by SRB, its cost
per unit of sulphate converted to sulphide andaitailability (van Houteret al., 1994;
Liamleam and Annachhatre, 2007).

Until now diverse organic wastes, namely sewagemanmanure, vegetal compost, wood
chips, sawdust, sugastillage from ethanol distilleries, were used agboa sources and
electron donors for sulphate reduction (Amos andnger, 2003; Frommicheat al., 2003;
Gibertet al., 2004; Costa and Duarte, 2005; Zagstryl., 2006; Goncalvest al., 2007).
However, most of them, due to their complexity, ao¢ easily degraded (Zaguey al.,
2006). Thus, there is an increased concern innggstew organic substrates for SRB,
especially those that are at the same time chedpvately available. The main focus of
this research was to study the removal efficienfcguiphate and main metals present in a
synthetic AMD using wine waste as carbon source.

In previous studies performed in batch using notrienedium showed that some
communities of SRB have the ability to use wine t@ass carbon source under specific
conditions (Chapter 3). In the present work winestea are applied for the first time as
carbon and electron source for SRB in the treatoBAMD, using a down-flow anaerobic
packed bed reactor (DAPB). This organic waste wdscted because it is produced in
large amounts in most Portuguese regions, as wéall ather wine producing countries, and
consequently, can be easily available at zero @neat negative cost, which can be
determinant for the economy of the bioremediatimtess.
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2. Materials and methods

2.1. Inoculum

A mixed culture containing the SRB speciBssulfovibrio fructosovorans, Desulfovibrio
aminophilus and Desulfovibrio desulfuricans, was used as inoculum. This consortium was
previously selected in batch studies (Martahsal., 2009). The bacterial community was
grown and maintained in modified Postgate B medi{fostgate, 1984) (lactate was
replaced by with wine wastes supplemented withiteatailing), in anaerobic conditions at
room temperature. Bacterial cells were harvestedeoyrifugation (4000 rpm, 10 min) and

transferred to the bioreactors.

2.2. Calcite tailing and wine wastes composition

The waste from the wine industry was collected mtio the bottling stage and its
composition was similar to that of diluted red wighanol concentration was 53.5 g/L,
and pH was 3.8-3.9.

Calcite tailing is the residue from a marble stenéting and polishing industry and was
used as a neutralizing and buffer material. X-rdfrattion (XRD) showed that its main
composition is magnesium calcite (~ 89%), quartz %) and traces of illite. Previous
studies (data not shown) showed that no biologstdphate reduction occurs in the

presence of calcite tailing without addition ofaten source.

2.3. AMD composition

Synthetic AMD similar to S. Domingos pit lake minater was used, containing about 2.5
g/L sulphate, 550 mg/L Fe, 175 mg/L Zn and 70 m@iL, pH = 2.5, (Costa and Duarte,
2005).

Pro-analysis FeS&YH,O, ZnSQ-7H,O and CuS®5H,0 were used. N&O; and HSO,

were used as additional source of sulphate andididathe final solution, respectively.
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2.4. Bioreactor characterization and experimental dscription

Two laboratory scale DAPBs were used for AMD treatiin The experiments were
performed using glass column bioreactors (innemdiar 5.5 cm, height 35 cm) at room
temperature (211 °C) for about 184 d for bioreatt(fed with ethanol) and 226 d for
bioreactor Il (fed with wine wastes).

The DAPBs were packed in two stages: first ~ 700 g @irse sand (0.3-0.5 cm) and 30 mL
of inoculum were added to each reactor. This layas filled with modified Postgate B
medium (Postgate, 1984), containing ethanol (imdaiotor 1) or wine wastes (in bioreactor
II) as carbon source. The bioreactors were operfatdghtch conditions for about 55 d to
promote bacterial growth. Subsequently, 90 g oéeosd packing layer, consisting of a
mixture of 2:1 (w/w) of coarse sand and calcitdirtgi (0.7-1 cm) was placed on the top.
This layer was filled with 30 mL of synthetic AMBtarting the treatment.

The experiment was performed in a semi-continugagem with the influent fed to the top
of the column and the effluent gravity collectedrs bottom. The daily volumes of added
AMD and collected effluent were the same (50 mioyresponding to a hydraulic retention
time of 8 d, considering 400 mL as working volunieach bioreactor.

Different concentrations and addition regimes afheearbon source were used (Table 4.1).
An initial high concentration of ethanol (70 g/L)aw provided in bioreactor | to guarantee

efficient process start-up.

2.5. Analytical methods

Periodically, samples were collected from eachd#otor with a syringe via a side port at
the base of the column and filtered through 11 jiterfpaper. Redox potential and pH
were measured using a pH/Eh Meter (GLP 21, Cris&ulphate concentration was
measured by a UV-VIS spectrophotometer (Hach-LaD&2800), using the sulfaVer4d

method (Hach-Lange). High performance liquid chrtogeaph (Beckman), equipped with

a polyspher OAHY column (30 cm x 0.65 cm, Merckdl @aRefractive Index detector, was
used for ethanol and acetate analysis. Heavy métalsCu and Zn) were measured by

flame atomic absorption spectroscopy using a ShanaA-680 model spectrometer. For
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each sample, three aliquots were considered anct$lodts were critically treated and only
accepted if a reasonable standard deviation (< 1@8)achieved.

Table 4.1Carbon source feeding regime.

Bioreactor | - fed with ethanol Bioreactor Il - fed with wine wastes

Operation Volume Ethanolinthe  Operation Volume Ethanol in the

time (d) added influent (g/L) time (d) added influent (g/L)
0to120 1 ml? 15.3 0to 91 30 mL 20.3
weekly weekly
121t0 184 3mL®  3.40 92 to 128 20 mL 15.4
daily* weekly
129t0 149 10 mL 9.0
weekly
150t0226 2mL 2.0
daily*

a) Volume added from a 780 g/L ethanol solution

b) Volume added from a 60 g/L ethanol solution

c¢) Five days a week

d) Volume of wine wastes added. The wine wastetago3.5 g/L of ethanol

SRB populations were enumerated by the three-tubst Mrobable Number (MPN) assay
with serial dilutions in modified Postgate E mediyfostgate, 1984) with ethanol as
carbon source. Essays were performed in triplidstieN tubes were incubated at room
temperature (21+ 1°C) for 5 d.

To evaluate the formed precipitates, micro-morpgplcand elemental composition,
scanning electron microscopy and energy disper3ivay spectrometry (EDS) were
carried out using a JEOL JSM-7001F scanning electrocroscope, coupled with an
OXFORD X-ray energy dispersive spectrometer, witBi@i) detector. The samples were
coated with a thin, conductive gold film.

Presence of crystalline phases was assessed by &y a Bruker AXS-D8 Advance

Plus

diffractometer with Cu kK radiation. The Diffrac™ EVA software was used for peak

identification and phase analysis.
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3. Results and discussion

The efficiency of the processes was assessed thrdetgrmination of pH, Eh, sulphate,

metals (Fe, Zn, Cu), ethanol and acetate concemisaand SRB numbers in the effluent.

3.1. pH and ORP

In bioreactor | (Fig. 4.1) AMD neutralisation (tdHp6.0-7.5) occurred during all the

experiment mainly due to calcite tailing placedtloa top of the column, providing optimal

pH for SRB growth and activity (Cohen, 2006). Irodgiactor I, calcite tailing also

promoted neutralisation. However, a slight decreaseeffluent pH was observed

throughout the experiment (Fig. 4.1), with non-opi values for SRB activity (< 5.5)

being observed after day 150. Besides the wineewtsslf being slightly acidic, this can be

due to metabolisation of other compounds preseith, production of acidic sub-products,

either by bacteria inoculated to the reactor oergloriginally present in that waste.

Fig. 4.1 Time course of pH and Eh in bioreactors | angH:
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pH values achieved in the effluents were generallthin the range of maximum
recommended values (MRV) for irrigation waters ire@d by Portuguese legislation (6.5-
8.4), and were always within the range of the maxmadmitted values (MAV) for this
parameter (4.5-9.0).

Eh in bioreactor | showed a decreasing tenden@ghiag values near -400 mV in the end
of the experiment. In bioreactor Il, Eh varied frebt®0 to 28 mV and only after day 150 a
decrease down to near -300 mV was observed. Indastss daily addition of carbon source

promoted the decrease of Eh, which is associatddgeiod SRB activity.

3.2. Biological sulphate reduction

Since the beginning of the experiment and indepathgdeof used carbon source, high
degrees of sulphate reduction (> 90%) were geryeaahieved (Fig. 4.2).

N N
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Time (d)

Fig. 4.2 Sulphate reduction performance of bioreactorsd kmuring the operation time:
sulphate concentration in AMDe), in effluent from bioreactor Is() in effluent from

bioreactor Il {7).

Sulphate concentration in the effluent of bioread¢twvas lower than 30 mg/L throughout
the entire experiment, which corresponds to ab@# femoval. In bioreactor II, sulphate
reduction was above 90%, until day 184, correspandd concentrations in the effluent
below 200 mg/L. After that sulphate concentratinaréased gradually up to 905 mg/L in
day 226. This increase only occurred when efflygttcame below 5.5, becoming non-
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optimal for SRB activity. Hence, the results empbmashat biological sulphate reduction is
limited by pH. Except for the last three sampleiected from bioreactor Il, sulphate
concentration in the effluent is below the MRV afrRiguese legislation (575 mg/L).

3.3. Metals removal

In bioreactor |, the metals were almost completetynoved (Fig. 4.3), since the
concentrations of Fe, Cu and Zn in the effluentsewedways below 9, 3 and 4 mg/L,
respectively (see removal percentages in Table 4.2)

700

300 \v4

200
1 %

100 oV Vv \VAY

Vo7 Vv
0 oo

Iron (mg/L)
5 3 3
| i

Copper (mg/L)

250

8]
o
o

=
[
o

100

Zinc (mg/L)

[
o

0 ‘Doooroei O E R

0 50 100 150 200
Time (d)

Fig. 4.3 Metals removal performance of bioreactor | andldring the operation time:
metals concentration in AMDe], in effluent from bioreactor I=() and in effluent from

bioreactor Il {7).
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Table 4.2Performance of bioreactors.

pH lons concentration Performance parameters
Feed Effluent Removal Removal rate
Bioreactor Feed Final (mg/L) (mg/L) (%) (mg/Ld)
24 6.5-75 SO# +2300 30 98 283
Fe £ 530 9 98 65
Cuzx71 3 95 9
Zn + 154 4 97 19

24 6.7-50 SO%+2300 200-905 91-61 263-174
[l Fe + 500 35-290 91-42 58-26
Cuzx70 2 97 9
Zn +151 5 97 18

In bioreactor 1l the highest percentages of iromaeal, between 85 and 91%, were
obtained in the first 63 d of the experiment. Afifeat time Fe concentration in the effluent
shows a tendency to increase, reaching a maximume wd 290 mg/L at day 199. Taking
into account that Portuguese legislation does mpbse a MAV for iron concentration in
irrigation water, the use of the effluent for tipatrpose is not compromised. For Cu, values
lower than 5 mg/L (MAV) were always achieved, whida concentration in the effluent
was generally below 10 mg/L (the MAV), which copeads to high percentages of
removal (Table 4.2).

Both processes are efficient for the removal ofatsetalthough lower concentrations of
iron were achieved in the effluent of bioreacto€ansidering that the amount of sulphate
reduced should be enough to give the same extemremipitation of metals in both
reactors, a possible cause for this differencedhaliour could be the accumulation in
bioreactor Il of substances either originally preésa the wine wastes or resulting from the
activity of bacteria present in those wastes. Thi#oa of those compounds could be
formation of soluble iron complexes, or preventiminprecipitate particles aggregation,
remaining these in colloidal suspension, thus emilg the results obtained. In fact, the
iron-chelating properties of phenolic acids, usugdresent in wine, are documented
(Andjelkovicet al., 2006).
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3.4. SRB quantification and ethanol consumption

As expected, ethanol, used in bioreactor | as ectrein donor for sulphate reduction, was
suitable for SRB growth and activity (Nagm@hkl., 2000; Kaksonest al., 2006; Zaguryet
al., 2006). In comparison, use of wine wastes waseifeative. In both bioreactors ethanol

was consumed and acetate was produced (Fig. 4.4).
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Fig. 4.4 Performance of SRB consortium in bioreactor | #nduring the operation time:
ethanol concentration in influente) and in effluent from bioreactore), acetate
concentration in effluent from bioreactar)(@nd SRB number in bioreactar)(
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Use of high initial concentration of ethanol (7@L)gin bioreactor | is determinant to
achieve a considerable MPN (9%1GFU/mL), similar to that existing at start-up with
bioreactor 1l (Fig. 4.4). This guarantees efficistart-up of the process. Similar growth
profiles of SRB were obtained in both bioreactdfig(4.4), since a decrease of MPN was
observed in both cases until about day 130. Heheedecrease of MPN in bioreactor Il is
not related with toxicity of the wine wastes, arekm®s not to affect sulphate reduction.
Change to a daily carbon source addition regimél€rd.1) seems to enhance SRB growth
(Fig. 4.4) and helps to keep redox potential lowg.(E.1).

Simultaneously with the increase of MPN, it is pblesto observe higher consumption of
ethanol and formation of acetate than in the pest of the experiment. Presence of acetate
in the effluents is consistent with the useébagulfovibrio, which according to the literature
(Liamleam and Annachhatre, 2007; Muyzer and St&2®88) does not use this compound
as carbon source. Incomplete ethanol oxidation alss observed by Koschorreekal.,
(2002). However, complete oxidation of ethanol t0,Qising SRBs alone was reported
using cultures oD. desulfuricans (Napgalet al., 2000), one of the species which is present
in the used inoculum.

Decrease of ethanol concentration in bioreactatidl not show detrimental effect on the
activity of SRB, which was enough to bring sulphatecentration below the MRV for
irrigation water (575 mg/L), one of our targets.

The observed ratios ethanol consumption/sulphatswraption (EtOH/S¢)) and acetate
formation/sulphate consumption (AcOH/$%) were calculated for the periods of nearly
steady state behaviour of the bioreactors.

Thus, for bioreactor | between days 131 and 188Fi©OH/SQ* molar ratio was 2.30, and
the AcOH/SQ* molar ratio was 1.78. This stoichiometry is quitese to that of the redox
reaction between sulphate and ethanol to produlhide and acetate (eq. 4.1), again

showing incomplete use of the carbon source:
SO% + 2 GHsOH — § + 2 CHCOOH + 2HO (4.1)

The differences observed to this stoichiometryglgly higher consumption of ethanol, and

lower formation of acetate) can be explained byofirocesses taking place in the system,
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such as formation of ethanol oxidation subproductser than acetate, or ethanol
consumption by bacteria other that SRB that cdgtare present.

The same calculations applied to bioreactor Il shbat between days 158 and 200, the
EtOH/SQ? molar ratio was 1.60, and the AcOH/80molar ratio was 2.08. Again these
values are close to those expected from Eq. 4dwisly that incomplete oxidation of
ethanol is also dominant in this system. The mdierénce is the lower consumption of
ethanol. This indicates that other compounds ptesetine wine waste are used to reduce
sulphate. In fact, wine is known to have significamounts of metabolisable organic
compounds, such as carbohydrates, organic acidamntbacids. This is also consistent
with our finding thatD. fructosovorans, known for its ability to use fructose-containing
carbohydrates, is one of the species that thriviesnwising wine wastes as carbon source
(Martinset al., 2009).

3.5. Precipitates analysis

XRD patterns exhibit the characteristic peaks dfitem matrix materials (coarse sand and
calcite tailing), in which the major crystalline gdes are quartz, illite and calcite.
Particularly interesting is that, in both cases,nmetal sulphides were observed by XRD,
which, together with a swelling background, is cadive that the metals precipitate
essentially in amorphous phases. Crystalline irarbanates (siderite) were also found
probably due to reaction of iron with the carbosdt®m calcite or with C@originated
from ethanol oxidation. The observed yellowish gaatof calcite granules corroborates
this hypothesis of Fe precipitation due to newedlon. Only for bioreactor I, where wine
was used as carbon source, molecular sulphur wastified as one of the major
components of the precipitates. Elemental sulphiabgbly results from re-oxidation of
biologically generated sulphide. In fact, accordiogthe Pourbaix diagram for sulphur
(Pourbaix, 1974), the combination of pH and Eh galin the effluent of this bioreactor
(Fig. 4.1) was thermodynamically favourable for tfeemation of elemental sulphur
between days 63 and 149. This also helps to exptmomplete iron removal in this
bioreactor, because re-oxidation makes a lower amoti sulphide available for metal

precipitation.
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Scanning electron micrographs show that, in bofesaprecipitates are composed of small
flake-like microparticles with variable dimensioRid. 4.5). EDS spectra presented in the
same figure show that the precipitates are maioipposed by iron and sulphur with
copper and zinc as secondary elements, which isistent with precipitation of those
metals as sulphides. The semi-quantitative analgéethe EDS spectra show that the
amount of iron is two to three times lower in thregipitates from bioreactor Il, which is

consistent with incomplete precipitation of thistedevhen using wine waste.

Bioreactor|

o Bioreactor Il

E / keV

Fig. 4.5EDS spectra and SEM micrographs of the precigtiten bioreactors | and II.
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4. Conclusions

This study shows that wine wastes can be usedrbsrcaource by SRB in the treatment of
AMD, since with the addition of 2.0 g/L of etharp@r day in the form of wine wastes these
bacteria were able to efficiently remove 2.5 g/Lsafphate. In addition, with exception for
iron, the extent of copper and zinc removal wasughdo comply with the local legislation
for irrigation water. The relatively high concernioas of iron in the effluent can be due to
the prevention of iron sulphide precipitation byeldting or anti-coagulant substances
present in the wine waste or partial re-oxidatibswphide to elemental sulphur.

The incorporation of calcite tailing, not only teettop layer, but to all column matrix can
eventually contribute to improve and extend proges$ormance. That addition is needed
to prevent pH decrease resulting from metabolisatiowine wastes or by the presence of
acid substances existing in those wastes. Moreoeradsorption capacity of the calcite
material can also eventually contribute to retammpounds responsible for metals
mobilization, thus improving iron removal efficignc

Use of such a local and abundant waste as carhonesobtained at zero or even negative
cost can be a determinant contribution to turn dleeontamination of AMD by SRB
technologies economically viable.
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Chapte|5

Dynamics of bacterial community in up-flow anaerobt
packed bed system for acid mine drainage treatment

using wine wastes as carbon source

Abstract

The dynamics of the bacterial populations in anflop- anaerobic packed bed system
(UAPB), applied in acid mine drainage treatmenhgsvine wastes as carbon and nutrients
source was elucidated by temperature gradient tpgtrephoresis (TGGE) analysis.
Moreover, TGGE fingerprints of the bacterial comnties developed in a UAPB fed with
wine wastes and a UAPB fed with pure ethanol werepared. TGGE fingerprinting and
phylogenetic analysis showed that the compositichecommunity in the UAPB fed with
wine wastes remained stable during whole time efrafon and its bacterial diversity was
higher. The bacterial community of the UAPB fed hwitine wastes was composed by
bacteria affiliated withDesulfovibrio, Clostridium, Citrobacter and Cronobacter genera
and with Bacteroidales order, sp. The dominant camty developed in the UAPB fed
with ethanol was composed by bacteria affiliatethvidesulfovibrio sp. The presence of
several bacterial groups in the bioreactor fed wiline wastes suggests a synergistic
interaction between the different populations. 8ypitic interaction may be the key factor
for the utilization of wine wastes, a complex ongasubstrate, as carbon and electron
source for sulphate reduction.
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1. Introduction

Biological treatment of sulphate and metal-contagnivastewater using sulphate-reducing
bacteria (SRB) is a viable option to conventiortanical treatment due to its lower cost
and better sludge properties (Kaksoeeal., 2003).

Generally, the content in carbon sources/electmmos of sulphate and metal-containing
wastewater is very low (Johnson, 2000) and an eateaddition of these compounds is
required to achieve sulphate reduction. The perdmge of the anaerobic bioremediation
systems for liquid wastes treatment depends onafipropriate selection of an adapted
microbial population and on its direct interactiomsh the available substrates (Sattal.,
2010). Therefore, several studies have been peefbrto find a cost effective carbon
source/electron donor suitable for sulphate redactVarious organic wastes including
sewage sludge, animal manure and mushroom compos& hlready been tested as
alternative carbon and electron sources for SREnjleam and Annachhatre, 2007).
However, little research work has been done coimgrthe structure of the microbial
community involved in the degradation of those oarbources.

Previous studies have shown that wine wastes carsdukas carbon source by SRB for the
biological treatment of acid mine drainage (AMDjdicating that this source is a potential
alternative to traditional substrates (Coattal., 2009). The use of such an abundant waste
without expenses in wine production countries, daghlly contribute to turn economically
viable the decontamination of AMD or other metdpbate containing wastewaters using
SRB based technologies.

In the present study, the dynamafghe bacterial populations involved in a bioremédn
process for AMD treatment using wine wastes as ararbource was investigated by
temperature gradient gel electrophoresis (TGGE)yaisaof 16S rRNA gene. For this
purpose two up-flow anaerobic packed bed systerA$R) were operated in parallel using
two different carbon sources: one UAPB was fed withe wastes (UAPB ) and the other
was fed with ethanol (UAPB II), allowing the comizan of the bacterial community
structure developed in each system. Additionatlyyas investigated if the modifications
introduced to the bioremediation process develdpe@osta etl. (2009), namely reactor
configuration (up-flow instead of down-flow systear)d incorporation of calcite tailing in
the bioreactor matrix, could improve the perfornentthe bioremediation process.
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2. Materials and methods

2.1. Inoculum

A mixed culture containing SRB was obtained fromravious bioreactor fed with ethanol
was used as inoculum (Cogdiaal., 2009). The bacterial cells (30 mL) were harvesigd
centrifugation (4000 rpm, 10 min), washed and rgpsad in Postgate B medium (Postgate,
1984) and then used as inoculum.

2.2. Synthetic Acid Mine Drainage

Synthetic AMD, containing 2.5 g'tof SQ?, 550 mg L* of Fe, 175 mg L of Zn and 80
mg L of Cu and pH = 2.5 was prepared. Pro-analysis F&8&D, ZnSQ-7H,O and
CuSQ-5H,0 were used as metals sources,3@ was used as additional source of
sulphate and $$0O, was added to acidify the final solution.

2.3. Calcite tailing and wine wastes composition

The calcite tailing used in the experiments asnaéising and buffer material was collected
in a marble stone cutting and polishing industriye Talcite tailing characterization and its
usefulness as neutralising agent in SRB basedrbaxt@tion processes has been described
by Barroset al. (2009) and Martinst al. (2010). The waste from the red wine industry was
collected prior to the bottling stage and presermtecethanol concentration of 53.5 §,L
and a pH of 3.8-3.9.

2.4. Experimental design

Two up-flow anaerobic packed bed systems (UAPB)ewesed to study the effect of the
carbon source in the bacterial community in a l@ioter developed for the treatment of
AMD. The bioremediation systems were carried olabiscale and operated in continuous

system at room temperature (21°C+1) for about ¥3@.dThe experiments were performed
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using glass reactors. Each UAPB was composed bycolonn reactors: a calcite tailing
column (inner diameter 5.5 cm, height 15 cm) and@flow anaerobic packed bed reactor
(inner diameter 5.5 cm, height 35 cm). The caltitiéing reactors were packed with a
mixture of coarse sand and calcite tailing 2:1 (Wamd were filled with synthetic AMD
(87 mL). The anaerobic bioreactors were packed 8D g of coarse sand and 30 mL of
inoculum (2.0x16 CFU). Additionally, 5 g of calcite tailing was ioporated in the
column matrix of the bioreactor fed with wine wastBach bioreactor was filled with 500
mL of modified Postgate B medium (Postgate, 19&%pkemented with resazurine as
redox indicator (0.01g ). Both UAPB operated in batch conditions for abbdtdays to
promote bacterial growth. After this initial timleet treatment of synthetic AMD started and
the systems were operated with 9 days of hydraebaence time. One UAPB was fed
with wine wastes (corresponding to 2.3 mmol of ethaadded daily) (UAPB I) and the
other with ethanol (5.2 mmol of ethanol was addeadyyl (UAPB II). The amount of
carbon source added per day was adjusted consideravious results that showed lower
ethanol consumption when wine wastes were usedrasit source instead of pure ethanol
(Martins et al., 2009). During 107 and 148 days, the double amount of wine wastes
(corresponding 4.6 mmol ethanof)dwas added to the reactor in order to evaluate the
impact of the excess of this carbon and nutrieatsce in the bacterial populations. After

149" day the amount of wine wastes added per day westablished.

2.5. Analytical methods

Samples from each reactor were weekly collectedfégteded through 11 um filter paper.
Redox potential and pH were measured using a pMe&ier (GLP 21, Crison), that make
E correction to the standard hydrogen electrodgh@ite concentration was measured by a
UV-VIS spectrophotometer (Hach-Lange DR2800), udging sulfaVer4 method (Hach-
Lange). Heavy metals were quantified by flame atoabsorption spectroscopy using a
Shimadzu AA-680 model spectrometer.

SRB populations were enumerated by the three-tubst Mrobable Number (MPN) assay
in modified Postgate E medium (Postgate, 1984) witianol as carbon source, using 10

fold dilutions. MPN tubes were incubated at roomperature (21°C+1) for 5 d.
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2.6. Molecular characterization

2.6.1. Extraction of DNA and PCR Amplification of S rRNA gene fragments

Total genomic DNA was extracted after harvestinkdsdey centrifugation at 4000 rpm for
10 min using the method previously described bytMset al. (2009).

Amplification of 16S rRNA gene fragments was pemnied using the primer pair 341F-GC
(5'-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA @k GCC TAC
GGG AGG CAG CAG-3') / 534R (5'-ATT ACC GCG GCT GGEIG-3') (Muyzeret al.,
1996). The primers were purchased from Thermo Eis8tientific. The reaction mixture
used for PCR amplification contained 31.75 pL arissed MiliQ water, 1 pL of each
primer (10 pmol p}), 1 pL of NTP's (10 mM), 4 pL of Mg&(25 mM), 10 pL of 5xGo
Tag® buffer (Promega, Madison, USA), 0.25 uL of @g®DNA polymerase (Promega,
Madison, USA), and 1 uL of DNA. PCR amplificatiorasvperformed in a thermocycler
(T1, Biometra, USA). Thermal cycling was carried by using an initial denaturation step
of 94°C for 3 min, followed by 35 cycles of 94°Q fiomin, 55°C for 1 min and 72°C for 1
min and completed with an extension period of 3 @irv2°C. The PCR products were
analyzed by electrophoresis, in 1% (w/v) agaroseuge TAE Buffer.

2.6.2. TGGE analysis

PCR products, amplified with primers 341F-GC/53#%Rye resolved using a TGGE Maxi

system (Biometra, USA), as specified by the manufac. Aliquots of each PCR product

(5 uL) were electrophoresed in a gel containing(@9%) acrylamide/bisacrylamide (39:1),

8 M urea, 2% (v/v) glycerol and 20% (v/v) formamidéh a TAE 1X buffer system at a

constant voltage of 150 V, for 20 hours, applyintp@mal gradient of 42°C to 53°C. The
gels were silver stained and scanned. IndividuaGEGands were excised from the gels,
resuspended in 35 pL of TE 1X (10 mM Tris-HCI, 1nBdTA) and stored at 4°C. 3 pL of

the supernatant was used for reamplification whik $ame primer pairs but without GC
clamp. PCR products were purified using the JelgBICR Purification (Genomed GmbH,

Lohner, Germany) and sequenced in CCMAR (Centr€i@acias do Mar, Universidade

do Algarve). The sequences obtained in this stuetihe following accession numbers:
HM214916 to HM214923.
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2.6.3. Phylogenetic analysis

For phylogenetic analysis, sequence alignments wede with Clustal X (Thompson,
1997) and visually corrected. To estimate phylogenelationships the Bayesian Markov
chain Monte Carlo (MCMC) method of phylogeneticer@nce (Huelsenbeck and Ronquist,
2001) was applied MrBayes software (Larget and 8in®99). This method allows
estimation of the a posteriori probability that gps of taxa are monophyletic given the
DNA alignment (i.e., the probability that corresporg bipartitions of the species set are
present in the true unrooted tree including thegispecies). This Bayesian approach was
repeated several times, using random starting tnreéslefault starting values for the model
parameters to test the reproducibility of the rssul

3. Results and discussion

3.1. Performance of the bioremediation systems

Although, 5 to 30% sulphate present in AMD was reeabin the calcite tailing columns,
the major sulphate removal occurred in the biologaxctors independently from the carbon
source added (Fig. 5.1a).

Similarly to a semi-continuous down-flow system duideefore (Costa edl., 2009), the
UAPB fed with wine wastes showed a good performancsulphate removal. Until day
120 sulphate removal rate was above 90% (Fig. 5Rajween day 120 and 160, a
decrease in sulphate removal rate was observetvaualp values near 50% in day 160.
This result can be explained by the increase todthéble of the amount of wine wastes
added between days 107 and 149. The wine wastéd contain compounds that in large
amounts might affected the SRB activity, or theemscof this carbon and nutrients source
promoted changes in the bacterial community affigctits functional activity. The
inhibitory effect caused by the increase of winest@a in the SRB activity was supported
by the fact that an increase of sulphate removalatserved again when the amount of the

wine wastes added was re-established (Fig. 5.1a).
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Fig. 5.1Performance of UAPB | (fed with wine wastes) an¢féd with ethanol) during the
operation time: a) sulphate, b) iron, c) copper dnhginc removal.

The sulphate removal in the UAPB Il ranged fromt®&@7% until day 97 (Fig. 5.1a). From
this day, sulphate removal rate decreased untilld&®y when it was observed the lowest
removal rate (33%). This decrease occurred prgcigeen the pH of the effluent from the
bioreactor also decreased. Between days 97 andthEL®H was around 5.5 (data not
shown), becoming non-optimal for SRB growth. Howe\auring all the experiment the
neutralization of AMD, from 2.5 to 6.9, was alwaysserved in the calcite tailing column
(data not shown). During seven days (day 112 tg 2@8nL per day of Postgate B medium
(Postgate, 1984) was added to the bioreactor ieram improve the SRB growth and
recover the bioreactor activity. The effect of thidion was observed after day 126: the pH
in the bioreactor increased again for values aro@ddand the normal function of the
system was established. Sulphate removal efficieveey maintained above 85% from day
120 until the end of the experiment.

The greater amount of metals present in AMD wasokesd in the calcite tailing columns

(Fig. 5.1b, c and d). The potential of calciteitgjlfor metals decontamination was already
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reported (Barrost al., 2009; Martinst al., 2010). The removal of metal ions by the calcite
tailing is due to pH increase, promoting metal pation (Gilbertet al., 2005). In
addition, the metals can also be adsorbed by thetecanaterial, which presents a high
surface area (Barraat al., 2009). High metal removal rates were achievebloin UAPB:
over than 99.5% for all the three metals. The &fficy of iron removal in UAPB | was
higher than reported by Cos#al. (2009), who described a maximum iron removal cdite
91%. This difference can be due to calcite tailmgprporation in the bioreactor matrix and
to the type of system used: in the present studypafiow system was applied, while Costa
et al. (2009) used a down-flow system. Eventual ironkaivey compounds present in wine
wastes, which prevent the formation of iron sulghidould be adsorbed by the calcite
tailing, therefore improving the iron removal raide iron-chelating properties of phenolic
acids, usually present in wine, are documented j@kaVic et al., 2006). Moreover, iron
can also be adsorbed by calcite tailing.

These system modifications could contribute folrtprovement and consequently for the
development of a more efficient process for AMD atlgamination, based in SRB activity

and using wine wastes as carbon source.

3.2. Enumeration of SRB in the bioremediation systas

The number of cells estimated in UAPB | was alwiaigher that in UAPB Il during all the
treatment, although both bioreactors were inocdlatéh the same number of SRB cells
(Fig. 5.2). This difference ranged from 2-3 logsidg the experiment. This result can be
explained by the presence of compounds in wine egaitat can be used by SRB as
alternative carbon sources. In fact, significantoants of organic compounds, such as
carbohydrates, organic acids and aminoacids argepren wine and probably in wine
wastes. Furthermore, these compounds can alsoidonas growth factors stimulating
bacterial growth.

The estimation of SRB cells number also showed ttiatincrease of the amount of wine
wastes added per day to the reactor affected thbate reduction activity, but not the SRB
growth (Fig. 5.2). Considering UAPB I, between &t and 124 days the number of SRB
decreased, achieving values of 7%TFU mL™. This reduction may explain the decrease
of sulphate removal observed in the same peridanef (Fig. 5.1a). The pH drop observed
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between days 97 and 118 (data not shown) possibinqted the decrease of the number

of SRB in the bioreactor, causing the decreaselphate removal.
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Fig. 5.2 Sulphate reducing bacteria number in UAPB | (fethwivine wastes) and Il (fed
with ethanol) during operation time. Data are tiverage of triplicates and error bars
indicate the standard deviations of the averageegal

3.3. 16S rRNA gene TGGE fingerprinting and phylogeatic analysis

Samples from UAPB | and Il were taken at differgntes during the AMD treatment for
TGGE fingerprinting of bacterial communities (Fi§3). TGGE analysis revealed a low
genetic diversity in the initial culture (Fig. 5.Bane 0). The corresponding profile was
composed by a predominant band (B1) and by otheb@ands presenting a lower intensity
(B2 and B8). The low diversity observed in thistiadli community can probably be
explained by the fact that the inoculum used in phesent study was obtained from a
previous bioremediation process used for AMD treati(Costeet al., 2009). Since high
degradation rates frequently generate communitiéls simple structure (Balcket al.,
2004; Linet al., 2007), sulphate and metals present in the AM&bgbly promoted the

growth of a few resistant species, selecting themaminant populations.
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Chapter 5: Dynamics of bacterial community in UAPBusing wine wastes as carbon source

Fig. 5.316S rRNA gene TGGE profiles of bacteria communigsent in UAPB | (initial
culture (0), after 80 days (A), 120 days (B) an8 lays (C) operation time) and in UAPB
[I (initial culture (0), 100 days (D), 140 days (&)d 170 days (F) operation time).

TGGE bands were re-amplified and sequenced in aoddetermine the composition of the
microbial communities in UAPB | and Il. Sequence=ravused for phylogenetic analysis in
order to obtain a more accurate identification a€teria present in each consortium (Fig.
5.4). The 16S rRNA gene sequence correspondin@eoBtl. was closely related to the
genusDesulfovibrio. Sequence from Band 2 showed homology with memidfetise order

Bacteroidales, even thought no sequences fromredltstrains could be assigned to the
bacteria represented by this band. The order Badedes is composed by anaerobic,
fermentative Gram-negative species (Danhal., 2009). Bacteria affiliated to Bacteroidales

were already found in an artificial wetland systdeveloped for the treatment of acidic,
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iron and sulphate rich waste water derived fromntitm mineral processing (Damhal.,
2009). Band 8 was affiliated with Enterobacteri&ctanily. Its closest relatives were from
Citrobacter and Cronobacter genera. Cronobacter genus comprises Gram-negative,
facultative anaerobic bacteria with ability to pucd acids from several substrates such as
glucose, sucrose and maltose (lverseai., 2007). Bacteria belonging to this genus do not
produce hydrogen sulphide, in contrast with sormairet of Citrobacter that have this
ability (Iversenet al., 2007). The production of lactate, acetate ahdreil as by-products
of glucose fermentation byCitrobacter sp. was reported (Hamiltomt al., 2010).
Considering that these products are suitable tpatSRB growth as carbon and electron
sources, the presence of these bacterial groupthd@nconsortia is not unexpected.
Furthermore, the potential oCitrobacter sp. for bioremediation of waste water
contaminated with dyes was previously mentionedanget al. (2009). Recently copper
resistantCitrobacter specie with ability for sulphate reduction wasoatkescribed (Qiuet

al., 2009).

Although the initial community have changed in @sge to the UAPB | conditions, the
corresponding TGGE fingerprints showed that thecstre of the bacterial community
stabilized during the first 80 days of operatiord aemained fairly constant during the
remaining treatment (Fig. 5.3, lanes A, B and Q)isbservation is in accordance with the
results reported for other bioremediation processeswhich has been observed the
establishment of dominant populations and theirnteaiance after an initial period of
adaptation to the environmental conditions (GomélaNsa et al., 2006; Quet al., 2009).
The community structure of the bioreactor was naan@d even when the amount of wine
wastes was doubled. Therefore, it is possiblefar ithat this change only affected the SRB
activity but not the community structure. Thus, tleerease of this activity can be due to an
inhibitory effect in sulphate reduction resultingorh high concentration of some

compounds in the wine wastes.
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UAPB | TGGE profile was composed by the 3 bandsgmein the initial culture (B1, B2
and B8) and by three additional bands (B3, B5 a®). Bhylogenetic analysis of the
corresponding sequences showed that the sequencB3ofvas affiliated with an
unidentified bacterium, but B5 and B6 were closelated to the genuSlostridium. This
genus is composed by Gram-positive and spore-forareakrobic bacteria, which are
widely distributed in environment (Stackebrandt aRdiney, 1997; Bruggemann and
Gottschalk, 2009)Clostridium species are unable to accomplish dissimilatory haikp
reduction and may present diverse morphologiesalmoit properties and nutritional
requirements (Stackebrandt and Rainey, 1997). Aghothey are unable to perform
dissimilatory sulphate reduction, some speciespcaduce sulphide by sulphite reduction.
The co-existence ddesulfovibrio sp. andClostridium sp. in bioremediation processes have
been reported before (Boonchayaaretrad., 2008).Clostridium spp. have been considered
as playing an important role in molasses and gkidesmentation, cooperating with SRB
for sulphate reduction (Bruggemann and GottsctZR9).

TGGE fingerprinting analysis suggests that durimg fist 100 days of system operation a
core bacterial community was developed in UAPBHIgQ( 5.3, lane D). The community
was only composed by bacterial species correspgriditwo bands: Bl, already present in
the initial inoculum, and a new intense band (BBpth were closely related to
Desulfovibrio genus (Fig. 5.4). B7 was not observed in UAPRIjgesting that the growth
of this Desulfovibrio species was favoured under UAPB Il operating doomk. In the
subsequent 40 days (Fig. 5.3, lane E), a bactgedies affiliated with order Bacteroidales,
already present in the initial culture (B2), wasedéed and a new band was also observed
(B3). This band corresponded to an unidentifieddraem that was also present in UAPB I.
These two bacteria were only detected in UAPB traaddition of Postgate B medium for
system recovering. This change in the bacterialmanity profile could be caused by this
additional source of nutrients. This hypothesisiaforced by the observation that after the
system recovery B2 was not detected and B3 wagressse (Fig. 5.3, lane F), probably
due to the change in nutrients availability. At #red of AMD treatment (Fig. 5.3, lane F)
the intensity of B7 decreased and a new weak bBdAJ lpecame visible. Phylogenetic
analysis of B4 sequence revealed its affiliationhwgenusClostridium (Fig. 5.4). The
TGGE results of UAPB 1l suggest a dynamic structafepopulations, although a core

community is maintained all along the experiment.
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Although both bioreactors were inoculated with g@me bacterial community, TGGE
fingerprints revealed clear differences betweenleterial consortia in UAPB | and Il
(Fig. 5.3). Since the two reactors were operatesimilar conditions, with exception for the
carbon and nutrients source added, the differesleesld be a consequence of the carbon
and nutrients source fed to the system. Geetd. (2005) and Zha&t al. (2010) have
already reported that different carbon sourceshad different bacterial communities. The
present results also suggest that the type of padmurce modulated the bacterial
community responsible for AMD treatment.

TGGE fingerprinting and phylogenetic analysis shdwkat the bacterial diversity was
higher in the UAPB | than that in UAPB Il. The baigal community developed with wine
wastes (UAPB |) was composed by bacteria affiliabgth Desulfovibrio, Clostridium,
Citrobacter and Cronobacter genera and with Bacteroidales order. Although aemor
dynamics structure was observed for the commurmtekbped with ethanol (UAPB II), the
core consortium was only composed Desulfovibrio sp. Some of the 16S rRNA
sequences of TGGE bands were related with sequdrmasuncultured bacteria with no
identified close relative. This observation indesathat some microorganisms established
during the bioremediation process are still unesgulo

The higher diversity observed for UAPB | communityght be due to the high variety of
available compounds in the wine wastes that canesept alternative carbon sources,
nutrients and growth factors, stimulating the giowt different species. The presence of
several bacterial groups in UAPB | suggests a gys#c interaction between SRB and
fermentative bacteria. SRB are generally unableige complex substrates as electron
donors for sulphate reduction (Liamleam and Annatteh 2007). Usually these substrates
are first converted to simple molecules by fermiévgabacteria and then used by SRB
(Liamleam and Annachhatre, 2007). The syntrophiaticmships established between
various functional groups allow the degradationcomplexes molecules and the use the
corresponding degradation products by SRB (Zétea., 2010). The co-existence of SRB
and fermentative bacteria may be the key factortif@r utilization of wine wastes, a

complex organic substrate, as carbon and nutrgentsce for sulphate reduction.
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4. Conclusions

The present study demonstrated that the type difocasource (wine wastes or ethanol)
modulated the bacterial community responsible lierAMD bioremediation process based
in the SRB activity. TGGE fingerprinting and phyegetic analysis showed that the
bacterial diversity was higher in the bioreactat f&th wine wastes than in the bioreactor
fed with ethanol. The presence of SRB and fermmaetabacteria Clostridium sp.,
Bacteroidales ordegitrobacter sp. andCronobacter sp.) in the bioreactor fed with wine
wastes suggests a synergistic interaction betweesetbacterial groups, which can be the
key factor for the use of such complex organic sabe, as carbon and electron source for
sulphate reduction. In addition, the modificatidrtlee bioreactor configuration used in the
bioremediation process (up-flow instead of dowmwfleystem) and the incorporation of
calcite tailing in the bioreactor matrix, contribdtfor the improvement of the system. The
evaluation of the performance of the treatment ttogre with the monitoring of the
dynamics of the bacterial community is relevantidofor a better understanding the

bioremediation process.
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Chapter6

Effect of uranium (VI) on two sulphate-reducing baderia

cultures from a uranium mine site

Abstract

This work was conducted to assess the impact afiwra (V1) on sulphate-reducing
bacteria (SRB) communities obtained from environtalersamples collected on the
Portuguese uranium mining area of Urgeirica. Calturwas obtained from a sediment,
while culture W was obtained from sludge from thetland of that mine. Temperature
gradient gel electrophoresis (TGGE) was used to itmorcommunity changes under
uranium stress conditions. TGGE profilesdsfB gene fragment demonstrated that the
initial cultures were composed of SRB speciesiaftéd withDesulfovibrio desulfuricans,
Desulfovibrio vulgaris and Desulfomicrobium spp. (sample U), and by species related to
Desulfovibrio desulfuricans (sample W). A drastic change in SRB communitiess wa
observed as a result of uranium (VI) exposure. i&ingly, SRB were not detected in the
uranium removal communities. Such findings empleagize need of monitoring the
dominant populations during bio-removal studies.GEsand phylogenetic analysis of the
16S rRNA gene fragment revealed that the uraniumovel consortia are composed by
strains affiliated toClostridium genus,Caulobacteraceae and Rhodocyclaceae families.
Therefore, these communities can be attractive idates for environmental

biotechnological applications associated to uraniemoval.

A version of this chapter was published as:
Martins M, Faleiro ML, Chaves S, Tenreiro R, Cagl@ (2010) Effect of uranium (VI) on two

sulphate-reducing bacteria cultures from a uraniine site. Sci Total Environ. 408: 2621-2628.



1. Introduction

Surface waters and groundwater may have undesitagly concentrations of dissolved
uranium asthe product of natural processes, from contaminatesulting from uranium
mining and processing activities or from the reéea@bnuclear materials to the environment
(Gorby and Lovley, 1992)Thus, the removal of uranium from aqueous solgtion
especially from contaminated sources, is an importeopic for the control of
environmental pollution, and techniques for the oeat of dissolved uranium from waters
are needed for several environmental applications.

Given the high costs and the technical limitatiamfsconventional metal remediation
techniques, currently based on chemical approaghegd et al., 2003), there has been an
unprecedented interest in the interactions of noigganisms with key radionuclides, e.g.
uranium, in the hope of developing cost-effectiveorémediation approaches for
decontamination of waters, effluents and sedimentmcted by nuclear waste (Llo
al., 2003). In this context, bioremediation is nowglaonsidered a potential alternative
and an economically attractive strategy that offergeral advantages over the traditional
techniques, like low operative costs and high efficy in detoxifying very dilute effluents.
Taking into account the diversity and the high atante of microorganisms in the natural
environment it is of high importance to identify dacharacterize microbial strains or
communities with high metal resistance and abifity metal removal by different
mechanisms (Kazgt al., 2009). Moreover, understanding and exploring gheential of
microbe-metal interaction have gained recent istedeie to their importance in various
biotechnological applications like biosensors, bef and most promisingly in microbe
mediated nanomaterials synthesis (Maratlal., 2006; Wuet al., 2008).

During the last two decades, many researchers teseevered that different groups of
microorganisms, such as Actinomycetes (Goedlal., 1991; Tsuruta, 2002) and other
bacteria (Lovleyet al., 1991; Tsuruta, 2002; Wall and Krumholz, 2006kasts
(Strandberg, 1981; Tsuruta, 2002) and fungi (Gaual., 1983; White and Gadds, 1990;
Tsuruta, 2002), have the ability to remove uranftom aqueous media.

Since the pioneer work of Lovley and co-workershia early ninety’s (Lovlewt al., 1991,
Lovley and Phillips, 1992 ), a number of bactersglecies includingGeobacter spp.
(Andersonet al., 2003),Shewanella putrefaciens (Lovley et al., 1991), andClostridium sp.
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(Franciset al., 1994) have been described for their abilityéduce uranium U(VI). The
capacity to enzymatically reduce U(VI) has been alesirated for sulphate-reducing
bacteria (SRB) (Lovley and Phillips, 1992; Lovlelyal., 1993b; Pietzsclet al., 1999).
Upon reduction, the highly soluble and mobile U(\8) converted to insoluble U(IV),
which then precipitates from aqueous solutionsngys$inis mechanism, SRB are thought to
have a high bioremediation potential in uraniumtaaninated waters and effluents (Spear
et al., 2000; Wall and Krumholz, 2006).

Although many studies have already been perforrehvtestigate uranium removal by
bacteria, most work has been conducted with putares despite the widely demonstrated
advantages of employing mixed cultures as opposepute cultures in bioremediation
applications (White and Gadds, 1996; Muketdal., 2008). Those advantages over pure
cultures include greater stability and increasedabaic capabilities, which can be linked
to the effects of synergistic interactions amongniers of the association (Mukretal.,
2008). These characteristics enable the consotumrercome limitations for the complete
metabolization of toxic compounds (Davidsairal., 1994). In addition, the majority of the
studies that used mixed cultures for metal bioraatiesh do not take into account the
possible shift in the bacterial community structwigen metal ions are introduced to the
media. In fact the dynamics of microbial populasocapable of uranium removal are
poorly understood and little is known about the ffications in the community structure
and composition in response to changes in growtiditions, such as addition of metal
ions. Thus, besides the assessment of the effici@icuranium bio-removal and its
relationship with microbial groups, the objectivadshe present work included the analysis
of community structural shifts in sulphate-reducitgcteria enrichment consortia,
associated with the presence of uranium. For tlmsposes, temperature gradient gel
electrophoresis (TGGE) was used since it is a poMvéool to characterize microbial
communities and to monitor the spatial and tempenalution dominant population
(Etscheid and Riesner, 1998; Muyzer and Smallag)1L99
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2. Materials and methods

2.1 Enrichment of sulphate-reducing bacteria

The bacterial communities used in these experimepte obtained from sediments from
the mining area of Urgeirica (sample U) and sluttgen the wetland of Urgeirica mine
(sample W). Urgeirica mine, located in the nortmtégal, was the most important uranium
exploitation of this country.

Bacteria were cultured under anaerobic conditidneam temperature (21 + 1°C) using
120 mL glass bottles. The anaerobic conditions vaergeved by purging the medium with
nitrogen gas and by addition of 10 mL of steripld paraffin.

The first SRB enrichment was carried out by additod 5 g of each sample to 100 mL of
Postgate B medium (Postgate, 1984) supplementddrasiazurin as redox indicator (0.03
g LY. Subsequently, the bacterial cultures were gremeh maintained in modified MTM
medium (Sanét al., 2001), which contains 1 g'tNH.CI, 0.06 g [* CaCb.6H,0, 0.05 g L

! yeast extract, 1 gt MgSQ,.7H,0, 2 g L' NaSO, and 5 g [* sodium lactate. The culture
was sub-cultured every 3 weeks using 10% (v/v) $RBulum. The growth of SRB was

monitored by weekly determination of pH, Eh andokake concentration.

2.2. Uranium (VI) bio-removal experiments

The studies of U (VI) bio-removal were performedbatch under anaerobic conditions,
using the growth MTM medium previously describeghemented with uranium (VI) as
uranyl acetate dihydrate. The bio-removal experisiane represented in the Fig. 6.1. For
each experimental set an abiotic control was ahraet simultaneously. For the biotic
experiments, bacterial cells obtained previouslyewmarvested by centrifugation at 4000
rpm for 10 min, washed with MTM medium and transfdrto the bottles. All experiments
were performed in duplicate using 120 mL glass l&sttontaining 100 mL of growth
medium with pH~7 and 10% (v/v) of inoculum. The madiwas purged with nitrogen gas
to achieve an anaerobic environment prior to inatom. After inoculation, oxygen
diffusion was eliminated by adding 10 mL of stetitpiid paraffin. The bottles were sealed
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with butyl rubber stoppers and aluminium crimp seaid incubated at room temperature
(21 + 1°C). The abiotic control sets were preparethe same way as the biotic tests, but
without inoculum addition. The cultures were sulitmed every 4 weeks. Samples of
bacterial cultures were collected and frozen a®C2for nucleic acids extraction. Bacterial
culture samples collected on day 21 of incubati@meamsed for SRB enumeration. SRB
were enumerated by the three-tube most-probablebaeuiMPN) technique with 10-fold

serial dilutions in Postgate E medium (Postgat&4).9The experiment was performed in

triplicate and the MPN tubes were incubated at roemmperature for 5 days.

SRB culture
Growthl in MTM
Growth in MTM Growth in MTM+10 mg L' U (VI) } 1° batch
; I }
Growth inMTM  Growth in MTM+10 mg L' U (VI) Growth in MTM#22 mg L' U (VI)} 2° batch
Growth in MTM+22 mg L U (VI) } 30 batch
Growth in MTM+22 mg L' U (VI) } 7° batch

Fig. 6.1Schematic representation of bio-removal experiments

2.3. Analytical Methods

Periodically, 5 mL samples were collected usingringe and centrifuged at 4000 rpm for
5 min. Redox potencial and pH were determined usimH/E Meter (GLP 21, Crison).
Sulphate concentration was quantified by UV/visigpectrophotometry at 450 nm (Hach-
Lange DR2800 spectrometer) using the method ofa¥el4 (Hach-Lange, Dusseldorf,
Germany). Uranium was measured using the Arsend4a,8-dihydroxynaphthalene3,6-
disulphonic acid- 2,7-bisSTA(azo-2)-phenylarsors@areagent (Sawin, 1961). Dissolved
uranium was determined by mixing of 9@Q of sample with 300uL of 0.5 M HCI,
followed by the addition of 30QL of Arsenazo Il (0.1 % wi/v). After 3 min, the ple-
colour metal-arsenazo Ill complex was quantifiedcspphotometrically at 652 nm. The
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Arsenazo Il solution was prepared by dissolving teagent in 0.01 M HCI and in 10 %
(v/v) ethanol.

2.4. Molecular Characterization

2.4.1. Extraction of DNA

Total genomic DNA was extracted after harvestingsdgy centrifugation at 4000 rpm for
10 min. DNA extraction was carried out by the methtescribed by Martins and co-
authors (Martingt al., 2009). Briefly, total genomic DNA was extractesing the 300 pL
of sodium dodecyl sulphate (SDS) lysis mixture ¢B0O0 TrisHCI pH 8, 3% (w/v) SDS,
100mM NacCl) and 300 pL of phosphate buffer pH 8pfeed by a freeze-thaw treatment.
After precipitation with isopropanol, DNA was respended in 35 pl miliQ $D.

2.4.2. PCR Amplification ofdsrB and 16S rRNA gene fragments

Amplification of 16S rRNA anddsrB gene (encoding th@-subunit of dissimilatory
sulphite reductase) fragments was performed udiegprimer pairs 341F-GC (5-CGC
CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA

CGG GGG GCC TAC GGG AGG CAG CAG-3)/ 534R (5'-ATTCE GCG GCT GCT
GG-3') (Muyzeret al., 1996) and DSRp2060F-GC (5'-CGC CCG CCG CGC GM@&G
GGC GGG GCG GGG GCA CGG GGG G CAA CAT CGT YCA YACE GGG-3Y)/
DSR4R (5-GTG TAG CAG TTA CCG CA-3) (Geets al., 2006), respectively. The
primers were purchased from Thermo Fischer Scienflihe reaction mixture used for
PCR amplification contained 30.75 pL and 31.75 fikterilised MiliQ water fordsrB and
16S gene respectively, 1 pL of each primer (10 fuid] 1 pL of dNTP's (10 mM), 5 uL
and 4 puL of MgC] (25 mM) fordsrB and 16S gene respectively, 10 pL of 5xGo Tag®
buffer (Promega, Madison, USA), 0.25 pL of GoTag®&DNpolymerase (Promega,
Madison, USA), and 1 puL of DNA. PCR amplificatiorasvcarried out in a thermocycler
(T1, Biometra, USA). Thermal cycling was carried by using an initial denaturation step
of 94°C for 3 min, followed by 35 cycles of 949 i min, 55°C for 1 min and 72°C for 1
min and completed with an extension period of 3 @irv2°C. The PCR products were

analyzed by electrophoresis, in 1% (w/v) agaroseuge TAE Buffer.
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2.4.3. TGGE Analysis

PCR products, amplified with primers 341F-GC/534l ®SRp2060F-GC/DSR4R, were
resolved using a TGGE Maxi system (Biometra, US#) specified by the manufacturer.
Aliquots of each PCR product (5 puL) were electrapbed in a gel containing 6% (w/v)
acrylamide/bisacrylamide (39:1), 8 M urea, 2% (WBlycerol and 20% (v/v) formamide
with a TAE 1X buffer system at a constant voltagel50 V, for 20 hours, applying a
thermal gradient of 42°C to 53°C. The gels wereesiktained and scanned. Individual
TGGE bands were excised from the gels, re-suspend#sl uL of Tris-EDTA 1X (10 mM
Tris-HCI, 1mM EDTA) and stored at 4°C. Three pLtbhé supernatant was used for re-
amplification with the same primer pairs but withddC clamp. PCR products were
purified using the Jetquick PCR Purification (GeraimGmbH, Lohner, Germany) and
sequenced by CCMAR (Centro de Ciéncias do Mar, émsidade do Algarve). Sequences
obtained in this study have the following accessiambers: GQ404433 to GQ404447 for
16S rRNA gene and GQ404448 to GQ404464160B.

2.4.4. Phylogenetic analysis

For phylogenetic analysis, sequence alignments wede with Clustal X (Thompson,

1997) and visually corrected. To estimate phylogenelationships the Bayesian Markov
chain Monte Carlo (MCMC) method of phylogeneticerédnce (Huelsenbeck and Ronquist,
2001) was applied as implemented in the computegram MrBayes (Larget and Simon,

1999). This method allows estimation of the a pustieprobability that groups of taxa are

monophyletic given the DNA alignment (i.e., the Ipability that corresponding bipartitions

of the species set are present in the true unraoéedincluding the given species). This
Bayesian approach was repeated several times, uvaihmpm starting trees and default

starting values for the model parameters to testeproducibility of the results.
2.5. Statistical Analysis
The data were subject to analysis of variance (ARPWy SigmaStat 3.0 program. All

differences were considered to be statisticallpificant for P< 0.05.
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3. Results

The SRB cultures obtained from sediments from tiveng area of Urgeirica (U) and from
sludge from the wetland of the same mine (W) wdre @0 reduce more than 97% of

sulphate in 14 days of incubation.

3.1. Uranium (VI) bio-removal

The performance of U and W bacterial consortiaui@nium and sulphate removal during
the sequential batch tests is shown in Fig. 6.2héninitial batch with 10 mgt of uranium
(Fig. 6.2a), after 7 days of adaptation phase, iunanand sulphate were removed
simultaneously by the bacterial community U. 89%udnium and 92% of sulphate were
removed in 25 days. Bacterial community W removely aranium and 88% was removed
in 17 days during the first batch. In the end ddtfbatch with uranium the number of SRB
in both cultures was 1.4 xXYGFU mL™. In the batch without uranium the number of SRB
in culture U was 2.0 x2@FU mL*, while in culture W was 3.9 xXCFU mL™.

In the second batch with ~10 mg branium (Fig. 6.2b) it was observed that both ooties
maintained the ability for uranium removal and préed a similar performance. However,
it should be emphasized that bacterial communitjodl the ability to remove sulphate,
since no significant reduction of this anion waseved. The same result (no sulphate
removal) was achieved when the medium containeg safiphate, without uranium and the
behaviour of both communities was similar in thbsaquent batch (data not shown). In all
theses batch SRB were not detected by the MPN imgofin

Figure 6.2c) shows uranium and sulphate removahwihe concentration of uranium in the
medium was increased to 22 m@.Lit was observed that uranium concentration was
decreased to 7 mgLwithin 20 days, although the lag time was incrdas®ulphate
reduction was not observed in both consortia. SRBevalso not detected by the MPN

technique, in these experiments.
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Bacterial Consortium from Urgeirica Mine
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Fig. 6.2Profile of sulphate and uranium removal by U andb&terial consortia in
sequential batch test: a) first batch with 10 rifguranium, b) second batch with 10 mg L
uranium and c) second batch with 22 myuranium. Data are the average of duplicates
and error bars indicate the standard deviationBeohverage values.

3.2. TGGE analysis of 16S rRNA gene during sequeatibatch tests

TGGE fingerprints based on 16S rRNA gene revealedrcchanges in the original
bacterial communities during the sequential incioinat (Fig. 6.3a). In the initial profiles
two predominant bands were observed in each conynubands B20 and B13 in
community U (Fig. 6.3a), lane 0) and B29 and B1&ommunity W (Fig. 6.3a), lane 0).
However, TGGE patterns showed that both bacteoiasartia were modified after uranium
addition and presented the same community strudbareds B20 and B29 disappeared and
new bands, common to both consortia, were obsd®@dB10, B11 and B15) (Fig. 6.3a),

lane ).
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Chapter 6: Effect of uranium (VI) on two sulphate-reducing bacteria cultures

13—

b)

Fig. 6.3TGGE profiles of 16S rRNA (a) arabrB (b) gene fragments using DNA of U and
W communities from batch experiments: beginning {9)batch with 10 mgt uranium +
sulphate (1), 2° batch with sulphate (I1), 2° batith 10 mg L* uranium + sulphate (l11), 2°
batch with 22 mg I uranium + sulphate (IV) and 7° batch with 22 mg dranium +
sulphate (V).

Removal of uranium from the culture media led agaia community shift, but did not re-

establish the initial consortia. Light bands in tr@inal enrichment, such as B1, B18 and
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B22 in community U and B40 and B22 in W, showed enamtensity in the batch
containing only sulphate and two new intense bai®2 and B23) appeared in both
consortia (Fig. 6.3a), lanes 0 and IlI). Moreovesind B11 was only observed in the
presence of the metal. On the other hand, microdsges corresponding to bands B1, B12,
B23 and B40 were inhibited when uranium was adddati¢ medium. B13 is the only band
that was present in initial enrichment and mairgdinn all sequential mixed cultures.
Inspection of TGGE fingerprints also revealed tinatease of uranium concentration did
not have any impact on the community structure #rel corresponding profiles were
maintained mainly stable after seven consecutigabations with 22 mg L of this heavy
metal (Fig. 6.3a), lane IV and V). The exceptiorswlze emergence of one additional band
in the 7" batch (band B38) in W community.

3.3. TGGE analysis of dsrB gene fragments during geential batch tests

As the initial consortia were obtained by successivlture enrichments directed for SRB
selection, TGGE fingerprints afisrB gene were also determined to monitor the SRB
community during the successive batch incubatiéing. 6.3b). In the original enrichment
of U and W consortia 10 and 3 different bands weetected, respectively, but after
uranium addition both SRB communities have changamime light bands observed in
consortium U became predominant after first uranaxposure (Bdsr4, Bdsr5 and Bdsr6)
and new bands were also observed (Bdsr 11, Bdand2Bdsr 18)In what concerns SRB
consortium W, the changes were even more eviddmd: hands observed initially
disappeared and two new bands became visible ingtie (Bdsrl6 and Bdsrl?).
Unexpectedly, after the second batch with uraniwditeon it was not possible to detect
SRB in both communities, as the amplificationdsfB gene from DNA extracts of these
communities was attempted without success. Afteanium exposition, the SRB
communities could not be re-established when inegban the absence of metal and

presence of sulphate.

125



3.4. Phylogenetic analysis

Several TGGE bands were re-amplified and sequencedrder to determine the
composition of the microbial communities. A totdl 6 and 18 different bands were
selected from 16S rRNA andsrB TGGE gels, respectively. In order to obtain a more
accurate identification of the bacteria presenéagh consortium in the consecutive batch
cultures, sequences from TGGE bands and their stld3eAST relatives were used for
phylogenetic analysis. The MCMC analysis of the 1BSA gene sequences revealed the
presence of bacteria related to 6 phylogenetic mgiaups (Fig. 6.4): families
Rhodocyclaceae of B-Proteobacteria subclass (B7, B13, B22 and BEB{erobacteriaceae

of y-Proteobacteriasubclass (B1, B12 and Bl18{aulobacteraceae of o-Proteobacteria
subclass (B10 and B38); geneBesulfovibrio of &-Proteobacteria (B20 and B29);
Bacteroides of Bacteroidia class (B40) ardostridium of Clostridia class (B8, B11 and
B15). Similarly, a phylogenetic approach was applie dsrB TGGE band sequences in
order to identify the SRB present in the mixed wds (Fig. 6.5). Analysis of the
phylogenetic tree obtained witllsrB gene sequences showed the presence of two SRB
genera (Fig. 6.5Desulfovibro andDesulfomicrobium. Most sequences were affiliated with
Desulfovibrio desulfuricans (Bdsr3, Bdsr4, Bdsr5, Bdsrll, Bdsrl3, Bdsrl4, Badrl8)
and Desulfovibrio vulgaris subsp.wvulgaris (Bdsr6, Bdsrl6 and 1 Bdsr7). Although the
closest relative of Bdsr7, Bdsr8 and Bdsrl2 is &lssulfovibrio vulgaris subsp.vulgaris,
these band sequences constitute two indepenidedphylogenetic groups. The remaining
three bands present in the initial U consortiumsiRd Bdsr2 and Bdsr9) were grouped in
the same phylogenetic cluster, close related taramultured SRB and affiliated with the
Desulfomicrobium group. Although Bdsrl0 was the most intense bartle TGGE profile

of U initial community, the BLAST search confirmésd chimerical origin.
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Fig. 6.4 Phylogenetic tree obtained with 16S rRNA partiatjusnces (196 nucleotide
positions), corresponding to the reamplified TGGIhds and to the most closely related
ones retrieved from BLAST search. Phylogeny wasriefl using the Bayesian Markov
Chain Monte Carlo analysis of aligned 16S rRNA famts. Archaeoglobus fulgidus, a
species from Archaea Domain was included to roetttee. Probability values associated
to each node are showed. Access numbers of Gerdggpiences are indicated in the figure
and names in bold face correspond to sequencesnue¢el in this work. The main
bacterial groups detected in bacterial consorgaa#so indicated.
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Fig. 6.5 Phylogenetic tree obtained wiilisrB gene partial sequences (316 nucleotide
positions), corresponding to the reamplified TGGihds and to the most closely related
ones retrieved from BLAST search. Phylogeny wasrihefl using the Bayesian Markov
Chain Monte Carlo analysis of aligndd'B fragments Archaeoglobus fulgidus, a sulfate-
reducing archaea, was included to root the tregbahility values associated to each node
are showed. Access numbers of GenBank sequenceasdarated in the figure and names
in bold face correspond to sequences determinéaisnvork. Dv. — Desulfovibrio; Dm. —

Desulfomicrobium.
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4. Discussion

TGGE profiles ofdsrB gene obtained from the initial enrichments denratest that the
SRB mixed cultures were composed by species afftliavith Desulfovibrio desulfuricans,
Desulfovibrio vulgaris andDesulfomicrobium spp. (sample U), as well as species related to
Desulfovibrio desulfuricans (sample W). The presence of these species cougosi
uranium removal, since the U (VI) reduction by stseof the genuBesulfovibrio has been
described by several authors (Lovley and Philli#92; Lovleyet al., 1993b; Ganeskhkt

al., 1999; Speaet al., 2000) and som®esulfomicrobium species have been reported as
having the ability to enzymatically reduce Cr (MMichel et al., 2001). Additionally,
sulphate and uranium (VI) reduction are not considencompatible processes. Spear and
co-workers observed that SRB have the ability thuce uranium (VI) and sulphate at the
same time, and that the presence of sulphate exmmopes a faster rate of uranium
reduction (Speagt al., 2000). Preferential reduction of uranium (VIden lactate limiting
conditions was also reported foresulfovibrio desulfuricans in the presence of sulphate
(Ganestet al., 1999).

Before uranium exposure, SRB mixed cultures of dasnpJ and W showed excellent
sulphate reducing performance. However, when umaniMas added to the medium
sulphate reduction was highly affected. In the @nes of this metal no sulphate reduction
was detected by bacterial community W and for badteeommunity U it was only
observed in the first batch with uranium. Uraniumswemoved in all cases. A slight
decrease in the uranium concentration of the absmtiutions was also observed. This fact,
already mentioned in the literature (Spetal., 1999), is related to the adsorption of the
metal to the glass material.

The analysis of the TGGE fingerprints suggests it structure of the bacterial
community was also affected by the presence ofiumarn the medium, particularly the
structure of the SRB community. In fact, the SRBxaps identified in each initial
community (corresponding to 16S rRNA gene TGGE baz@ and 29) were not detected
in the subsequent mixed cultures. Their detectiaie first culture with uranium was only
possible using a specific target genedasB, as it allowed the selection of a minority

population from the community.
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TGGE and phylogenetic analysis ddrB gene fragments confirmed the SRB community
changes after uranium additidbesulfomicrobium affiliated species where not detected in
community U after the first batch culture with uikam andDesulfovibrio desulfuricans and
Desulfovibrio vulgaris related strains were not the same that were presethe initial
enrichment. In community W, the specretated toDesulfovibrio desulfuricans detected in
the initial culture were replaced Wyesulfovibrio vulgaris after uranium addition. SRB
became undetectable in all following cultures idahg those grown with sulphate in the
absence of uranium, indicating that the SRB comigyushifts were irreversible. The
absence of SRB in the mixed cultures is in agreeéméh the fact that sulphate reduction
by both consortia was not observed. ebal. (2006) observed that SRB were not present
in the community responsible by uranium (VI) redoiet although sulphate reduction was
observed.

The results strongly suggest that SRB are not #téeba responsible for uranium removal,
contrarily to what was thought in the beginningleé experiments and to that is mentioned
in the literature (Smith and Gadd, 2000; RashanamseWhiteley, 2007). This important
finding clearly demonstrates the need for monighanges in bacterial populations when
exposed to specific conditions as the presenceapiiwm or other metals.

The performance of uranium removal by the bacter@isortia was similar during the
sequential culture tests and TGGE 16S rRNA genélgscshowed that the communities
with ability for uranium removal had a similar sttural composition. Both microbial
structures were established on the first batchuoailtvith uranium and remained stable
during uranium exposition, even when this concémawas doubled. Phylogenetic
identification of bacteria present in uranium r&sis communities showed that species
closely related taClostridium spp. (bands B11 and B15Jaulobacteraceae family (band
B10) and toRhodocyclaceae family (bands B7 and B13), were predominant in d &
consortia. The isolation of the species preserthenboth consortia was carried out but
without success, the failure in obtain isolatesamoxic conditions was also reported by
VanEngelenet al. (2008). The failure in obtain isolates can bela&ixged by synergistic
interactions among members of the bacterial comnasni Although the role in the
uranium removal of each member that compose thereonties was not known, these
mixed cultures were able to remove uranium effitygrsuggesting an important role in the

removal of this metal. In fact, it is widely demtnased the advantages of employing mixed
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cultures as opposed to pure cultures in bioremiediapplications (White and Gadds,
1996; Mukreckt al., 2008).

Clostridium species are considered one of the major playersranium (VI) reduction
(Franciset al., 1994; Susukit al., 2003; Gao and Francis, 2008) and their presence in
mixed SRB cultures with ability for uranium remowabs reported by Spear and co-
workers (Speaket al., 2000). The relationship betweéHhostridium spp. present in both
mixed cultures and uranium removal was also supdolly TGGE analysis, as bands
corresponding to these species (B11 and B15) wetevisible when the metal was
excluded from the enrichments. This phenomenon glgb occurs because these
Clostridium related species are not particular competitive a@h only become
predominant under environmental conditions thaibimtother bacteria. On the other hand,
some members dRhodocyclaceae family were detected in uranium contaminate mines
(Susukiet al., 2003; Akobet al., 2008). TheRhodocyclaceae family includes species of
Rhodocyclus, Thauera andDechloromonas. Some strains dRhodocyclus spp. are known to
participate in phosphorous removal (Zillgtsal., 2002) and others were also detected in a
bioreactor developed to treat chromate waters §Bkdt-Brunetet al., 2007). Considering
Thauera genus, one species is documented as being capébkelenate anaerobic
respiration (Megart al., 2003).Dechloromonas sp. was reported as being responsible for
U(VI) reduction in microcosms (Akokt al, 2008). During the present work members of
Rhodocyclaceae family were found as one of the predominant baatigria consortium with
ability for uranium removal.

The two bacterial cultures used in this study, inated from different sources (one from
sediments from the mining area of Urgeirica (U) atfter from sludge from the wetland of
that mine (W)), were at the beginning composed iffer@nt bacteria. However, the
presence of uranium in the media stimulated thevtjraf similar bacterial species that
were maintained independently of the number ofclnnents with uranium. This result is
not surprising, since both samples were from smelavironmental sources and because
the bacterial enrichments were done in the samdittomns, selecting the most uranium
resistant bacteria. Thus, it can be expected theteba with ability for efficient uranium
removal can be obtained from mixed cultures preslipenriched for other physiologic
groups as SRB, as a result of successive growtientia with that metal. The present work
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indicates that the SRB community of both inoculabably did not possess mechanisms of

resistance against this toxic metal.

5. Conclusions

The present work demonstrates that the structutieeofommunity was drastically changed
during the uranium bio-removal studies. The origoc@nmunities were mainly composed
by SRB, but after uranium exposure these bacteeie wot detected in the communities.
This result is an important finding emphasizingsites the evaluation of the efficiency of
uranium bio-removal, the importance of monitoridge tmicrobial community structure
during bioremediation processes. The bacterial atiaswith ability for uranium removal,
composed by strains affiliated toClostridium genus, Caulobacteraceae and

Rhodocyclaceae families, have potential to be used in new bioreatézh processes.
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Chapter7

Anaerobic bio-removal of uranium (VI) and chromium

(V1): Comparison of microbial community structure

Abstract

Several microbial communities, obtained from uramiucontaminated and non-
contaminated samples, were investigated for thmiityato remove uranium (VI) and the
cultures capable for this removal were further ssse on their efficiency for chromium
(VI) removal. The highest efficiency for removal bbth metals was observed on a
consortium from a non-contaminated soil collectedvionchique thermal place, which
was capable to remove 91% of 22 mg/L U(VI) and 9843 mg/LCr(VI). This study
revealed that uranium (VI) removing communitiesdaiso ability to remove chromium
(VI), but when uranium (VI) was replaced by chromiVI) several differences in the
structure of all bacterial communities were obsdrviegGGE and phylogenetic analysis of
16S rRNA gene showed that the uranium (VI) remowagterial consortia are mainly
composed by members Bhodocyclaceae family andClostridium genus. On the other
hand, bacteria fronktnterobacteriaceae family were detected in the community with

ability for chromium (VI) removal.

A version of this chapter was published as:

Martins M, Faleiro ML, Chaves S, Tenreiro R, Sankfs, CostaMC (2010) Anaerobic bio-
removal of uranium (VI) and chromium (VI): Compamisof microbial community structure. J.
Hazard. Mat. 176: 1065-1072.



1. Introduction

Uranium and chromium are elements of particulaiceom due to their toxicity and, in the
case of uranium, also due to its radioactivity./Bate considered ecological and public
health hazards (Vitet al., 2003; Kazyet al., 2009) and both are redox active elements,
with oxidation states varying from 0 to +6, in tb&se of uranium, and -2 to +6 in the
case of chromium. Uranium and chromium toxicity anability is highly dependent on
their oxidation states, being the oxidation stalethe most toxic and mobile for both
elements. Uranium predominates in the liquid indalstvastes as salts of uranium (VI)
(Gorby and Lovley, 1992), while chromium is usuallyesent as chromate and
dichromate (Cheung and Gu, 2007).

Uranium is essentially composed of the three radibdes 2**U, ?**U, and %, in
relative abundances of 99.2745 %, 0.72 %, and 6.005respectively. Natural uranium
is not considered a major radiological hazard doethte long half-lives of the
radioisotopes. However, its chemical toxicity haeio documented since the 1940s and
its nephrotoxicity is well established (Craftal., 2004). Uranium compounds in +2 to +4
valence states are essentially insoluble (Gorby lamdey, 1992; Wanet al., 2006).
However,in vivo soluble uranium is always hexavalent, regardiésheoxidation state
of uranium compound taken up (Edison, 1994), béimg form that is of toxicological
importance.

Cr(VI), usually occurring as the highly soluble amdic chromate anion, is reported as
mutagenic, carcinogenic and teratogenic being aqmtely 100-fold more toxic than
Cr(lll) (Shen and Wang, 1995). Cr(lll) is consideénelatively innocuous because it is
less soluble and does not permeate through eukargod prokaryotic membranes
(Franciscaet al., 2002).

It has been accepted for over a century that someoarganisms have the ability to
change the oxidation state of metals. However, anlyre past few decades researchers
realized that these processes open up a windowndar applications, including the
remediation of metal-contaminated waters and sBisnoval of U(VI) and Cr(VI) from
industrial waste, and eventual reuse, is essetatkahg into account their mobility and

toxicity.
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Since the pioneer work of Lovley and co-workersthe early ninety’'s (Lovleyt al.,
1991; Lovley and Phillips, 1992), a number of beatespecies including mesophilic
representatives of the genefhewanella (Lovley et al., 1991; Wade and DiChristina,
2000), Clostridium (Franciset al., 1994) and Geobacter (Andersonet al., 2003) have
been described for their ability to reduce urani(). The capacity to enzymatically
reduce U(VI) has also been demonstrated for a rafdee(lll)-reducing bacteria and
SRB (Lovley et al., 1991; Gorby and Lovley, 1992; Lovley and Phillipk992).
Desulfotomaculum speciesare examples of SRB known as coupling U(VI) redurctio
growth, while Desulfovibrio spp. reduce U(VI), but do not obtain energy to psup
growth from this process (Okabe and Characklis,21%®@vley et al., 1993; Tebo and
Obraztsove, 1998; Wade and DiChristina, 2000; Bottzand Babael, 2003). A few
thermophilic microorganisms, such @kermus scotoductus, Pyrobaculum islandicum,
and Thermoanaerobacter sp., have also been shown to enzimatically redu&#) UKieft

et al., 1999; Kashefi and Lovley, 2000; Rehal., 2002), but conservation of energy for
growth during U(VI) reduction has not been dematstt for any of these model
organisms. After reduction, the highly soluble amaobile U(VI) is converted to insoluble
U(lV), which can be then separated from aqueoustisols (Gorby and Lovley, 1992;
Wanet al., 2006).

A wide variety of bacteria have also been repotteceduce hexavalent chromium to the
trivalent form under aerobic and anaerobic cond#je.g. Bacillus sp. (Wang and Xiao,
1995), Pseudomonas fluorescens (Boop et al., 1983),Pseudomonas putida (Ishibashiet
al., 1990), Enterobacter cloacae (Wang et al., 1989) and sulphate-reducing bacteria
(SRB) (Lovely and Phillips, 1994), but the enzyrodiasis for chromate reduction has
not been clarified (Thaker and Madamwar, 2005).

Considering some similarities between uranium ahdoroium, namely the same
oxidation state of the most soluble form and thespae bio-reduction to insoluble
oxidation states, U(IV) and Cr(lll), the main oljee of the present work was to
investigate if the anaerobic bacterial communitibte to remove uranium (VI) are also
effective for chromium (VI) removal. The study wist conducted in the presence of
sulphate in order to not exclude the SRB enrichin@nte these bacteria are reported as
having ability for U(VI) and Cr(VI) reduction (Logl et al., 1991; Lovely and Phillips,
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1992; Lovleyet al., 1993; Lovely and Phillips, 1994; Tebo and Obrawzés 1998; Wade
and DiChristina, 2000). Moreover, sulphate is a @wn contaminant, usually present in
metal contaminated waters and effluents, such asime waters resulting from uranium
mining. Therefore, the bacterial communities alged to be sulphate resistant and
eventually able for sulphate removal.

The structure of the bacterial communities withligbfor uranium (VI) and chromium
(VI) bio-removal was also compared, in order toestgate eventual shifts in the
consortia due to the presence of a different metaland to establish the relationships
between the bacterial groups and the metal remdal.those purposes, temperature
gradient gel electrophoresis (TGGE) was used, as tonsidered a powerful tool to
monitor microbial communities under environmentdhamges. Furthermore, the
phylogenetic analysis of TGGE band sequences altbevgdentification of the dominant

populations in these communities.

2. Materials and Methods

2.1. Enrichment for uranium-removal bacteria

The anaerobic bacterial communities used in theg®raments were obtained from
environmental samples collected in several Portsguecations. Soil samples from
Monchique thermal place and sludge from two muicipaste water treatment plants
(Montenegro and Estoéi) were collected in SouthNbrth, sediments from the mining
areas of Urgeirica and Bica, as well as sludge fioenwetland of Urgeirica mine, were
collected. Sludge from waste water treatment ptdrthe leather industry of Alcanena
(central Portugal) was also collected. Cultureswphate-reducing bacteria previously
obtained were also used (Martigisal., 2009,Chapter 2).

Bacterial enrichments were performed in anaerobrdtions at room temperature (21+
1°C) using 120 mL glass bottles. The anaerobiditioms were achieved by purging the
medium with nitrogen gas and by addition of 10 nfisterile liquid paraffin.

The enrichments were done to promote the growtsutighate-reducing bacteria (SRB),

as their ability to reduce U(VI) to U(IV) is recaged, making them good candidates for
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bioremediation of uranium contaminated waters afituemts. The first bacterial
enrichments were carried by adding 5 g of each Eatoal 00 mL of Postgate B medium
(Postgate, 1984) supplemented with resazurin asoxrethdicator (0.03 g/L).
Subsequently, the bacterial mixed cultures werevgrim modified MTM medium (Sani
et al., 2001), which contains 1 g/L N&I, 0.06 g/L CaGl.6H,0, 0.05 g/L yeast extract, 1
g/L MgSQ,.7H,O, 2 g/L NaSO, and 5 g/L sodium lactate. The change of medium was
carried out in order to avoid chemical removalled metals. The enrichment of bacteria
resistant to uranium and with potential for its o was investigated by adding to
MTM medium 10 mg/L of uranium (VI), as uranyl adetalehydrate. Subsequently, the
bacterial mixed cultures were maintained in modifiaTM medium containing 10 mg/L
of uranium (VI). The bacterial consortia were sulttaed every 4 weeks using 10%

(v/v) of inoculum.

2.2. Metal bio-removal experiments

The ability of uranium (VI) removal by the enrichedltures was studied in the presence
and in the absence of sulphate. The capacity fosneium (VI) removal by uranium-
removal bacterial was also investigated. Bio-renhasperiments were performed in
batch under anaerobic conditions. MTM medium suppleted with uranium (VI) as
uranyl acetate dehydrate or with chromium (VI) asapsium dichromate was used for
growth.

Different experiments were performed simultanegusigding to the MTM medium
containing 1800 mg/L of sulphate: i) 15 mg/L of mitan (VI), ii) 13 mg/L of chromium
(VI), iii)) 22 mg/L of uranium (VI) and iv) 25 mg/Lof chromium (VI). A set of
experiments in MTM medium without sulphate was atkme with: v) 15 mg/L of
uranium (VI), vi) 13 mg/L of chromium (VI) and viB2 mg/L of uranium (VI). For each
experiment an abiotic set, without bacteria, wasduas control. All experiments were
carried out with medium and material sterilizeddoyoclaving.

For all the experiments, bacterial cells from uwamienrichments were harvested by
centrifugation at 4000 rpm for 10 min, washed vitfiM medium and transferred to the

bottles containing the medium to be tested. Allexkpents were performed in duplicate
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using 35 mL glass bottles containing 30 mL of gtowtedium with pH~7 and 10% (v/v)
of inoculum. The medium was purged with nitrogers ga achieve an anaerobic
environment prior to inoculation. After inoculatiooxygen diffusion was eliminated by
adding 5 mL of sterile liquid paraffin. The bottlegre sealed with butyl rubber stoppers
and aluminium crimp seals and incubated at roonpé&ature (21+1°C). Samples from

the 25 d of incubation were collected and frozes28%C for nucleic acids extraction.

2.3. Analytical methods

Culture samples were collected periodically usirgy@nge and centrifuged at 4000 rpm
for 5 min. pH were determined using a pH/E Metet. RG21, Crison). Sulphate and
chromium (VI) concentration were quantified by UWible spectrophotometry (Hach-
Lange DR2800 spectrometer) using the method ofaSel4 and ChromaVer3 (Hach-
Lange), respectively. Cr(VI) was determined by ihg-Diphenycarbohydrazide method
(Lichtenstein and Allen, 1961) using a powder folation called ChromaVer 3 of Hach-
Lange. This reagent reacts with Cr(VI) giving a par colour complex that was
guantified spectrophotometrically at 540 nm. Digedluranium was quantified using the
Arsenazo Il (1,8-dihydroxynaphthalene3,6-disulpiconacid- 2,7-bisSTA(azo-2)-
phenylarsonic acid) reagent (Sawin, 1961). The huetacentration was determined by
mixing 900uL of sample with 30Q.L of 0.5 M HCI, followed by the addition of 3Q€L

of Arsenazo Il (0.1 % w/v). After 3 min, the pueptolour metal-Arsenazo 1ll complex
was quantified spectrophotometrically at 652 nme Ansenazo Ill solution was prepared
by dissolving the reagent in 0.01 M HCI and in 1@wWt) ethanol.

An optical microscope equipped with a digital caaéreica D C300FX) was used to
visualise the bacteria after Gram staining.

To evaluate the precipitates resulting from bio-ogal process, micro-morphology and
elemental composition analysis was carried out gu@anJEOL JSM-5410 scanning
electron microscope (SEM), coupled with an OXFORINK energy dispersive
spectrometer (EDS).
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2.4. Molecular characterization

2.4.1. Extraction of DNA

Total genomic DNA was extracted after harvestiniisdey centrifugation at 4000 rpm
for 10 min. DNA extraction was carried out by thethod described by Martiret al.
(2009).

2.4.2. PCR Amplification of 16S gene fragments

Amplification of 16S rRNA gene fragments was pemfed using the primer pair 341F-
GC (5'-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG @G GGG GCC
TAC GGG AGG CAG CAG-3") / 534R (5-ATT ACC GCG GCICT GG-3") (Muyzer
et al., 1996). The primers were purchased from Thermohieis Scientific. The reaction
mixture used for PCR amplification contained 31uid5o0f sterilised MiliQ water, 1 pL
of each primer (10 pmol/pL), 1 pL of dNTP's (10 mM)uL of MgCh (25 mM), 10 pL
of 5xGo Tag® buffer (Promega, Madison, USA), 0.25qf GoTag®DNA polymerase
(Promega, Madison, USA), and 1 pL of DNA. PCR afigation was performed in a
thermocycler (T1, Biometra, USA). Thermal cyclingsvcarried out by using an initial
denaturation step of 94°C for 3 min, followed byc3gles of 94°C for 1 min, 55°C for 1
min and 72°C for 1 min and completed with an extengeriod of 3 min at 72°C. The
PCR products were analyzed by electrophoresis,%n (W/v) agarose gel and TAE
Buffer.

2.4.3. TGGE analysis

PCR products, amplified with primers 341F-GC/534#re resolved using a TGGE
Maxi system (Biometra, USA), as specified by thenafacturer. Aliquots of each PCR
product (5 uL) were electrophoresed in a gel comg 6% (w/v)
acrylamide/bisacrylamide (39:1), 8 M urea, 2% (\giycerol and 20% (v/v) formamide
with a TAE 1X buffer system at a constant voltagel®0 V, for 20 hours, applying a
thermal gradient of 42°C to 53°C. The gels wereesiktained and scanned. Individual
TGGE bands were excised from the gels, re-suspeind@sl uL of TE 1X (10 mM Tris-
HCIl, 1ImM EDTA) and stored at 4°C. 3 pL of the supg¢ant was used for re-
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amplification with the same primer pairs but withdaC clamp. PCR products were
purified using the Jetquick PCR Purification (GemahGmbH, Lohner, Germany) and
sequenced in CCMAR (Centro de Ciéncias do Mar, ehsidade do Algarve). The

sequences obtained in this study have the folloveiogession numbers: GQ388248 to
GQ388260.

2.4.4. Phylogenetic analysis

For phylogenetic analysis, sequence alignments wex@de with Clustal X (Thompson,
1997) and visually corrected. To estimate phylogeneelationships the Bayesian
Markov chain Monte Carlo (MCMC) method of phyloggoanference (Huelsenbeck
and Ronquist, 2001) was applied as implementechéencomputer program MrBayes
(Larget and Simon, 1999). This method allows ediwnaof the a posteriori probability
that groups of taxa are monophyletic given the Dignment (i.e., the probability that
corresponding bipartitions of the species set amsgmt in the true unrooted tree
including the given species). This Bayesian apgrosas repeated several times, using
random starting trees and default starting valwestie model parameters to test the

reproducibility of the results.

2.5. Statistical analysis

The results of the experiments were subject to Wwayg- ANOVA by SigmaStat 3.0
program. All differences were considered to bastiaally significant forP < 0.05.

3. Results

3.1. Enrichment of uranium-removal bacteria

The enrichment of uranium-removal bacteria wasi@a@rm medium with 10 mg/L of
uranium and 1800 mg/L of sulphate. Among severealdsal communities obtained from
the environmental samples tested and from prevstudies (Martingt al., 2009), only
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the consortia from soil sample of Monchique thermpkEce (A), sediments from the
mining area of Urgeirica (U) and sludge from thelamd of Urgeirica mine (W) showed
resistance to uranium and capacity for uranium kexhcDuring uranium enrichment
these three consortia showed ability to remove@pprately 85 % of uranium (V1), after

13 days of incubation (data not shown).

3.2. Bio-removal of metals

3.2.1. Uranium (VI) bio-removal

Anaerobic uranium removal by the previously selgdiacterial consortia was studied in
the presence of 15 and 22 mg/L of uranium (Fig).7The effect of sulphate in metal
removal was also tested. In the experiment withmtL of uranium and 1800 mg/L of
sulphate, all the three consortia showed an effiai@anium removal. The concentration
of metal remaining in the medium after 13 daysnmiubation was 2, 4 and 6 mg/L for
consortia A, U and W respectively. All the consmnthaintained the ability to remove
uranium when its concentration was increased tang2., although an extended lag
phase was observed. Bacterial communities A, Uvdmémoved 20 mg/L, 16 mg/L and
15 mg/L of uranium, respectively, after 20 daysrmubation (Fig. 7.1). No significant
pH variation (7.0 to 7.2) was observed in eithethef biotic or abiotic sets. A decrease of
uranium concentration in the abiotic controls whsesved and can be attributed to metal
adsorption to the glass bottles used in the exmerisy as already reported by other
authors (Speaat al., 1999). Sulphate reduction was not observed iexakerimental sets
(data not shown).

The efficiency of uranium (VI) removal by all comSa was not significantly affected by
the absence of sulphate. After 13 days of incubatl@, 10 and 9 mg/L of uranium was
removed from the medium containing 15 mg/L U(Vly bonsortia A, U and W,
respectively (Fig. 7.1). In the sets containing rBg/L of uranium, the presence of
sulphate also did not affect uranium removal by biaeterial consortia. However, a
decrease of the lag phase was observed when can8axhd W were grown in medium
without sulphate (P<0.001).

145



N
(9]

15 mgL™" U (VI) a) b) c)
:20 1 1
=
§15 1 1
510 | |
s ] 5 |
0
25 122 mgL™ U (VI) a) 1 c)
7] 2 9 7) 7] 7!
<20 ]
.|
[o)]
€15 | |
g ‘ | I[E
o}
5 {
0
0 6 13 20 0 6 13 20 0 6 13 20

Time (d) Time (d) Time (d)
—— abiotic U (VI)+ 8042' = abiotic U (VI) == U (VI)+ SO42' zz=z U (V)

Fig. 7.1 Uranium (VI) removal profile by bacterial consartA (a), U (b) and W (c).
Values are averages standard deviations of the duplicates.

3.2.2. Chromium (VI) bio-removal

The ability for chromium (VI) removal by uraniummeval consortia was also
investigated using 13 mg/L Cr(VI), both in the mese and absence of sulphate (Fig.
7.2). Consortium A showed the best performanceCig¥ 1) removal in the presence of
sulphate (12.9 mg/L was removed after 23 days).sGia U and W only removed 5.7
mg/L and 8.6 mg/L of Cr(VI), respectively, afteretlsame period of time. When the
concentration of Cr(VI) in the medium was doubled,removal of Cr(VI) was observed
for any of the consortia (data not shown).

Although the performance of consortium A in Cr(MBmoval was not significantly
affected by the absence of sulphate (P=0.111)rdhmval of this metal by U and W
consortia decreased in the absence of this anign{R2). After 23 days of incubation 5.7
mg/L of Cr(VI) was removed by consortium U in thegence of sulphate and 12.6 mg/L
in the absence of this anion. For consortium W,r8ggL and 11.2 mg/L of Cr(VI) was

removed after the same period of time in the presesnd in absence of sulphate,
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respectively. No significant pH variation (6.9 tdlyY was observed in either biotic or

abiotic sets and sulphate reduction was not obdeirvall experimental sets (data not

shown).
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Fig. 7.2 Chromium (VI) removal profile by bacterial consarth (a), U (b) and W (c).
Values are averages standard deviations of the duplicates.

3.2.3. Microscopic analysis of bacterial consortia

Photomicrographs of bacterial consortia after U@ Cr(VI) exposure show different
cell morphologies in each situation (Fig. 7.3)the presence of uranium (VI) (22 mg/L)
and sulphate all bacterial consortia were mainlgngosed by large bacilli and cocci.
However, when the consortia were exposed to 13 nehfiomium (VI) the dominant

population was constituted by large and very loagilb.

3.2.4. Precipitates analysis

The precipitates formed during chromium and uraniobemoval were essentially
composed by amorphous aggregates and precipitatiedaminar form (Fig. 7.4). The

EDS spectrum corresponding to the bio-removal ahium shows that the precipitates
were mainly composed by uranium, sulphur and phatepfiFig. 7.4a). On the other hand,
the precipitates resulting from the biological remlo of chromium were mostly

composed by chromium, sulphur, phosphate and dedFig. 7.4b).
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Chapter 7: Anaerobic bio-removal of uranium (V1) and chromium (VI)

Fig. 7.3Photomicrographs of bacterial consortia A (a), Yabd W (c): in the presence
of 22 mg/L uranium (V1) + sulphate (left) and iretpresence of 13 mg/L chromium (V1)
+ sulphate (right). The different bacterial morgigés are indicated: 1- large bacilli, 2-
cocci and 3 — very long bacilli. Amplification 00Q0X.
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Fig. 7.4EDS spectra and SEM micrographs of the precigtigemed in the presence of
22 mg/L uranium (VI) + sulphate (a) and in the pre=e of 13 mg/L chromium (VI) +
sulphate (b).

3.3. TGGE and phylogenetic analysis of 16S rRNA gen

TGGE of 16S rRNA gene was applied to monitor pdsesithanges in the bacterial
communities during metal removal (Fig. 7.5). ThdJAand W bacterial enrichments with
uranium and sulphate revealed an identical TGGHil@rd-our dominant bands were
observed in the gel (B7, B11, B13 and B15) togethi¢h an additionally less intense
band (B10) (Fig. 7.5, lanes 0).TGGE profile of tbensortia was maintained stable
independently of uranium concentration and presehselphate (Fig. 7.5, lanes | to V).

Reamplification and sequencing of TGGE bands altbwee identification of bacteria
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present in uranium removal consortia. Phylogeraialysis of band sequences (Fig. 7.6)
revealed that the A, U and W communities with #&pifior uranium removal were
affiliated with Rhodocyclaceae (B7, B13 and B24) an@aulobacteraceae families(B10),

as well as witlClostridiumspp (B11 and B15).
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Fig. 7.5 TGGE profile of 16S rRNA gene fragments using DNAA U and W
communities from batch experiments: beginning @@; mg/L uranium (I), 15 mg/L
uranium + sulphate (1), 22 mg/L uranium (lIl), 28g/L uranium + sulphate (IV), 13
mg/L chromium (V) and 13 mg/L chromium + sulph@ié).

TGGE profiles showed that the replacement of uran{(/l) by chromium (VI) in the

mixed cultures induced clear community changedlisaanples (Fig. 7.5, lanes V). Two
news bands (B17 and B18) were observed in all Gr@Arichments and band B11
disappeared in all of them. Some particular charages occurred in each consortium.
Bands B10 and B15 were not observed for consortgmd U (Fig. 7.5, lanes V) and for
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community A two dominant bands became visible ia ¢el (B14 and B16). Band B7
was only maintained in enrichment U. Finally, Bl@chme more intense in W
community profile. Phylogenetic analysis (Fig. 7r®yealed that all consortia established
after Cr (VI) addition were composed Bnterobacteriaceae (B17 and B18) and
Rhodocyclaceae members (B13). Additionally, community A includéacteria closely
related with Propionibacterium genus (bands 14 and 16). Bacteria affiliated to
Clostridium spp. (B15) andCaulobacteraceae members(B10) were also detected in
consortium W.

Contrarily to what was observed in the uranium-reahocommunities, consortia
responsible for chromium removal were affected hg presence of sulphate in the
medium. In this condition, bands B11 and B15 (eslatvith Clostridium spp.) became
dominant again in the TGGE fingerprints. Bands B1B18 (related with
Enterobacteriaceae family) and B13 (affiliated toRhodocyclaceae members) were
maintained, but the B14 and B16 (correspondindprtapionibacterium sp.) present in
community A and B10 (corresponding tGaulobacteraceae family) present in
community W were absent. Community U also presetitegk new bands (B8, B23 and

B25), related wittClostridium genus Rhodocyclaceae andEnter obacteriaceae families.

4. Discussion

Several bacteria have potential to interact withtatse promoting their removal, and
therefore offer interesting opportunities for bidtaological applications on water
treatment. In the present work, several communitigth ability for uranium (VI)

removal were obtained from uranium contaminated aod-contaminated sediments.
Considering the similarities between uranium aneiciium, namely the same oxidation
state of the most soluble form and the possibleddmction to insoluble oxidation states,
the ability of these communities in chromium (VBmoval was also investigated.
Furthermore, the structure of the bacterial commmesiwith ability for uranium and

chromium bio-removal was established, in ordernwestigate if the removal of each
metal was performed by the same consortia or biereéifit bacteria selected under

different metal exposure.
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Fig. 7.6 Phylogenetic tree obtained with 16S rDNA partiafjgences (196 nucleotide
positions), corresponding to the reamplified TGGHds and to the most closely related
ones retrieved from BLAST search. Phylogeny wasrnefd using the Bayesian Markov
Chain Monte Carlo analysis of aligned 16S rDNA freemts.Archaeoglobus fulgidus, a
species from Archaea Domain was included to roetiée. Probability values associated
to each node are showed. Access numbers of Gen8aqlences are indicated in the
figure and names in bold face correspond to seqsethetermined in this work. The main
bacterial groups detected in bacterial consorgaa¢so indicated.
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Among the bacterial communities tested, only thweee found to be uranium resistant:
one from a non-contaminated sediment collected am®ique thermal place (A), other
from a sediment collected in uranium contaminatezl(§Jrgeirica mine) (U) and the last
one from sludge of a wetland (W) located in the sanne site.

All these consortia showed potential for uraniutmegal from solutions containing 15
and 22 mg/L of U(VI) and also presented ability reamove Cr(VI) from solutions
containing 13 mg/L of this metal. However, contraoywhat was observed for U(VI)
removal, the performance of Cr(VI) removal was etiée when the concentration of this
metal in the medium was doubled. These resultsnaaecordance with previous reports
(Kieft et al., 1999), which refer that Cr(VI) is more toxic thaw(VIl) for most
microorganisms and that the resistance to chrommay be induced by smaller
increments in metal concentration. It has beenrteddBoop and Echrlich, 1988; Wang
et al., 1989; Philipset al., 1998; Jeyasingh anf Philip, 2005) that bactes@aited from
contaminated sites present higher resistance io &@ments. Nonetheless, in this study
the best performance for U(VI) and Cr(VI) removalsanot achieved by consortia U and
W (both recovered from contaminated sites), butcbgsortium A, recovered from an
uncontaminated sediment. In approximately 20 day% of 22 mg L* U(VI) and 99%

of 13mg/L Cr(VI) were removed by this community ahe removal rates did not change
in presence of sulphate. The removal of this iorJbgnd W consortia was affected by
sulphate presence, as Cr(VI) removal rates wereased in its absence.

SEM-EDS confirmed that both metals precipitatedisTgrecipitation can eventually be
associated to a previous reduction of Cr(VI) an¥IlJ¢o insoluble oxidation states of
Cr(lll) and U(IV) (Wanget al., 1989; Lovleyet al., 1991; Lovley and Phillips, 1992;
Lovley and Phillips, 1994). SEM-EDS showed that pinecipitates are also composed by
S and P elements, suggesting that metals coulddoel bo the bacterial cells by
phosphoryl and/or sulphydryl groups. It is knowattimicrobial cell wall have anionic
functional groups, such as carboxyl, sulphydryldrexyl, phosphoryl and amide that
show affinity for metal binding (Franciet al., 2007; Acharyaet al., 2009). It was
reported that uranium and plutonium were associaiid phosphoryl group (Ohnulet
al., 2005; Francist al., 2007). Metal reduction after binding to cell whls also been
reported for plutonium (France al., 2007). Thus, metal bio-removal by the consortia
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under study may involve two possible mechanismmpk metal binding to the
functional groups present in the cell wall, or nhdtiading followed by change in the
oxidation state of the metals.

Although the samples used for enrichment were fdiffierent sites, TGGE fingerprint
analysis revealed that the three consortia (A, t \&f) with ability to remove uranium
have the same composition. This result indicateg the corresponding species are
ubiquitous in these environments and under the saamehment conditions the growth
of the same bacteria was promoted. Even thouglgriheth conditions were adjusted to
select SRB, this group of bacteria was not detecidice uranium-removal consortia. The
presence of uranium selected a microbial commuaodwgtaining bacteria related to
Rhodocyclaceae and Caulobacteraceae families and Clostridium spp. Clostridium
species are considered major players in uraniuracteh. They can be found in soil,
sediments and in low-level radioactive wastes (egwt al., 1993; Susuket al., 2003,
Gao and Francis, 2008). Although the mechanism (™ )ueduction is known for some
bacteria (e.gDesulfovibrio sp. andGeobacter sp.) (Wall and Krumholz, 2006), the
corresponding process i@lostridium spp. is not clear. Franciat al. (1994) have
suggested that it can involve an enzymatic proc€xmsidering Rhodocyclaceae
members, they have been reported in uranium contded mines (Susukt al., 2003),
and also in microbial populations stimulated fatruum removal (Akolet al., 2008), but
to date little is known about their role in uraniwemoval. TGGE profiles also showed
that the community with ability to remove uraniunasvnot affected by the absence of
sulphate in the medium, which is in agreement whih fact that uranium (V1) removal
occurs independently of sulphate presence.

When uranium (VI), was replaced by chromium (VIyesl differences in the structure
of all bacterial communities were observed. Micogsc analysis of the consortia
supports these results as the cocci shaped celidyhilecreased and were replaced by
very long bacilli. The metal change probably indlicke selection of Cr(VI) resistant
bacteria, phylogenetically related wiRinodocyclaceae and Enterobacteriaceae families
and Clostridium genus. Members oEnterobacteriaceae were not detected in the
consortia with ability for U(VI) removal and weretrpreviously associated to chromium

bioremediation. The presence of bacteria resista@r(VI) or as Cr(VI) reducing, never
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reported before, may be explained by the existerfce possible mechanism of Cr(VI)
resistance or removal, not yet explored. Furtheemirwas reported (Francisa al.,
2002) that some members pfProteobacteria were able to resist and reduce Cr(VI)
present in the culture medium. Bacteria phylogeadti related toRhodocyclaceae
family were previously detected in a bioreactor duse the treatment of effluents
containing Cr(VI) (Battaglia-Brunett al., 2007) and are known to participate in
phosphorous removal (Zilles al., 2002).

Although the three bacterial communities grownha presence of Cr(VI) and sulphate
showed an identical TGGE profile, each of them waslified differently when sulphate
was removed from the mediur@lostridium spp. were not detected in communities A
and U in the absence of sulphate. In addition, isgeffiliated toPropionibacterium spp.
were detected in the consortium A and member<ailobacteraceae family were
present in the consortium W when these communitieee grown in the absence of
sulphate. These findings indicate that the presaicsulphate probably inhibits the
growth of these bacterial groups.

Combined analysis of TGGE fingerprints and dataaioled from metal removal
efficiency strongly suggests a direct relationdgiween the metal present in the media

and established bacterial consortia.

5. Conclusions

Several communities with ability for uranium (VBmoval were obtained from uranium
contaminated and non-contaminated samples. Uneegiigctthe highest efficiency of
U(VIl) and Cr(VI) removal was obtained with a cortsan from a non-contaminated soill
collected in Monchique thermal place (A).

The results obtained by TGGE analysis showed tteatbmposition of the communities
was influenced by the type of metal present in iedium. TGGE and phylogenetic
analysis of 16S rRNA gene showed that membersRiaddocyclaceae family and
Clostridium genus are predominant in the uranium removal conitrean while the
community established in the presence of Cr(VI) wasnly composed by members of

Rhodocyclaceae and Enterobacteriaceae families andClostridium genus. This change in
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the bacterial community when uranium (VI) was repthby chromium (VI) is a result of
most importance, specially considering that thésenges are usually not considered. The
existence of bacteria never reported as U(VI) andVIE removing (such as
Rhodocyclaceae and Enterobacteriaceae families) is also a relevant finding, encouraging
the exploitation of microorganisms with new abdgi that can be useful for
bioremediation purposes.

Futures studies will be done to elucidate the meishainvolved in the metals removal

by theses communities.
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Chapter8

Mechanism of uranium (VI) removal by two anaerobic

bacterial communities

Abstract

The mechanism of uranium (VI) removal by two anberdacterial consortia, recovered
from an uncontaminated site (consortium A) and otfrem an uranium mine
(consortium U), was investigated. The highest &fficy of U (VI) removal by both
consortia (97 %) occurred at room temperature anpdHar.2. Furthermore, it was found
that U (VI) removal by consortium A occurred by ematic reduction and
bioaccumulation, while the enzymatic process wasothly mechanism involved in metal
removal by consortium U. FTIR analysis suggested #fter U (VI) reduction, U (IV)
could be bound to carboxyl, phosphate and amidepgrof bacterial cells. Phylogenetic
analysis of 16S rRNA showed that community A wasnhlyacomposed by bacteria
closely related t&porotalea genus andRhodocyclaceae family, while community U was

mainly composed by bacteria relatedClostridium genus andRhodocyclaceae family.

A version of this chapter was published as:

Martins M, Faleiro ML, Costa AMR. Chaves S, TemmeR, Matos AP, CostaMC (2010)
Mechanism of uranium (VI) removal by two anaerobacterial communities. J. Hazard Mat.
(DOI information: 10.1016/j.jhazmat.2010.08.009)



1. Introduction

Uranium mining and mineral processing for produtid nuclear power have resulted in
the generation of significant amounts of radioactiwastes with severe impact on
environment (Choudhary and Sar 2009; Kaizyl., 2009). Radionuclides like uranium
are of particular concern due to their high toyi@nd long half lives. Uranium exists as
U (V1) in the form of divalent oxocomplex (U8 in oxic aqueous systems (Gorby and
Lovley, 1992; Fortiret al., 2007).

The conventional remediation processes of wastegaicong uranium are highly
expensive and ineffective particularly at low metahcentrations (Lloyd and Macaskie,
2000). Thus, the search of novel technologies m@raged. Recently, bioremediation
strategies based on the use of microorganismsom&dered a potential alternative and
an economically attractive strategy when compareth whe traditional techniques
(Choudhary and Sar 2009).

During the last two decades, many researchers tiaeevered that different groups of
microorganisms, such as bacteria (Tsuruta, 2002] Wal Krumholz, 2006), yeasts
(Tsuruta, 2002) and fungi (White and Gadds, 19%yrita, 2002), have the ability to
remove uranium from aqueous media. This ability vaks observed foCystoseria
indica, a brown algae (Khargt al., 2008). Although several studies described thktybi
of metals removal by diverse bacteria, reports $eduon the mechanism of uranium
removal were only recently available. Bacteria héween shown ability for uranium
removal by several mechanisms such as adsorptiachaffa et al., 2009) and
accumulation inside the cells (Kaatial., 2009). In addition, some bacteria have showed
the ability to reduce uranium (VI) (Wall and Krumho2006; Gao and Francis, 2008).
After reduction, the highly soluble and mobile Ul converted to highly insoluble U
(IV), which can be separated from aqueous soluti@uby and Lovley, 1992; Wall and
Krumholz, 2006).

Although mixed bacterial cultures were frequented in bioremediation strategies, only
few studies about the mechanisms of metals remmnwabnsortia are reported (Ngwenga
and Whiteley, 2006; Rashamuse and Whiteley, 2080, at our knowledge none of

162



them focus uranium removal. The advantages of eyimgamixed cultures as opposed to
pure cultures in bioremediation applications ardely demonstrated (White and Gadds,
1996; Mukredet al., 2008). Those advantages over pure cultures indueaer stability
and increased metabolic capabilities, which carirdeed to the effects of synergistic
interactions among members of the bacterial comtiesn{Rashamuse and Whiteley,
2007; Mukreckt al., 2008).

Taking into account the diversity of microorganisntsis of great importance to
characterize metal resistant bacterial communitigs ability for uranium removal, as
well as to identify the mechanism or mechanismslved in metal removal. Therefore,
the mechanism involved in uranium (VI) removal froagueous solution by two
anaerobic bacterial consortia (one from an uncomai®d site and other from an
uranium mine) was investigated for the first tirvareover, the molecular identification
of the two consortia was also performed. The idieation of the bacterial community,
as well the clarification of the process of metatferia interaction can contribute to the

development of an effective bioremediation stratiegyranium removal.

2. Materials and methods

2.1. Microorganisms and growth conditions

The bacterial communities used in the present stueheg obtained from sediments from
the uranium mining area of Urgeirica (sample U) &odh soil from Monchique thermal
place (sample A). Urgeirica mine is located in tloeth Portugal and Monchique thermal
place is located in the south Portugal. These atinswere selected from previous
studies (Martingt al., 2010). Stock cultures were maintained in modifi#tiM medium
(Saniet al., 2001), which contains 1g/L NBI, 0.06 g/L CaGl.6H,0, 0.05 g/L yeast
extract, 1g/L MgSQ7H,0, 2 g/L NaSO,, 5g/L sodium lactate and 20 mg/L of uranium
(VI), as uranyl acetate dehydrate. This medium @@snized in order to avoid chemical

removal of uranium. The bacterial consortia were-cuitured every 4 weeks using 10%

(v/v) of inoculum and incubated at room tempera(@fe-1°C).
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2.2. Uranium (VI) bio-removal experiments

The studies of U (VI) bio-removal were performed3i mL glass bottles, in anaerobic
conditions, using the MTM growth medium previoudlscribed, containing 22 mg/L of
uranium (VI). Each set of experiments was carriat in duplicate. The medium was
purged with nitrogen gas to achieve an anaerobic@mment prior to inoculation. After
inoculation, oxygen diffusion was eliminated by edd5 mL of sterile liquid paraffin.
The bottles were sealed with butyl rubber stopperd aluminium crimp seals and

incubated.

2.2.1. U (V1) removal by live cells in different caditions

The effect of pH and temperature on uranium (Vihogal was tested for both bacterial
consortia in order to found the optimal conditidas uranium (VI) removal. The pH of
the medium was adjusted to 4.6, 6.2 and 7.2 withNMDH or HNQ and incubation was

performed at room temperature 21°C). For uranium (VI) bio-removal experiments at

different temperatures, medium with pH 7.2 was uSesmperatures of 4°C, 21°C and
37°C were tested.

Bacterial cells obtained previously were harvedigaentrifugation at 4000 rpm for 10
min, washed with MTM medium, inoculated (10% v/w)the bottles containing MTM
medium with 22 mg/L U (VI) and incubated at theoesly described conditions. For

each experimental set an abiotic control (withadteria) was carried out.

2.2.2. U (VI) removal by heat-killed cells

Bacterial cells (30 mL) collected after 20 days intubation were harvested by
centrifugation at 4000 rpm for 10 min and washethwilTM medium. The cells were
killed by autoclaving (121°C, 30 min) and addedaddtles contained MTM medium with
22 mg/L U (VI) (pH=7.2).
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2.2.3. U (VI) removal by extracellular metabolic ppoducts

U (VI) was added to 30 mL of cell-free medium obt from the bacterial cultures after
20 days of growth. The medium was filtered with.2 @m hydrophilic polyestersulfone
membrane (Machererey-Nagel) to remove cells anggalwith nitrogen gas.

2.3. TEM-EDS, FTIR and XRD analyses

The precipitates generated during the bio-removatgss were characterized by X-ray
powder diffraction (XRD). Transmission electron nogscopy coupled with an energy
dispersive spectrometer (TEM-EDS) and Fourier fans infrared (FTIR)
spectroscopy were also used to assess possiblébaetarial cells interactions. X-ray
diffraction pattern of dried powder samples wasfqremed using Bruker powder
diffractometer (model D8 Advanced) using CuKadiation. The diffraction pattern was
recorded from 3° to 60° €2 with a step length of 0.05° and time per ste®20TEM-
EDS (Hitachi H8100) was used to establish the Ipaibn of the metal precipitates in
the cells and the elemental characterization ofntie¢al deposits. Samples of bacterial
cells exposed to uranium (VI) were prepared for ThWfixation with glutaraldehyde
3% folowed by dehydration and embedding in Eponldita (Glauert, 1975). Thin
sections were studied without staining for detectid electron-dense precipitates. For
FTIR spectroscopic analysis, samples of bacterulilies exposed and not exposed to
uranium (VI) were dried and blended with KBr. ThEIR spectra were recorded within

the range 400-4000c¢hin Bruker, Tensor 27 FTIR spectrophotometer.

2.4. Analytical methods

Periodically, samples from cultures were colleaisohg a syringe. Optical density at 600
nm (OD600) and uranium (VI) were measured in earhpde. Uranium was measured
after centrifugation of samples at 4000 rpm for i eind quantified using the method
described by Martinst al. (2010): 900uL of sample was mixing with 300L of 0.5 M
HCI, followed by the addition of 300L of Arsenazo IIl (0.1% wl/v). After 3 min, the
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purple-colour metal-arsenazo Il complex was quiutispectrophotometrically at 652
nm. The Arsenazo Il solution was prepared by dissg the reagent in 0.01 M HCI and
in 10 % (v/v) ethanol.

2.5. Molecular characterization

2.5.1 Extraction of DNA, PCR amplification and cloring of 16S rRNA gene

Total genomic DNA was extracted after harvestiniisday centrifugation at 4000 rpm
for 10 min. DNA extraction was carried out as ddxmt by Martinst al. (2009).
Amplification of full-length 16S rRNA gene was penfned using the primer pair 8F (5'-
AGA GTT TGA TCC TGG CTC AG -3') / 1492R (5'- GGT TACTT GTT ACG ACT

T -3") (Suzukiet al., 2003). The primers were purchased from Thernsbd¥i Scientific.
The reaction mixture used for PCR amplificationteamed 31.75 pL of sterilised MiliQ
water, 1 pL of each primer (10 pmol/uL), 1 pL of iNs (10 mM), 4 puL of MgGl(25
mM), 10 pL of 5xGo Tag® buffer (Promega, MadisorgA), 0.25 pL of GoTag®DNA
polymerase (Promega, Madison, USA), and 1 pL of DNPCR amplification was
performed in a thermocycler (T1, Biometra, USA).eithal cycling was carried out by
using an initial denaturation step of 94°C for iniollowed by 30 cycles of 94°C for 1
min, 60°C for 1 min and 72°C for 2 min and completgth an extension period of 5 min
at 72°C. The PCR products were analyzed by elduregis, in 1% (w/v) agarose gel
and TAE buffer. The band with the proper size rafaggroximately 1.4 Kb) was excised
and purified with E.Z.N.AM Gel Extraction Kit (Omega).

The purified products were ligated into the clonuggtor pGEM®-T Easy according to
the manufacturer’s instructions (Promega, Madidd8A), followed by transformation
into Escherichia coli DH5a competent host cells. The white colonies were s&@dor
inserts by amplification with a vector- specifiarper set (Sp6 and T7). Thermal cycling
was carried out by using an initial denaturaticgpsdf 94°C for 3 min, followed by 30
cycles of 94°C for 1 min, 55°C for 1 min and 72%€ 2 min and completed with an
extension period of 5 min at 72°C. The PCR produetee analyzed by electrophoresis,
in 1% (w/v) agarose gel and TAE buffer and the ebnontaining expected DNA insert
were saved at -20°C.
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2.5.2. Restriction fragment length polymorphism anbysis (RFLP) of 16S rRNA gene
RFLP analysis of the previously amplified 16S rRNAne was performed using the
restriction enzymesihal and Mspl (Promega) to search for similar rRNA gene clones.
Fragments of the digested PCR products were segairat 2% (w/v) TAE agarose gel.
A representative clone from each digestion patieas selected for sequencing. The 16S
rRNA gene inserted in plasmids was amplified ugheyprimers Sp6 and T7, according
to the conditions described above. PCR producte werified using the Jetquick PCR
Purification (Genomed GmbH, Lohner, Germany) argusaced by CCMAR (Centro de
Ciéncias do Mar, Universidade do Algarve). Sequeratgained in this study have the
following accession numbers: GU255481 to GU255507.

2.5.3. Phylogenetic analysis

For phylogenetic analysis, sequence alignments werde with Clustal X (Thompson,

1997) and visually corrected. The Bayesian Markuoairt Monte Carlo (MCMC) method

of phylogenetic inference (Huelsenbeck and Rong@@01) was applied to estimate
phylogenetic relationships using MrBayes softwararget and Simon, 1999). This
method allows the estimation of thepasteriori probability that groups of taxa are
monophyletic given the DNA alignment (i.e., the Ipmbility that corresponding

bipartitions of the species set are present intthe unrooted tree including the given
species). This Bayesian approach was repeatedaséwvees, using random starting trees
and default starting values for the model pararsetertest the reproducibility of the

results.

3. Results

3.1. Effect of pH and temperature on U (VI) removalby bacterial

communities

The influence of pH and temperature on the efficyeaf U (VI) removal by bacterial

communities from Monchique thermal place (A) andnir Urgeirica mine (U) was
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studied (Fig. 8.1). Considering pH, it was obsertleat the metal removal and bacterial
growth were affected by this factor (Fig. 8.1a)r both consortia, the U (VI) removal
efficiency increased with pH increase. The bestgperance was observed at pH 7.2. At
this pH value, both consortia achieved 97 % of U) (kkmoval after 16 days of
incubation, while at pH 6.2 only 70 % and 77 % of\WJ) was removed by consortia A
and U, respectively. At pH 4.6 no relevant remafdl (V1) was observed. The decrease
of U (VI) in the abiotic sets was 16 % at pH 4.6 &2% at pH 6.2 and 7.2 on the end of
the experiments (data not shown). Bacterial gromais not affected by pH in the same
way as metal removal, as the growth of both cuttatepH 6.2 was higher than at pH 7.2.
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Fig. 8.1Effect of pH (a) and incubation temperature (b)uoanium removal and growth
of bacterial consortia from Monchique thermal pl&8¢ and from Urgeirica mine (U).

Data are the average of duplicates and error Indisate the standard deviations of the
average values.
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The effect of temperature incubation on U (VI) remldoy bacterial consortia A and U is

shown in Fig. 8.1b. Both cultures presented théadsgU (V1) removal rate (97 % in 16

days) at room temperature: (21°C). At 37°C only about 50 % U (VI) removal was

achieved within the same period of time for botkxexi cultures, but no relevant bacterial
growth was detected. At 4°C no obvious U (VI) remlovas observed, though bacterial
growth was observed in this case. Although theplagse was higher, bacterial growth
achieved similar OByo values at 4°C and 21°C at the end of the expetiniée results

of U (VI) decrease in the abiotic sets were 22 ¥oam temperature and 29 % at 4°C and

37 °C at the end of the experiments.

3.2. U (VI) bio-removal experiments

Fig. 8.2 shows uranium (VI) removal by live cellgat-killed cells and extracellular
metabolic products. The highest U (VI) removal frima medium was observed with live
cells: 97 % of U (VI) was removed by both consontial6 days. However, no relevant
uranium (VI) removal was observed with heat-killeglls, comparatively to the abiotic
sets: 27 % for inoculum A and 11 % for inoculumwhile 22 % was achieved in the

abiotic solutions. U (VI) removal by extracellulaetabolic products was not detected.
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Fig. 8.2 Uranium removal from medium with 22 mg/L uranium @slls (live and heat-
killed), and by extracellular metabolic product$i(@.2; 21°C). Data are the average of
duplicates and error bars indicate the standarctiens of the average values.
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3.3. X-ray powder diffraction analysis (XRD)

The black precipitate generated during the bio-nah@xperiments was composed by
amorphous and crystallized material. Characteomatif the mineral phase by XRD gave

a spectrum that in accordance with PDF2 databaserisistent with the presence of

uranium oxide as 40, (Fig. 8.3).

Intensity (counts)

28 (degree)

Fig. 8.3 X-ray diffraction spectrum of the precipitate forth@uring uranium bio-removal
experiments. The vertical lines indicate the chiarastic X-ray diffraction of JO-.

3.4. Cellular localization of uranium

To establish the distribution and localization abnium deposits in the cells, thin
sections of cells exposed to uranium (VI) were wadwsing TEM (Fig. 8.4). The cells of
consortia A and U exhibited dense precipitates maiuithin the periplasmic region (Fig.
8.4a, b, f, g and h). Fibrillar precipitates weleserved in the capsule of some cells of
consortium A (Fig. 8.4c and d) and round precipgatvere also occasionally present in
the cytoplasm of the cells of this consortium (Fgie). Using EDS coupled to TEM for
the elemental characterization of the metal depasivas possible to confirm that the
dense precipitates observed contained uranium 8Hg. EDS spectrum also showed the
presence of other elements such as P, Cu, Cl an8cBie elements observed in the
spectrum like Cu, Cl and Si, could be originatezhfrexternal sources, since were also

present in background areas and therefore reprekaments from the supporting grid.
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250 nm
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Cu

7.680 10.240 12.800 15.360 17.920
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Fig. 8.4TEM of thin sections (70-90 nm) of bacterial cedfsnoculum A (a, b, ¢, d and
e) and of inoculum U (f, g and h) after 20 daysgodwth with 22 mg/L U (VI): cells
sections stained with uranyl acetate and leadteitfa, b, f and g) and cells without
staining (c, d, e and h)}~) Dense precipitates. EDS spectrum of precipitate (

3.5. FTIR spectroscopy

FTIR spectral analysis of control (metal-free) amanium loaded cells allows some
characteristic peaks to be assigned to the maictiumal groups present in the bacterial
cells and to their role in metal binding processtr€spondences of the IR frequencies in
the present study were based on known data fremaliire (Tellezt al., 1995; Kamneva
et al., 1997; Pagnanellgt al., 2000; Jianget al., 2004; Craciuret al., 2005; Acharyaet
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al., 2009; Choudhary and Sar, 2009; Katyal., 2009). The FTIR spectra from 400 to

4000 cn* of control cells (metal-free) and metal loadedscate shown in Fig. 8.5.
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Fig. 8.5FTIR spectra of bacterial cells of consortia okgdirirom Monchique thermal
place (A) and from Urgeirica mine (U): control ce{h) and metal loaded cells (b).

The spectra of control and metal loaded cells ofsodia A and U showed a broad band
between 3700 and 3000 rwith a maximum around 3400 €mBands corresponding to

the N—H bond of amino groups, along with the O—Hhaf hydroxyl groups, usually lay

in the region between 3800 and 3200'cm

All four spectra showed the presence of two peats/den 3000 and 2900 Enwhich

can be attributed to the asymmetric stretching-eéfl ®@ond of the -Cklgroups combined

with

that of the -CH groups.
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The strong broad band between 1700 and 1476 can be assigned to amide groups.
The C=0 stretching of amide (referred to as amjdeas observed at 1634 (consortium
A) and 1647 cnt (consortium U) while the N-H bending (coupled teNGstretching and
referred to as amide Il) appeared at 1566" émboth consortia. The spectrum of metal
loaded cells (Fig. 8.5b) showed a shift of thesadsato 1651 and 1541 Emin
consortium A and to 1641 and 1543°tin consortium U. Furthermore, a change in the
relative intensities of the above bands was observeells of culture A.

In all spectra a peak around 1460 tmwas observed, which is characteristic of the
scissoring motion of —CHgroups.

The peaks within 1400-1200 ¢hare due to COOsymmetric stretching, non-ionized
carboxylic groups and P=0 stretching of the C;P@oiety. The peaks observed at 1298
or 1317 crit in consortia A and U, respectively, are corresjiogdo stretching of non-
ionized carboxylic groups (C-OH). The C-OH bandsenghifted to 1321 (consortium A)
and 1325 cni (consortia U) after cell exposure to uranium (Bidgb). The peaks at 1234
and 1225 cil observed in uranium loaded cells of consortia A &h respectively,
correspond to P=0 stretching of the CsP@oiety.

A complex band was observed in the range 1200-85Y which corresponds to C-O, C-
C and C-H bonds in carbohydrates and alcohols, galaith the symmetric and
asymmetric stretching bands of P@nd P(OH) from phosphates. Two peaks at 1165
cm’ and at 1113 cthwere observed in control cells A (Fig. 8.5a) ane peak at 1113
cmtin control cells U (Fig. 8.5a). In the spectra aftai loaded cells a broadening of the
last band (at 1113 ¢ was evident, which results in the appearancerafva maximum

at 1067 crit in both spectra.

The absorption peaks at 893 trtontrol cells A and U) and 895 énin metal loaded
cells may be attributed to substituted ethylengtesyn CH=CH groups.

In the spectra of metal loaded cells (Fig. 8.5b)rieamds at 916 and 841 ¢nwere
observed in cells A, and at 926 and 841'dmcells U.

A broad band between 700 and 400'¢with a maximum at 619 c¢inwas due to O-H
bending. A change in this band shape in the metaddd cells was observed. In metal

loaded cells A, a band at 548 ¢rand a band at 552 ¢hin cells U were also observed.
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3.6. Phylogenetic analysis

All recombinant colonies (87) were recovered angraximately 1.4 kb fragment of
bacterial 16S rRNA gene was amplified and usedRBLP analysis. Sixteen RFLP
groups were originated from mixed culture A andrtd@n from mixed culture U.
Phylogenetic analysis of the representative cloadswved the identification of the
corresponding sequences (Fig. 8.6).

Most of clones sequences (59 %) from community Aewadosely related t&porotalea,
while majority of clones from community U were &#ted toClostridium (53%). Clones
with sequences closely related @ostridium were also present in community A (2%).
Both communities included members Rifiodocyclaceae family. Phylogenetic analysis
also showed that sequences of 26 % of clones frammwnity A and 32 % of clones
from community U were closely related Rinodocyclus or Propionivibrio and bacteria
affiliated to Brevundimonas were also present in both communities (9 % and 8f%
clones from consortia A and U, respectively). Agbdially, community A included
bacteria closely related ®elosinus (4 % of clones). Bacteria affiliated fphaerochaeta

(3 %) andAnaerofilo pentosovarans (9 %) were also detected in community U.

4. Discussion

In previous studies (Martinat al., 2010) were discovered three bacterial commumitie
with ability for uranium (VI) removal: one was ra@ed from a soil sample of an
uncontaminated site (Monchique thermal place), evthie other two were obtained from
sediments collected in uranium mine site (UrgejricEhus, in the present work, the
mechanism of uranium (VI) removal from aqueous tohs by two of these cultures
(one from an uncontaminated site and other fromranium mine) was investigated for

the first time.
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Fig. 8.6 Phylogenetic tree obtained with 16S rRNA sequen(E300 nucleotide
positions), corresponding to the clones represestaf each restriction profile and to the
most closely related ones retrieved from BLAST sleaPhylogeny was inferred using
the Bayesian Markov Chain Monte Carlo analysis lignad 16S rRNA fragments.
Archaeoglobus fulgidus, a species from Archaea Domain was included to tto® tree.
Probability values associated to each node are ethoviccess numbers of GenBank
sequences are indicated in the figure and namdmloh face correspond to sequences
determined in this work. The main bacterial grodesected in bacterial consortia are

also indicated.
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The U (VI) removal was tested with live and heakdlbd cells, as well with extracellular
metabolic products. U (VI) removal by both commigstwas only observed in the
presence of live cells. The lack of metal remowakktracellular products and heat-killed
cells suggests that only viable cells can be resptanfor uranium (VI) removal from the
solution. A slight decrease in the uranium (VI) centration in the abiotic solutions was
also observed. This fact, already mentioned inlitbeature, is reported as related to the
adsorption of the metal to the glass material (6peal., 1999; Acharyaet al., 2009).
This explanation was supported by the fact thadexease of U (VI) was observed when
plastic material was used (data not shown), evehersets with extracellular metabolic
products. The solution with extracellular metabolicoducts may contain other
substances that can also be adsorb to the gladssbohus, competing with the metal to
the adsorption sites.

X-ray diffraction analysis of the precipitate forchduring the bio-removal experiments
showed that it was mainly composed by uranium oxislé3O;. The presence of 40
indicates that the mineral phase was composed mixtre of uranium (V1) and (V).
This result can be explained by the slight oxidataf uranium (IV) due to oxygen
exposition. The presence of U (IV) was also coesiswith the black colour of the
precipitate formed. Typically, U (V1) has an orahgglow colour, while the precipitate
of UO, shows a black/brown colour (Yu and Hanson, 1988gMisoret al., 2006). The
presence of U (IV) in the precipitate, togetherhmtite fact that uranium (VI) was only
removed from solution in the presence of live ¢edlsggests a mechanism of enzymatic
reduction, where U (V1) is converted to insolubl€I\).

Many microorganisms affiliated with genei@esulfovibrio, Geobacter, Tolumonas,
Clostridium, Arthrobacter, Dechlomonas, Shewanella and Pseudomonas can reduce U
(VI) to U (IV) (Wall and Krumhols, 2006; Akolet al, 2008; Gao and Francis, 2008).
Clostridium species are considered one of the major playetsanium (VI) reduction
(Suzukiet al., 2003; Gao and Francis, 2008) and bacteria a#tiab this genus were
present in both consortia. Bacteria affiliated wiBelosinus were also found in
community A and are reported as capable of redu€mgill) (Shelobolinaet al., 2007).
Considering that dissmilatory Fe (lll)-reducing tea@ have already been reported as
having the ability for U (VI) reduction (Gorby anavley, 1992), U (VI) reduction by

176



Pelosinus can not be excluded. RegardiRhpodocyclaceae members, they have been
reported in uranium contaminated mines (Suzkal., 2003), and also in microbial
populations stimulated for uranium removal (Akeb al., 2008), but to date the

knowledge about their role on uranium removalnstied.

The maximum U (VI) removal by consortia A and U @meed at room temperature: (

21°C) and with pH 7.2. However, at 4°C bacteribwgh was observed without
significant uranium (VI) reduction. This result cée explained by the presence of
different species in the consortia, which probablgve different optimal growth
conditions. Thus, this temperature (4°C) may premihie growth of metal resistant
bacteria, but without ability for uranium (VI) rewal. Other explanation is that, since the
enzymatic process is the dominant mechanism foniwma (V1) removal, at 4°C the
culture can grow but the enzymes responsible fadalneduction can not be expressed. It
was reported that U (VI) reduction by dissmilatdtg (l11)-reducing bacteria (GS-15)
(Gorby and Lovley, 1992) and Cr (VI) reduction Bsgterobacter cloacae (Wanget al.,
1990) were repressed at 4°C.

It was also observed that uranium (VI) reductiocréased with the increase of pH. The
increase of pH can promote the optimal conditiamsthe expression of the enzymes
responsible for uranium (VI) reduction. The inflgenof pH in metal reduction was also
observed in previous studies concerning uraniuthr@duction byClostridium sp. (Gao
and Francis, 2008) and platinum (IV) reduction bysalphate-reducing bacteria
consortium (Rashamuse and Whiteley, 2007).

Due the insoluble nature of U (IV), the site of @deposition in cell should give an
indication of the reductase location. Hence, TEMswaed to establish the distribution
and localization of uranium deposits in the cellEM images showed the presence of
dense precipitates mainly within the periplasmigioe of cells of both consortia. This
observation is consistent with other studies tBpbrted the existence of reductases in the
periplasmic region, in the outer membrane, or inthb@Vall and Krumhols, 2006;
Rashamuse and Whiteley, 2007). Fibrillar precipgatere also observed in the capsule
of some cells of consortium A and round precipgatere also occasionally present in
the cytoplasm. Ohnukét al. (2005) have reported the presence of fibrillarcypitates

contained uranium in cells ofaccharomyces cerevisiae. The presence of uranium
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precipitates in the cytoplasm of some cells of inom A can be explained by the ability
of some bacteria of this consortium to accumulatnium inside the cells. Since the
mixed culture was composed by diverse species @khba, the occurrence of more than
one mechanism of uranium removal was expected.

Bacterial cells were also analyzed by energy dsperspectrometer (EDS) coupled to
TEM, allowing the confirmation of uranium presenicethe dense precipitates. EDS
could identify not only the elements present in firecipitate but also those of the
microbial cells, such as phosphorous, which is ssemrtial element in the bacterial cell
wall (Kazyet al., 2009).

The presence of dense uranium precipitates aroacigiial cells, specially in consortium
A, can be explain by the fact that bacteria areeksust nucleation sites for mineral
formations (Rashamuse and Whiteley, 2007), duehto dlectronegative surface of
functional groups such as carboxyl, hydroxyl, phaggl and amide groups (Jiaegal.,
2004; Acharyeet al., 2009). Therefore, after U (VI) reduction, the W)lions could be
bound to functional groups of bacterial cell suefaETIR spectroscopic was applied to
determine the functional groups of the bacteriisdbat can be involved in U binding.
According to Jianget al. (2004), the FTIR spectra of Gram-positive andn&regative
bacteria are similar. This is in accordance with fifact that no significant differences in
the spectra of both consortia were observed.

The amide | absorption peak was mainly accounte@ giielical secondary structure of
proteins, although amino sugars (with N-acetyl/ghonamide groups) from cell
associated polysaccharides could also show an lasme band in this region
(Choudhary and Sar, 2009; Kaatyal., 2009). The shift of the peaks of the amide groups
after uranium exposition indicates a possible adBon of metal with cellular proteins.
Furthermore, a change in the relative intensitiestn@se bands was observed in
consortium A. These changes in peak positions atative intensities, most probably
reflect some alteration in the secondary structofe cellular proteins from the
predominant Z-helix to other possible conformation as a resuit radionuclide
sequestration (Kazst al., 2009). The shift of the C-OH bands of carboxglioups (from
1298 cni to 1321 critin consortium A and from 1317 ¢hto 1325 crit in consortium

U) after uranium exposure and reduction could ctfilee involvement of these groups in
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metal binding. In fact, the strong role of carbaxydroups in radionuclide binding after
sorption of U and Th byseudomonas sp. has already been reported by Kazy and co-
workers (Kazyet al., 2009). Furthermore, the intense peak at 1234 &b cni
observed in the uranium loaded samples A and Werdwely, is probably a result of
uranium binding to the phosphate (Katl., 2009). In the spectra of metal loaded cells,
modifications were observed in the complex bandthe range 1200-950 ch
corresponding to C-O, C-C and C-H bonds in carboditgd and alcohols, along with the
symmetric and asymmetric stretching bands of R@d P(OH) from phosphates (Jiang
et al., 2004; Choudhary and Sar, 2009). The above groupstly belonging to various
cellular components like phospholipids, nucleicdagcipeptidoglycan, cell associated
polysaccharides and peptides, are able to compféeraht metals (Pagnanellgt al.,
2000; Choudhary and Sar, 2009). Following metabsion, a broadening of the band at
1113 cnt and a new peak at 1067 ¢were observed. Both changes may be attributed to
U-O asymmetric stretching in U(IV) oxides (Craa al., 2005) formed during the
process. The change of band shape between 700Qihdmd’ observed in the metal
loaded biomass comparatively with the control, dalko be assigned to the presence of
U-O bonds (Kazwt al., 2009).

The band observed at 916 (consortium A) or at 988 (consortium U) in metal loaded
cells may be ascribed to asymmetric stretching ®®Wonds, either in remaining U6

or in U(VI) complexes formed with bacteria functidmgroups. The peak at 840 ¢man
correspond to symmetric stretching of the last @rétlezet al., 1995; Kazyet al., 2009).

It was observed that the first band was strongea mon-freshly prepared sample (data
not shown) suggesting that oxygen exposition presiatetal oxidation, which results in
an increment of the peak around 920’ctinally, the band at 548 (consortium A) or 552
cm® (consortium U) can be attributed to symmetrictstimg of weekly bonded oxygen
ligands (U-Qqand), both in U(IV) and U(VI) (Téllezt al., 1995; Kazyet al., 2009). The
overall spectral analysis indicates that carboagijde and phosphate groups of bacterial
cells are the dominant functional groups involvedbacteria-metal interaction. The
involvement of phosphate groups is also in conawdawith the presence of

phosphorous in the EDS spectrum.
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Uranium (VI) was only removed from solution in tipeesence of live cells and the
presence of U (IV) in the precipitate was observEdese results together with the
presence of dense precipitates mainly within thepf@smic region of cells of both
consortia suggest a mechanism of enzymatic redubtyoboth consortia. Moreover, the
presence of uranium precipitates in the cytoplagsome cells of inoculum A suggests
that this consortium could accumulate uranium iedide cells. Therefore, the present
work showed that U (VI) removal by consortium A wearied by two mechanisms:
enzymatic reduction and bioaccumulation, while #mzymatic process was the only
mechanism involved in U (VI) removal by consortiln The results also suggest that
probably the process can be divided in two stapst: the enzymatic reduction of U (VI)
to U (IV) occurs and then U (IV) binds to carboxphosphate and amide groups of
bacterial cells. These results are in accordandbdse reported for plutonium removal
by Bacillus subtilis (Ohnukiet al, 2007).

5. Conclusions

The present work demonstrated the ability of twaeanbic bacterial communities for U
(VI) removal. Both communities were composed byesalspecies of bacteria, a large
number of them never reported as U (VI) reducingtdr@a or even metal resistant. This
is the case ofYporotalea sp, Rhodocyclaceae members,Anaerofilo pentosovarans,
Brevundimonas sp.,Pelosinus sp. andphaerochaeta sp. This result is a relevant finding,
encouraging the exploitation of microorganisms widw abilities that can be useful for
bioremediation purposes. Uranium is not known to dme essential component for
biologic function and is toxic. Therefore, the digery that the mechanism of U (VI)
removal by these cultures occurs mainly througheamymatic reduction opens a new

research field for understanding the enzymes resplenfor metal reduction.
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Concluding remarks

The search of bacterial consortia highly resistanhetals is extremely important for the
development of an efficient bioremediation techggloA SRB consortium resistant to
high concentrations of heavy metals (Fe, Cu and &njilar to those typically present in
AMD, was obtained among several environmental sagygfom a wastewater treatment
plant. In addition, the ability of this highly mé&taolerant SRB consortium to use ethanol
as carbon source is a promising result consideamgventual utilization of ethanol rich
wastes, which are easily available in Portugal. rétoge, that consortium can be a

potential candidate for a bioremediation processhfe decontamination of AMD.

AMD are usually deficient in electron donors andjuiee their external addition to
achieve complete sulphate reducti@onsidering that sulphate reduction is an energy
intensive process, a considerable amount of anggn@h reductant is required.
Consequently, the choice of the carbon source hamportant effect on the efficiency
and economical viability of the bioremediation teclogies based on the use of SRB.
The search for efficient, low cost and largely &alale carbon sources (preferably wastes)
for SRB to be used in bioremediation processesttier treatment of sulphate rich
effluents is of outmost importance. Taking into @att the results achieved, the waste
from the wine industry in the presence of calctiéirig seems to be promising as carbon
source to promote SRB activity. The possibility o$ing food industry wastes,
particularly the wastes from wine industry, to paiean efficient sulphate reduction is
an important finding. In this way these wastes t@nreutilised in bioremediation
processes based on SRB for the treatment of selpheh effluents, with both

environmental and economical benefits.

The present study demonstrated that the type tWooasource (wine wastes or ethanol)
modulated the bacterial community responsible fe@ AMD bioremediation process
based one SRB activity. The bacterial diversity Wwaber in the bioreactor fed with wine
wastes than in the bioreactor fed with ethanol. presence of SRB and fermentative

bacteria Clostridium sp., Bacteroidales ordeCitrobacter sp. andCronobacter sp.) in
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the bioreactor fed with wine wastes suggests argigie interaction between these
bacterial groups, which can be the key factor fog tise of such complex organic
substrate, as carbon and electron source for selpleduction. The evaluation of the
performance of the treatment together with the moomg of the dynamics of the
bacterial community is relevant topic for a betterderstanding the bioremediation

process.

Several microbial communities were investigatedttieir ability to remove uranium (VI)
and additionally the impact of U(VI) on SRB commiigs was explored. The present
work demonstrates that the structure of the comtpumas drastically changed during
the uranium bio-removal studies. The original comities were mainly composed by
SRB, but after uranium exposure these bacteria wetedetected in the communities.
Moreover, it was observed that the compositionhef tcommunities was influenced by
the type of metal present in the medium. When U#s replaced by Cr(VI) several
differences in the structure of the bacterial comityuwere observed. TGGE and
phylogenetic analysis of 16S rRNA gene showed thambers ofRhodocyclaceae
family and Clostridium genus are predominant in the uranium removal conirean
while the community established in the presenc&€fl/l) was mainly composed by
members ofRhodocyclaceae and Enterobacteriaceae families andClostridium genus.
This change in the bacterial community when uran{i) was replaced by chromium
(VI) is a result of most importance, specially ddesing that these changes are usually
not considered. These results are important firglemgphasizing, besides the evaluation
of the efficiency of metal bio-removal, the imparte of monitoring the microbial

community structure during bioremediation processes

The mechanism of uranium (VI) removal by two anberdbacterial consortia, one

recovered from an uncontaminated site and othen fiauranium mine was investigated.
Both communities were composed by several spefibaateria, a large number of them
never reported as U (VI) reducing bacteria or ewertal resistant. This is the case of
Soorotalea sp, Rhodocyclaceae membersAnaerofilo pentosovarans, Brevundimonas sp.,

Pelosinus sp. andSphaerochaeta sp. This result is a relevant finding, encouragding
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exploitation of microorganisms with new abilitigsat can be useful for bioremediation

purposes.

Future perspectives

Microorganisms have developed a whole range of ar@sims to deal with extremely
harsh conditions such as the presence of higherteotration of heavy metals. Some
microorganisms with high metal resistance weretifled in my PhD research and some
of them never reported as metal resistant. Thezelopretend to explore in the futures
studies the molecular mechanisms responsible fdalmeesistance. The presence of
heavy metals probability induces the expressiosoaiie genes coding proteins presumed
to be involved in heavy metal resistance. Thusetgnd to identify the putative heavy
metal resistance genes in order to improve the ledye about the molecular
mechanisms involved in the metal resistance.

Valuable metals, such as gold, silver, palladiund g@hatinum can be deposited in a
reduced form or even in the form of zero-valentatsetind since some microorganisms
have demonstrated ability to remove metals fromeaga media by enzymatic reduction
| also pretend to explore in the futures studiesgbtentialities of microbial species for
recovery of precious metals. The recovery of thastals is interesting due to their high
market prices along with various industrial apgi@as. Since the availability of precious
metals is very limited, the recovery of these nsetedm aqueous and waste solutions by
biologic activity can be an economically attractafgroach.
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