
VU Research Portal

Microbial Ecology of Arsenic Contaminated Aquifers and Potential Bioremediation

Hassan, Z.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Hassan, Z. (2016). Microbial Ecology of Arsenic Contaminated Aquifers and Potential Bioremediation. [PhD-
Thesis – Research external, graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/16dbee0e-5940-47bd-8016-5fb35716074f


 

 

 

Microbial Ecology of Arsenic Contaminated Aquifers

and Potential Bioremediation

Zahid Hassan



 
 
 
 
 

Vrije Universiteit Amsterdam, the Netherlands 
Faculty of Earth and Life Sciences 
Department of Molecular Cell Biology 
Section Molecular Cell Physiology 

 
 
 
 
 
 
 
 
 
 

Microbial Ecology of Arsenic Contaminated 
Aquifers and Potential Bioremediation 

 
 
 
 
 

Zahid Hassan 
  



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
The research in this thesis was carried out partly at the section of Molecular Cell Physiology 
in the Department of Molecular Cell Biology, VU University Amsterdam, The Netherlands 
and partly at the Department of Microbiology, University of Dhaka, Bangladesh. The 
research project was financially supported by the Netherlands Organization for Scientific 
Research (NWO) in the integrated program of WOTRO, “Safe drinking water in Bangladesh: 
an integrated framework assessing acceptability, social technological feasibility and 
sustainability of hand-pump subsurface arsenic removal in diverse settings of rural 
Bangladesh (W01.65.324.00/project 4: Exploring the microbiological processes of arsenic 
(im)mobilization and its potential remediation in SAR technology)”.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © 2016 Zahid Hassan.  
 
All rights reserved. No part of this publication may be reproduced or transmitted in any form 
or by any means, electronic or mechanical, including photocopy, recording, or any 
information storage and retrieval system, without written permission from the author.  
 
 
Printed by CPI Thesis 
  



 

 
 

 
 
 

VRIJE UNIVERSITEIT 
 
 
 
 

Microbial Ecology of Arsenic Contaminated Aquifers and 
Potential Bioremediation 

 
 
 
 
 
 
 

ACADEMISCH PROEFSCHRIFT 
 

ter verkrijging van de graad van doctor aan 
de Vrije Universiteit Amsterdam, 
op gezag van de rector magnificus 

prof.dr. Vinod Subramaniam, 
in het openbaar te verdedigen 

ten overstaan van de promotiecommissie 
van de Faculteit der Aard- en Levenswetenschappen 

op woensdag 23 november 2016 om 15.45 uur 
in de aula van de universiteit, 

De Boelelaan 1105 
 
 
 
 
 
 
 
 
 
 

door 
 

Zahid Hassan 
 

geboren te Satkhira, Bangladesh 
   



 

 
 

 
 
 
promotoren: prof.dr. H.V. Westerhoff 

prof.dr. S.I. Khan 
copromotoren: dr. W.F.M. Röling† 

dr. M. Sultana 
 
  



 

 
 

 
 
 
Members of the Doctoral Examination Committee: 
 
dr. F.C. Boogerd 
Amsterdam Institute for Molecules, Medicines and Systems (AIMMS) 
VU University Amsterdam, the Netherlands 
 
dr. B.M. van Breukelen 
Delft University of Technology, the Netherlands 
 
prof. dr. J.F.G. Bunders-Aelen 
VU University Amsterdam, the Netherlands 
 
dr. ir. D. van Halem 
Delft University of Technology, the Netherlands 
 
prof. dr. R. Kort  
Amsterdam Institute for Molecules, Medicines and Systems (AIMMS) 
VU University Amsterdam, the Netherlands 
 
prof. dr. H.J. Laanbroek 
Senior Scientist, NIOO – KNAW, the Netherlands 
 
prof. dr. G. Muijzer 
University of Amsterdam, the Netherlands 
  



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For My Beloved Parents 
 



 

 
 

 

Table of Contents 

 

 Page

Summary  ix

Nederlandse samenvatting xiii

Chapter 1 General Introduction 17

Chapter 2 Diverse arsenic- and iron-cycling microbial communities in 
arsenic-contaminated aquifers used for drinking water in 
Bangladesh 

37

Chapter 3 Iron cycling potentials of arsenic-contaminated groundwater 
in Bangladesh as revealed by enrichment cultivation 

69

Chapter 4 Arsenic metabolism activity in Bangladesh groundwaters 91

Chapter 5 Hydrochemical and microbial dynamics in a long term 
subsurface arsenic removal (SAR) unit 

121

Chapter 6 General Discussion 151

References  167

Acknowledgements 193

Publications 197

 

  



 

 
 

 



ix 
 

 
 

Summary 

 
Microbial iron and arsenic cycling plays an important role in the (im)mobilization of arsenic 
in aquifers. Consequently, the fate of arsenic present in groundwater can be influenced by 
various oxidizing and reducing microbial activities along with hydrogeochemistry. Arsenic 
contamination in Southeast and South Asia is itself thought to be biogeogenic. In 
Bangladesh, aquifer geology is heterogeneous leading to various niches at different locations. 
We would expect that this heterogeneity also leads to differences between the microbial 
communities residing in the various niches. As a result the arsenic concentration would then 
vary along with local geochemistry and this affects the aquifers used as sources for drinking 
water. Understanding of the microbial ecology of the arsenic cycle of oxidation, reduction, 
influx and precipitation in relation to the contamination of drinking water in Bangladesh on 
the one hand, and the potential contribution of arsenic cycling microorganisms to arsenic 
remediation on the other hand, is still limited. Important is the integral understanding of all 
the contributing processes, i.e. the microbial systems ecology. In view of their interference 
with the arsenic cycle, both the microbe-mediated iron and sulfur cycles add yet another 
level of complexity to this system. 

The objectives of the research described in this thesis were to enhance the insights in 
the microbial ecology of arsenic-contaminated aquifers used for drinking water in 
Bangladesh and to understand the microbial potential for arsenic bioremediation and 
bioaugmentation thereof. For several arsenic-contaminated geographical regions of 
Bangladesh we studied the hydrochemistry, the existing microbial community structure, and 
the potential of that community to amplify its functional organism-groups capable of arsenic 
and iron cycling. We also inspected an existing iron-cycling based abiotic arsenic 
decontamination technology. Both field-scale hydrochemical measurements and laboratory 
experiments were performed. We assayed the presence and composition of arsenic- and iron-
oxidizing and -reducing microbial communities in terms of culture-independent 16S rRNA-
based genes, and the group-specific functional genes encoding arsenite oxidase (aioA) and 
arsenate reductase (arrA). We did the same for cultures subjected to attempts to enrich the 
original groundwater samples for arsenic or iron metabolizing microorganisms. In view of 
the diversity of the geochemical niches for the organisms, the cultivation conditions ranged 
from aerobic, microaerobic, to strictly anaerobic, from chemolithoautotrophic to 
heterotrophic, and from arsenite oxidizing to arsenate reducing conditions along with ferrous 
iron to ferric iron. We also investigated the impact of long term running of a subsurface 
arsenic removal (SAR) treatment unit, on the local hydrochemistry and microbiology and 
vice versa, i.e. the influence of microbes on arsenic removal efficiency. 

Chapter 1 comprises a general introduction to this thesis, addressing relevant subjects 
such as the history of water usages in Bangladesh, the occurrence and distribution of arsenic 
in drinking water systems, the negative effects of arsenic on health, arsenic chemistry, and 
groundwater hydrochemistry in relation to arsenic mobility and dynamics. The Introduction 
Chapter also describes the cost-effective in situ subsurface arsenic removal (SAR) 
technology recently introduced to Bangladesh, as well as microbiological processes that 
could potentially benefit arsenic bioremediation through oxidation of ferrous iron and 
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arsenite and other microbiological processes that could potentially contribute negatively by 
mobilizing arsenic via reduction of ferric iron and arsenate. 

Chapter 2 makes an inventory of the arsenic- and iron-cycling microbial communities 
in arsenic-contaminated aquifers used for drinking water in Bangladesh. Through a 
cultivation-independent survey covering 24 drinking water wells in several geographical 
regions of Bangladesh, it obtains a wealth of information on the microbial community 
structure in these aquifers, and on the specific functional organism-groups capable of the 
oxidation or reduction of arsenic or iron. Groups of microorganisms, identified either by 
group-specific 16S rRNA or by the amplification if the genes encoding arsenite oxidase 
(aioA) and respiratory arsenate reductase (arrA), occurred in at least 79 % of the investigated 
samples. Putative arsenate reducers and iron-oxidizing Gallionellaceae were present at low 
diversity, while more variation was revealed within and between samples in potentially 
arsenite-oxidizing microorganisms and iron-reducing Geobacteraceae. Contrary to the above 
expectations, relations between community composition on the one hand and hydrochemistry 
on the other hand were not evident, apart from an impact of salinity on iron-cycling 
microorganisms. Therefore, in order to understand the role of arsenic and iron cycling in 
arsenic-contaminated groundwater, it appeared essential to follow-up our previous 
cultivation-independent work on arsenic and iron cycling with cultivation studies. 
Accordingly, the aims were to survey the abundance, distribution and diversity of 
cultivatable arsenic- and iron-oxidizing and reducing microorganisms in arsenic-
contaminated drinking water wells in Bangladesh. 

The activities of iron-oxidizing and iron-reducing microorganisms may also impact 
the fate of arsenic in groundwater. In Chapter 3, we complemented a previous cultivation-
independent microbial community survey covering 22 arsenic-contaminated drinking water 
wells in Bangladesh, with the characterization of cultures favoring microaerophilic iron 
oxidizers and anaerobic iron reducers, conducted on the same water samples as used in 
Chapter 2 and Chapter 4. All enrichments investigated, revealed a potential for microbial 
iron oxidation and reduction. Microbial communities were phylogenetically diverse within 
and between enrichments as was also observed in the previous cultivation-independent 
analysis of the water samples from which these cultivations were derived. Enrichments 
uncovered a larger diversity in iron-cycling microorganisms than previously indicated. Iron-
oxidizing oxygen-gradient tube enrichments were dominated by Comamonadaceae and 
Rhodocyclaceae instead of Gallionellaceae. The iron-reducing enrichments contained 
several 16S rRNA gene sequences, which related most closely to Acetobacterium, 
Clostridium, Bacillus, Rhizobiales, Desulfovibrio, Bacteroides and Spirochaetes, as well as 
to well-known dissimilatory iron-reducing Geobacter and Geothrix species. Forty-five 
percent of the ferrous iron-oxidizing enrichments were home to the gene encoding arsenite 
oxidase. 

Phylogenetic properties provide insufficient information for inferring the potential of 
the microbial population of aquifers for arsenic oxidation or reduction. Therefore in Chapter 
4, we further complemented the cultivation-independent microbial community survey 
covering 22 arsenic-contaminated drinking water wells in Bangladesh of Chapter 2 with new 
information relating more directly to activity. This involved the characterization of 
cultivation favoring aerobic or denitrifying chemolithoautotrophic arsenite oxidizers, or 
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aerobic and anaerobic heterotrophic arsenite oxidizers, or anaerobic arsenate reducers. 
Nearly all investigated enrichments revealed a potential for microbial arsenite oxidation 
and/or arsenate reduction. Enrichments were analysed further by 16S rRNA and functional 
gene amplification. The microbial communities in the aquifers were phylogenetically diverse 
within and between enrichments. Cultivations revealed a larger diversity of arsenic-cycling 
microorganisms compared to their original water samples. The enrichments also recovered 
other and more AioA phylotypes than had been detected in our previous molecular survey 
(Chapter 2) of groundwater samples. Most cultivation conditions disclosed both an alpha 
(within well) and a gamma (between wells) diversity in arsenite oxidizing AioA phylotypes 
between the different types of enrichment, such that also the beta diversity (i.e. the gamma 
diversity relative to the alpha ratio) was substantial. Anaerobic-arsenate reducing enrichment 
revealed little 16S rRNA and arrA gene diversity in each well, although the beta diversity 
remained substantial: the wells differed greatly between each other. 

Removal of subsurface arsenic by injection with oxygenated groundwater has been 
proposed as a viable cost-effective in situ technology, named “SAR” (subsurface arsenic 
removal) for obtaining “safe” drinking water in Bangladesh. While the oxidation of aqueous 
ferrous iron to solid ferric iron (oxyhydr)oxides, which tend to precipitate and provide 
sorption sites to arsenic, has been presented as if driven exclusively by abiotic reactions, 
metal-cycling microorganisms might affect the arsenic removal. In order to investigate the 
potential microbial role in SAR, we conducted a field experiment along with cultivation-
independent and cultivation-dependent molecular analyses. We report on this in Chapter 5, 
where we also discuss our bioreduction experiment with water and sediment sampled from 
either the SAR or a reference well. Our molecular analyses suggested that robust microbial 
changes were very limited in SAR. Our data also suggested that running of a SAR unit on 
small scale could not stimulate growth of the metal oxidizing microorganisms sufficiently for 
them to provide arsenic-poor, as well as microbiologically safe drinking water, at least not on 
the safe side of the WHO guidelines. Moreover, we did not find any significant increase with 
time in any microbial contribution to arsenic removal efficiency in SAR. The 
bioremobilization experiment suggests that microbes-mediated iron and arsenic reduction 
may constitute a potential liability when the SAR is stopped.  

Chapter 6 is a general discussion about the main findings of this thesis and on how 
these findings contribute to the understanding of rational bioremediation of arsenic in situ 
and ex situ. A large number of ex situ treatment technologies have been developed to provide 
arsenic free safe drinking water to the population. But most of the technologies are not 
sustainable and affordable to the generally poor and rural population of Bangladesh, due to 
high maintenance costs and required logistic care. The arsenite and ferrous iron oxidizing 
bacteria that we identified should be of interest to emerging technologies in arsenic 
bioremediation at the community level. Using ammonia oxidizing bacteria to produce nitrate 
biologically might constitute an alternative and cost-effective strategy towards anaerobic 
microbe-mediated arsenite and ferrous iron oxidation. We discuss how the SAR technology 
might be amended so as to incorporate this and so as to reduce the risk of arsenite emergence 
after stopping of the SAR. 
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Nederlandse samenvatting 

 
De microbiële ijzer- en arseenkringlopen spelen, potentieel of reëel, belangrijke rollen in de 
(im)mobilisatie van arseen in de mobiele waterlagen in de ondergrond, de zogenaamde 
‘watervoerende pakketten’ ofwel ondergrondse waterlopen. Derhalve kan de 
arseenconcentratie in het grondwater worden beïnvloed door meerdere oxiderende en 
reducerende activiteiten van micro-organismen alsook door de hydrogeochemie ervan. De 
arseenverontreiniging in Zuidoost- en Zuid-Azië is vermoedelijk van geologische oorsprong. 
In Bangladesh leidt de geologische heterogeniteit van de ondergrondse waterlopen tot 
diverse niches. Wij verwachtten dat de samenstelling van de microbiële gemeenschappen zou 
verschillen tussen deze niches. Ook dientengevolge zouden dan de plaatselijke 
arseenconcentraties verschillen tussen de verschillende niches, net als de overige lokale 
geochemie, en daarmee de kwaliteit van het, als drinkwater gebruikte, grondwater. Het 
begrip zowel van de microbieel-ecologische arseen kringloop (oxidatie, reductie, instroom en 
neerslag) in relatie tot de verontreiniging van drinkwater in Bangladesh, als van de 
mogelijkheden tot (bio)remediatie binnen deze kringloop is beperkt. Het is belangrijk een 
integraal inzicht te verkrijgen in alle processen die tot de arseenverontreiniging of de 
vermindering daarvan kunnen bijdragen (d.w.z. inzicht in de microbiële systeemecologie 
ervan). Met het oog op hun mogelijke interferentie met de arseenkringloop leiden de ijzer- en 
zwavelkringlopen die tot stand gebracht zouden kunnen worden door eventueel actieve 
micro-organismen, tot verdere complexiteit. 

De doelstellingen van het in dit proefschrift beschreven onderzoek waren het 
vergroten van het inzicht in de microbiële ecologie van de met arseen verontreinigde 
ondergrondse waterlopen in Bangladesh die worden gebruikt voor drinkwater, het begrijpen 
van het microbiële potentieel voor de remediatie van arseen in deze ondergrondse 
waterlopen, en de verdere versterking van dat potentieel. In geografisch verscheiden, met 
arseen verontreinigde, gebieden in Bangladesh is de hydrochemie en de samenstelling van de 
bestaande microbiële gemeenschapen onderzocht en is gekeken naar manieren om het 
bioremediatie potentieel met betrekking tot de arseen- en ijzerkringlopen te vergroten. 
Binnen dat kader is ook een bestaande technologie onderzocht die gebaseerd is op de 
abiotische remediatie van arseenverontreiniging door middel van ijzeroxidatie (de 
zogenaamde subsurface arsenic removal, SAR). Zowel hydrochemische metingen in het veld 
als laboratoriumexperimenten zijn uitgevoerd. Daarbij werd getest op zowel aanwezigheid 
als samenstelling van arseen- en ijzeroxiderende en -reducerende microbiële 
gemeenschappen. Dit geschiedde door kweekonafhankelijke 16S rRNA genanalyse alsook 
middels analyse van groepspecifieke functionele genen die coderen voor arseniet oxidase 
(aioA) of arsenaat reductase (arrA). Eenzelfde analyse is uitgevoerd op kweken uit het 
originele grondwater waarbij getracht werd deze te verrijken in arseen- en 
ijzermetaboliserende micro-organismen. Met het oog op de diversiteit van de geochemische 
niches, gebruikten wij kweekcondities die uiteen liepen van aerobe over microaerobe tot 
strikt anaerobe, van chemolithoautotrofe tot heterotrofe, en van arseenoxiderende tot 
arseenreducerende omstandigheden, in combinatie met de aanwezigheid van ijzer hetzij als 
ijzer(II) of als ijzer(III). Ook hebben we onderzocht wat de gevolgen zijn van het langdurig 
implementeren van de SAR methode voor de plaatselijke hydrochemie en microbiologie en 
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vice versa, alsook welke invloed de micro-organismen hebben op de doeltreffendheid van de 
arseenverwijdering. 

Hoofdstuk 1 bevat een algemene inleiding op het proefschrift, waarin onderwerpen 
worden behandeld zoals de geschiedenis van het watergebruik in Bangladesh, het voorkomen 
en de verspreiding van arseen in drinkwatersystemen, de negatieve gevolgen van arseen voor 
de volksgezondheid, de chemie van arseen, en de grondwaterhydrochemie in relatie tot de 
dynamiek en mobiliteit van arseen. Dit hoofdstuk beschrijft verder de kosteneffectieve, in 
situ arseenremediatie methode (SAR) die recentelijk in Bangladesh is geïntroduceerd. 
Tevens zijn de microbiële processen beschreven die in potentie de bioremediatie van arseen 
door middel van ijzer- en arsenietoxidatie verbeteren en zijn andere microbiële processen 
beschreven die mogelijk een negatieve bijdrage leveren door de mobilisatie van arseen ten 
gevolge van ijzer- of arsenaatreductie. 

Hoofdstuk 2 geeft een inventarisatie van de microbiële gemeenschappen betrokken 
bij de arseen- en ijzerkringloop, in met arseen verontreinigde ondergrondse waterlopen 
waaruit drinkwater wordt gewonnen in Bangladesh. Door middel van een 
kweekonafhankelijke analyse van 24 drinkwaterputten in verschillende geografische 
gebieden in Bangladesh is informatie verzameld zowel over de samenstelling van de 
microbiële gemeenschappen in de respectieve ondergrondse waterlopen, als over de 
specifieke groepen daarbinnen die een rol spelen bij de oxidatie of reductie van arseen of 
ijzer. Groepen micro-organismen die hier een rol bij zouden kunnen spelen werden 
geïdentificeerd door middel van groepspecifieke 16S rRNA analyse of door middel van de 
amplificatie van genen die coderen voor arseniet oxidase (aioA) of arsenaat reductase (arrA). 
Zij kwamen voor in ten minste 79% van de onderzochte monsters. De ijzeroxiderende 
Gallionellaceae en vermeende arsenaat-reducerende micro-organismen kwamen voor in een 
lage diversiteit. Meer diversiteit, zowel in als tussen monsters, werd gevonden in de ijzer 
reducerende Geobacteraceae en arsenietoxiderende micro-organismen. In tegenstelling tot 
de verwachtingen werd geen duidelijke relatie gevonden tussen de samenstelling van de 
microbiële gemeenschappen en de hydrochemie, met als uitzondering de invloed van het 
zoutgehalte op micro-organismen die een rol spelen binnen de ijzerkringloop. Om de rol van 
de arseen- en ijzerkringlopen in met arseen verontreinigd grondwater te begrijpen leek het 
daarom essentieel de eerdere kweekonafhankelijke analyse aan te vullen met 
kweekafhankelijke verrijkingsstudies. Dit leidde tot de doelstelling een inventarisatie te 
maken van het voorkomen, de distributie, en de diversiteit van kweekbare micro-organismen 
in met arseen verontreinigde drinkwaterbronnen.  

Omdat ijzeroxiderende en ijzerreducerende micro-organismen de aanwezigheid van 
arseen in het grondwater sterker kunnen beïnvloeden na amplificatie door groei, is in 
Hoofdstuk 3 de eerdere kweekonafhankelijke analyse van 22 verontreinigde 
drinkwaterputten aangevuld met het karakteriseren van cultures van het water eruit onder 
condities die microaerofiele ijzeroxidatie of anaerobe ijzerreductie bevorderen. Deze analyse 
is uitgevoerd op dezelfde watermonsters als bekeken in Hoofdstuk 2 en Hoofdstuk 4. Uit de 
analyse bleek een potentieel voor zowel ijzeroxidatie als ijzerreductie. De microbiële 
gemeenschappen waren fylogenetisch divers zowel binnen als tussen verschillende 
kweekopzetten, hetgeen ook was waargenomen in de eerdere kweekonafhankelijke analyses 
van de monsters die nu ook aan deze kweekopzetten werden bloot gesteld. De 
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verrijkingscultures onthulden een grotere diversiteit in micro-organismen betrokken in de 
ijzerkringloop dan uit de eerdere kweekonafhankelijke proeven was gebleken. 
Zuurstofgradiëntbuizen met ijzer en zuurstof werden gedomineerd door Comamonadaceae 
en Rhodocyclaceae in plaats van de verwachte Gallionellaceae. De ijzerreducerende 
kweekopstellingen bevatten meerdere 16S rRNA gensequenties die de grootste verwantschap 
vertoonden met Acetobacterium, Clostridium, Bacillus, Rhizobiales, Desulfovibrio, 
Bacteriodes, Spirochaetes en met de bekende dissimilatoire ijzerreduceerders Geobacter en 
Geothrix. In 45% van de kweekopstellingen voor ijzeroxidatie was het gen voor arseniet 
oxidase aanwezig. 

Hun fylogenetische eigenschappen verlenen te weinig informatie om het potentieel 
voor arseenoxidatie of -reductie van microbiële gemeenschappen in het ondergrondse 
waterlopen te voorspellen. Vanuit dit oogpunt is in Hoofdstuk 4 de kweekonafhankelijke 
analyse van 22 drinkwaterbronnen in Bangladesh aangevuld met nieuwe informatie die 
directer verband houdt met redoxactiviteit. Dit bestond uit de karakterisering van 
kweekopzetten voor aerobe of denitrificerende chemolithoautotrofe arsenietoxideerders, voor 
aerobe en anaerobe heterotrofe arsenietoxideerders, en voor anaerobe arsenaatreduceerders. 
In bijna elke kweekopstelling bleek een potentieel aanwezig om arseen te oxideren en/of te 
reduceren. De organismen die in deze opstellingen groeiden werden tevens geanalyseerd 
door middel van 16S rRNA gensequenties en door de amplificatie van potentieel functionele 
genen. De microbiële gemeenschappen bleken binnen en tussen de kweekopstellingen 
fylogenetisch divers, en het bleek dat na het kweken een grotere diversiteit van micro-
organismen betrokken in de arseenkringloop, naar voren kwam dan de diversiteit in de 
oorspronkelijke grondwatermonsters. Uit de kweekopstellingen bleek ook een grotere 
diversiteit in AioA fylotypes dan in onze eerdere moleculaire studie van de 
grondwatermonsters aan de oppervlakte was gekomen (Hoofdstuk 2). Voor elk van de vijf 
anaerobe kweekomstandigheden werd zowel een grote alfadiversiteit (dwz diversiteit binnen 
een grondwaterbron) als een grote gammadiversiteit (diversiteit tussen de verschillende 
bronnen) in AioA fylotypes gevonden, waarbij ook de betadiversiteit (dwz de 
gammadiversiteit ten opzichte van de alfa diversiteit) hoog was. Daarentegen werd weinig 
16S rRNA en arrA gendiversiteit waargenomen in kweekopstellingen voor anaerobe 
arsenaatreductie, hoewel ook daar de betadiversiteit hoog was.  

Remediatie van arseen in het grondwater door injectie van met zuurstof verrijkt 
grondwater (SAR) is voorgesteld als een kosteneffectief in situ alternatief om ‘veilig’ (dus 
laag in arseen) drinkwater te winnen in Bangladesh. Hoewel meestens gedacht wordt dat de 
oxidatie van opgelost ijzer(II) naar het vaste ijzer(III)oxyhydroxide, dat neerslaat en daarmee 
sorptie van arseen toestaat, volledig abiotisch verloopt zouden micro-organismen betrokken 
in de metaalkringlopen ook een rol kunnen spelen bij deze remediatie van arseen. Met als 
doel deze rol te onderzoeken is veldwerk uitgevoerd in Bangladesh met zowel 
kweekonafhankelijke als kweekafhankelijke analyses. Dit staat beschreven in Hoofdstuk 5, 
waarin ook een bioreductieexperiment beschreven staat met water en sediment uit de SAR-
drinkwaterput en een referentiedrinkwaterput. De moleculaire analyse suggereert dat de rol 
van micro-organismen beperkt is in SAR. Tevens suggereren de verkregen gegevens dat het 
gebruik van een kleinschalige SAR-eenheid onvoldoende de groei stimuleerde van bij de 
metaalkringlopen betrokken micro-organismen om drinkwater te verkrijgen waarin het 
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arseen onder de norm gesteld door de WGO (Wereldgezondheidsorganisatie) blijft. Tevens is 
onderzocht of de bijdrage van deze micro-organismen toenam met de tijd, maar een 
significant verband werd niet gevonden. Daarentegen bleek uit een bioremobilisatie-
experiment dat microbiële arseen- en ijzerreductie een negatief effect zouden kunnen hebben 
wanneer de SAR wordt stop gezet. 

Hoofdstuk 6 is een algemene verhandeling over de voornaamste bevindingen van dit 
proefschrift. Het beschrijft hoe deze bevindingen kunnen bijdragen aan het begrip van in situ 
en ex situ bioremediatie van arseen. Een groot aantal ex situ remediatiemethodes zijn 
ontwikkeld met het oogmerk arseen-vrij drinkwater te verschaffen aan de bevolking van 
Bangladesh. Vanwege de hoge gebruikskosten en de logistiek van het onderhoud zijn de 
meeste van deze methoden geen duurzaam en betaalbaar alternatief voor de, over het 
algemeen, arme plattelandsbevolking van Bangladesh. De in dit proefschrift geïdentificeerde 
arseen- en ijzeroxiderende micro-organismen kunnen wellicht een rol spelen in nieuwe eb 
goedkopere methoden voor de remediatie van arseen op gemeenschapsniveau. Nitraat 
verkregen met ammoniakoxiderende micro-organismen kan mogelijk een kosteneffectieve 
alternatieve strategie zijn voor oxidatie van arseen en ijzer door micro-organismen. We 
bespreken hoe de bestaande SAR methode hiermee zou kunnen worden aangevuld en ook 
hoe dit zou kunnen bijdragen aan het voorkomen van het verhoogd vrijkomen van arseen 
wanneer de SAR wordt stopgezet. 
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1.1  The Arsenic Problem in Bangladesh  

1.1.1  History of Water Use in Bangladesh  

Lack of access to clean water is a major public health concern in Bangladesh where natural 
contamination of groundwater by arsenic has been generating the worst health catastrophe in 
the world (Adeel, 2001). Ineffective water purification and sewage systems as well as 
periodic monsoons, cyclones, flooding, drought and salinity (especially in southern parts of 
the country) further complicate access to reliable drinking water. Since ancient times, the 
country has sufficient water resources, including surface water and groundwater. 
Historically, people from Bangladesh depended on unprotected surface water sources for 
their drinking water (e.g. rivers, canals, lakes and man-made water reservoirs like ponds and 
ringwells). But the inhabitants had no idea that these surface water sources were frequently 
contaminated with enteric pathogens, causing various waterborne diseases such as diarrhea, 
dysentery, typhoid, cholera and hepatitis, resulting in millions of deaths (Smith et al., 2000). 
The magnitude of this problem came to light about 45 years ago, when it was revealed that 
Bangladesh had one of the highest infant mortality rates in the world. To prevent morbidity 
and mortality from those waterborne communicable diseases, large numbers of tubewells 
were installed across the country during the 1970s through United Nations (UN) agencies, 
the Department of Public Health Engineering (DPHE, Bangladesh) and various donors, for 
providing safe sources of drinking water for the population. Unfortunately, at that time, the 
possibility of arsenic poisoning of groundwater could not be anticipated. Consequently, 
arsenic in water supplies was not recognized as a problem and, therefore, standard water 
testing procedures did not include tests for arsenic (Smith et al., 2000). As a result, the use of 
tubewell water initially seemed to be successful in reducing disease burden and infant 
mortality. Now however, it poses the devastating threat of mass arsenic poisoning.  

Since the 1960s exploitation of water has increased dramatically in Bangladesh to 
provide safe water for cooking and to sustain the wetland green revolution in agriculture; the 
latter with the aim of supporting the ever growing population of the country (Halim et al., 
2009). To meet their high demand for microbiologically safer water, most of the population 
of Bangladesh switched their water supply from ponds and rivers to well water. Ninety seven 
percent of rural Bangladeshis now obtain drinking water from groundwater (NAISU, 2003). 
In the meantime, ten million tubewells were installed across the country before arsenic 
testing started (Sambu & Wilson, 2008). Testing in the last two decades revealed however 
that approximately one in five of these wells is contaminated with arsenic above the WHO 
(World Health Organization) recommendation to the Bangladesh government adopted for its 
drinking water standard (50 µg/L irrespective of the redox state of the arsenic).  

Arsenic contamination of groundwater in Bangladesh was first detected in 1993 (Khan 
et al., 2003). Further investigations were carried out in the following years. The National 
Hydrochemical Survey of Bangladesh (NHS) carried out by the DPHE (Department of 
Public Health Engineering) and the British Geological Survey (BGS) in 1998, established 
that the groundwater in 61 out of 64 districts was contaminated with Arsenic (As). The 
survey revealed that nearly 35 million people were drinking groundwater containing As at a 
concentration exceeding 50 μg/L, and about 75 million people were exposed to a drinking 
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water at a concentration exceeding 10 μg/L (World Health Organization standard). This 
poisonous drinking water was mostly extracted from alluvial aquifers located 10–50 m below 
ground surface (BGS and DPHE, 2001). That the people are also ingesting arsenic through 
the food chain such as by eating rice, fish and vegetables, aggravates the problem (Huq et al., 
2006). The arsenic crisis map as shown in Fig. 1.1 presents the severity of arsenic 
contamination in Bangladesh in 2001. Highly arsenic (>200 μg/L) containing tubewells (red 
dots) are mainly located in the south-central parts of the country. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1 National-scale mapping of hydrochemical survey of arsenic concentrations (in μg/L) in 
tubewell water at various locations of Bangladesh (courtesy of BGS and DPHE, 2001). Various colored 
dots indicate the distribution of arsenic concentrations all over the country.  

 

1.1.2  Negative Effects of Arsenic on Health 

Arsenic-borne disease (arsenicosis) has emerged as a major public health problem worldwide 
and the situation is getting worse particularly in Asian countries such as Bangladesh 
(Mukherjee et al., 2006). A World Health Organization (WHO) working group has defined 
arsenicosis as a “chronic health condition arising from prolonged ingestion (not less than 6 
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months) of arsenic above a safe dose (>10 µg/L), usually manifested by characteristic skin 
lesions, with or without involvement of internal organs” (Dey, 2002). Symptoms of arsenic 
poisoning include vomiting, stomach and intestinal irritation, nausea and diarrhea (ATSDR, 
2007). The skin lesions can appear on hands, feet and torso, in the form of a raindrop pattern 
of pigmentation and de-pigmentation. These lesions can eventually result in skin cancer if 
left untreated, but more often lead to social isolation as arsenicosis is perceived as a 
contagious disease (Hassan et al., 2005). At lower concentrations, visible symptoms can take 
months or years to appear (De Mora et al., 2011).  

 

1.2 Arsenic Chemistry, Groundwater Hydrochemistry and Arsenic 
Mobility and Dynamics 

Arsenic is a natural constituent of the Earth’s crust and ranks twentieth in abundance in 
relation to other elements. It is a ubiquitous element found in organic and inorganic forms 
(Smedley & Kinniburgh, 2002). The organic form (methylated) is mostly observed in marine 
water systems while the inorganic forms (arsenite and arsenate) are typically more abundant 
in freshwater systems (Smith et al., 1998). Inorganic arsenic compounds can be methylated 
(hydroxyl groups replaced by methyl groups) by microorganisms to organic arsenic 
compounds, i.e. mono-methylarsonic acid (MMA) and dimethyl-arsinic acid (DMA) (Stolz 
et al., 2006). Under anaerobic conditions, methylated arsenic can be further transformed by 
microorganisms to volatile forms such as arsine [AsH3] and mono-, di- and tri-methylarsine 
[H2AsCH3; HAs(CH3)2; As(CH3)3]. Under aerobic conditions, oxidation of methylated 
arsenic to the inorganic forms can also be catalyzed by certain microbes.  

Arsenic can occur in four oxidation states, As3- [in arsine, AsH3], As⁰ [semi-metallic 
arsenic], As3+ [arsenite, As(OH)3] and As5+ [arsenate, AsO4

3-] (Cavalca et al., 2013). In soil, 
the first two states (-3 and 0) occur rarely, only under highly reducing conditions in terms of 
redox potential. Thermodynamically, in the presence of atmospheric concentrations of 
oxygen, arsenate [As(V)] is lowest free energy form. Thereby it is the predominant form in 
soil and surface water, while arsenite [As(III)] prevails under reducing conditions in 
anaerobic groundwater. Both oxidation states, however, have been detected under both oxic 
and anoxic conditions (Rhine et al., 2005, Rhine et al., 2006) and are toxic to biological 
systems. Arsenite is toxic because it interferes with the many thiols in the cell, whereas 
arsenate is also toxic because it uncouples oxidative as well as substrate level 
phosphorylation. 

For the public health problem of arsenic, the concentration of arsenite and arsenate in 
the water used for drinking is of obvious importance. Underlying this however, is the aspect 
of arsenite mobility and dynamics. The dynamics comes from the possible inter conversion 
of arsenate and arsenite in both abiotic and microbiological processes. Arsenite is 25–60 
times more toxic than arsenate, and a conversion of all the arsenate to arsenite can have 
detrimental consequences. The mobility stems from the different tendency of arsenite and 
arsenate to associate with various other materials, which themselves precipitate and thereby 
make the arsenic immobile, possibly at a position away from where it might penetrate into 
the waters used for human consumption. Arsenite has been reported to be more mobile than 
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arsenate under most environmental conditions (Smedley & Kinniburgh, 2002). Indeed, 
various geochemical conditions can limit the concentration and speciation of arsenic in 
aquatic and sediment environment. These factors include pH, ambient redox potential (Eh), 
chemical composition of groundwater, sediment chemistry, grain size and competing ions 
(Smedley & Kinniburgh, 2002, Lim et al., 2014). Beside these, adsorption reactions control 
the mobility and bioavailability of arsenic (Raven et al., 1998). Raven et al. (1998) reported 
that at high arsenic concentrations and at high pH (9.0) more arsenite than arsenate was 
adsorbed onto ferrihydrite. They also observed more arsenate adsorption at low As 
concentrations and low pH (4.2) (Raven et al., 1998). Dixit and Hering (2003) found, more 
arsenate sorption to amorphous iron oxides than arsenite sorption below pH 5–6, whereas 
arsenite had a strong affinity to iron oxides above pH 7–8 (Dixit & Hering, 2003). In 
Bangladesh, highly arsenic groundwaters are characterized by high HCO3

- concentrations 
(>500 mg/l) and low levels of SO4

2- (<1 mg/l) and NO3
- (<1 mg/l), by low Eh, and by pH 

values close to or above 7.0 (Smedley & Kinniburgh, 2002). Bissen and Frimmel (2003) 
reported more than 60% of arsenic in Bangladeshi groundwater to be arsenite (Bissen & 
Frimmel, 2003). 

By world standards most of the Bangladeshi groundwaters have high concentrations 
of both iron (>0.2 mg/l) and arsenic (>10 µg/l), and arsenic concentration is in general 
moderately to strongly correlated positively with ferrous iron concentration (Nickson et al., 
2000, McArthur et al., 2001). Iron oxides are closely associated with the development of 
highly arsenic groundwaters in Bangladesh, and the ratio can be informative. Solid iron 
oxides are solubilized to ferrous iron in water due to the predominance of reducing 
conditions in aquifers, in particular as the result of microbial respiratory activities (Lovley & 
Chapelle, 1995). The anaerobic microbial reduction of iron such as in ferrihydrite, and of 
other metal oxides, such as manganese oxides, releases and mobilizes any arsenic adsorbed 
to these metal oxides (Charlet & Polya, 2006). The general occurrence in Bangladesh 
aquifers of metal reducing and denitrifying (see also below) microorganisms is in line with 
the presence of high concentrations of dissolved Fe(II), and the low concentration of nitrate 
notwithstanding the substantial inflow of nitrate from the surrounding fertilized soil; all 
indicative of reducing conditions in these aquifers (Anawar et al., 2003), where the reducing 
conditions come with the presence of a system of factors, i.e. the virtual absence of oxygen, 
the presence of alternative electron acceptors such as metal ions and nitrogen in their 
oxidized state, the presence of microorganisms that are capable of using these electron 
acceptors for the generation of Gibbs energy from anaerobic respiration, and of course the 
availability of electron donors such as carbohydrates and ferrous iron that can be utilized by 
these microorganisms. Geobacter spp. are commonly associated with ferric iron reduction in 
freshwater aquifers (Lovley et al., 2011) and have also been found in sediments from West 
Bengal that exhibited high rates of arsenite release and iron reduction (Islam et al., 2004). 
Possibly, the concentration of fine-grained iron oxides in the coarse sediments is one of the 
important factors simultaneously controlling the development of the groundwater As 
problem in Bangladesh (BGS and DPHE, 2001).  
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1.3  Subsurface Arsenic Removal (SAR) Technology  

Remediation of arsenic contaminated groundwater is a multi-sector challenge in Bangladesh, 
with health, water supply and agricultural policy implications. Considering the size of its 
population exposed to arsenic levels above the acceptable limit, Bangladesh has been ranked 
as the most vulnerable country regarding arsenic toxicity in drinking water. Despite various 
efforts, many people are still exposed to arsenic. A wide range of technologies has been 
introduced for arsenic mitigation. However, most are not sustainable and not affordable to 
the low income people in Bangladesh, due to maintenance costs and required logistic care. 
Most of the common arsenic removal technologies use oxidation, coagulation, precipitation, 
adsorption, ion exchange and membrane techniques. All the arsenic treatment technologies 
ultimately concentrate arsenic into the applied sorption media, into the residual sludge or into 
liquid media. To avoid environmental pollution and to ensure safety, these wastes need to be 
treated or disposed of properly.  

A cost-effective Subsurface Arsenic Removal (SAR) technology has been introduced 
(van Halem et al., 2010) (Fig. 1.2). It can be operated without waste generation. SAR is an 
extension of the Subsurface Iron Removal (SIR) technology that has been applied in Europe 
for many decades to remove iron from groundwater (Hallberg & Martinell, 1976, van Beek, 
1985). The principle of SAR is the in situ removal of iron along with arsenic by injection 
with oxygenated water where the aquifer material acts as a subsurface filter for iron and 
arsenic. Under circumneutral conditions, ferrous iron rapidly reacts abiotically with oxygen, 
resulting in ferric iron (oxyhydr)oxide which precipitates and binds other metals and their 
oxyanions such as arsenic, removing them from groundwater.  

 

 
 
Fig. 1.2 Schematic diagram of a small-scale subsurface iron and arsenic removal system/technology 
(cf. SAR and Chapter 5): oxidation of Fe(II) induced by the re-injection of oxygenated groundwater, 
should lead to oxidation to Fe(III) and co-precipitation and adsorption of ferrous iron and arsenic.  
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This technology is being tested to determine the hydrochemical conditions that 
contribute to good arsenic removal and the factors that interfere with effective SAR (van 
Halem et al., 2010, Freitas et al., 2014, Rahman et al., 2014). Freitas et al. found that 
removal efficiency in Bangladesh depended on local hydrochemical and geographical 
conditions: phosphate, bicarbonate and dissolved organic carbon can directly or indirectly 
hinder arsenic adsorption to a ferric oxyhydroxide surface and thus decrease the effectiveness 
of SAR.  

 

1.4  Microbiological Processes of Potential Benefit to Arsenic Mitigation: 
Metal Oxidation 

It is postulated that microorganisms contribute to arsenic removal, in particular through the 
activities of ferrous iron oxidizers and arsenite oxidizers. Relevant aspects of the 
biochemistry, physiology and ecology of these microorganisms are discussed in this section.  

 

1.4.1  Microbial Oxidation of Ferrous Iron 

Ferric iron (oxyhydr)oxide (FeOOH) (the hydrated form of Fe2O3 corresponding to rust) 
mineral phases play an important role in the biogeochemical cycle of As. Both arsenate and 
arsenite are strongly adsorbed by iron oxides (Pierce & Moore, 1982, Zobrist et al., 2000). 
Therefore understanding the fate of iron and the microorganisms acting on iron is of high 
relevance to understanding the arsenic cycling in subsurface groundwater. 

Ferrous iron [Fe(II)] is an electron donor to a wide range of iron oxidizing bacteria 
and such iron oxidation can be operated under both acidic and neutral pH, under either oxic 
or in anoxic conditions (Fig. 1.3). Moreover, microbial iron oxidation is accelerated through 
a variety of mechanisms such as changing pH and Eh through their metabolic activities or by 
passive physicochemical reactions (Fortin & Langley, 2005). Direct interactions involve the 
enzymatic conversion of an oxidized form of iron in order to extract Gibbs energy. These 
bacteria can be divided into four main physiological groups: (i) acidophilic, aerobic iron 
oxidizers; (ii) neutrophilic, microaerophilic iron oxidizers; (iii) neutrophilic, anaerobic 
(nitrate dependent) iron oxidizers; and (iv) anaerobic photosynthetic iron oxidizers (Hedrich 
et al., 2011). 

Aqueous ferrous iron is very unstable in the presence of oxygen at neutral pH; 
however, at low pH (below 4.0) the abiotic oxidation of ferrous iron by oxygen is very slow 
and therefore ferrous iron remains as an excellent source of electrons for aerobic acidophilic 
prokaryotes (Edwards et al., 2000, Baker & Banfield, 2003). These organisms increase the 
ambient redox potential Eh (i.e. make it less negative, so as to favor Fe(II) oxidation to 
Fe(III) if oxygen is absent) by providing avid electron acceptors.  

Acidithiobacillus spp. (β-Proteobacteria) are by far the most studied group of bacteria 
capable of gaining Gibbs energy from the oxidation of ferrous to ferric iron at very low pH. 
Edwards and coworkers (2000) have isolated an iron-oxidizing archaea closely related to 
Thermoplasmales from an extremely acidic environment (pH 0.5). 
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Fig. 1.3 Scheme of microbial redox cycling of iron. In microaerophilic conditions, 
chemolithoautotrophic Fe(II) oxidizing bacteria use Fe(II) as a source of electrons and couple the 
reduction of nitrate to the oxidation of Fe(II) to Fe(III) which is then precipitated. In the second half of 
the cycle, heterotrophic Fe(III) reducing bacteria couple the reduction of Fe(III) to the oxidation of 
organic carbon (OC) whereupon Fe(II) is released to the water. The overall reaction is the oxidation of 
organic carbon by nitrate to carbon dioxide and nitrogen, yield Gibbs free energy in the form of ATP 
which then drives the replication of the microbes. The shaded areas indicate the absence of oxygen. 

Biological oxidation of iron with oxygen is possible at circumneutral pH conditions 
(ranges of 5.5 to 7.5), but only under microaerophilic conditions. Under such conditions, 
strains of aerobic ferrous iron-oxidizing bacteria compete effectively with the abiotic 
oxidation of iron by oxygen that will dominate at atmospheric oxygen tensions (Hohmann et 
al., 2009). Neutrophilic, microaerophilic conditions are common where iron-rich waters meet 
an oxic-anoxic interface, due to low mixing rates and the limited molecular diffusion of 
oxygen in water (Emerson & Weiss, 2004). Microaerophilic iron oxidizing bacteria (FeOB) 
have been found to thrive in wetland soils, plant rhizospheres (Emerson et al., 1999, Wang et 
al., 2009), groundwater supplied freshwater iron seeps (James & Ferris, 2004, Blöthe & 
Roden, 2009) and drinking water distribution systems (Li et al., 2010). 
Chemolithoautotrophic bacteria (e.g. Gallionella spp. and Sideroxydans spp.) extract 
metabolic energy from iron oxidation under these conditions (Druschel et al., 2008, Emerson 
et al., 2010, Gault et al., 2011), but this is not the case for obligate heterotrophs such as the 
Sphaerotilus-Leptothrix groups (Johnson et al., 1992). Among the four recognized species of 
Leptothrix, L. ochracea is the only species for which there is circumstantial evidence for 
autotrophic growth using Gibbs energy derived from iron oxidation (Hedrich et al., 2011). 
Aerobic chemolithotrophic iron oxidizing bacteria in particular may contribute significantly 
to ferrous iron oxidation at circumneutral pH (Neubauer et al., 2002, Sobolev & Roden, 
2002, Emerson & Weiss, 2004, James & Ferris, 2004, Druschel et al., 2008, Blöthe & 
Roden, 2009). Currently, all known oxygen-dependent, neutrophilic chemolithotrophic iron 
oxidizers belong to the Proteobacteria, with Gallionella as best known representatives 
(Emerson et al., 2010). This group belongs to the β-proteobacteria and utilizes besides 
ferrous iron also reduced sulfur compounds as electron donor for Gibbs energy extracting 
redox reactions, and carbon dioxide as the carbon source for biomass synthesis (Ghiorse, 
1984, Lütters-Czekalla, 1990). Gallionella sp. can also grow on small organic compounds 
such as glucose, fructose, and sucrose (Hallbeck & Pedersen, 1991). 
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A signature of iron oxidizing bacteria are the unique morphological structures they 
produce, such as sheaths (in heterotrophic species) and helical stalk-like filaments (in 
autotrophic species), although autotrophic Siderooxydans spp. form neither sheaths nor stalks 
(Hedrich et al., 2011). The stalk of Gallionella is not an integral part of the cell but excreted 
from the cell surface; it acts as an organic matrix upon which the deposition of hydrous ferric 
oxides can occur (Emerson & Moyer, 2002). Twisted stalks of Gallionella ferruginea may 
act as a protective mechanism against the precipitated ferric iron or against oxygen toxicity 
(Hallbeck & Pedersen, 1995). The accumulation of metals takes place by binding them as 
cations to the cell surface in a passive process (Fortin & Langley, 2005). Many neutrophilic 
iron-oxidizing bacteria can actually form ferric iron minerals that can co-precipitate and bind 
arsenic (Kappler & Straub, 2005). Besides chemolithotrophic Gallionella, also heterotrophic 
Leptothrix strains are well-known for their ability to deposit iron oxyhydroxides onto their 
cell surface (Pokhrel & Viraraghavan, 2009). Katsoyiannis and Zouboulis (2004) showed 
that both chemolithotrophic Gallionella and heterotrophic Leptothrix ochracea were capable 
of oxidizing iron, and possibly arsenite, in a fixed bed filtration unit treating arsenic-
contaminated groundwater with a removal efficiency of arsenate of around 95% under 
optimized experimental conditions (Katsoyiannis & Zouboulis, 2004).  

Anaerobic ferrous iron oxidation was first described in 1993, and was found to be 
conducted by anoxygenic phototrophic purple, non-sulfur bacteria utilizing ferrous iron as a 
reductant for carbon dioxide fixation in the light (Widdel et al., 1993). This type of iron 
oxidation seems unlikely in the dark subsurface of Bangladeshi water reservoirs. However, 
subsequently, it was demonstrated that the biological oxidation of ferrous iron in the absence 
of oxygen is possible by light-independent chemoautotrophic microbial activity using nitrate 
rather than carbon dioxide as the electron acceptor (Straub et al., 1996). 

Nitrate-dependent iron-oxidizing microorganisms are able to oxidize both soluble and 
insoluble ferrous iron minerals (Carlson et al., 2013). Thiobacillus denitrificans was the first 
autotrophic, anaerobic iron oxidizer to be identified, oxidizing ferrous sulfide (FeS) in the 
presence of nitrate (Straub et al., 1996). This process of nitrate-dependent iron oxidation has 
since been demonstrated in detail with the hyperthermophilic archaeon Ferroglobus placidus 
(Hafenbradl et al., 1996) and with the mesophilic Proteobacteria Chromobacterium violacens 
(Weber et al., 2006) and Paracoccus ferrooxidans strain BDN-1 (Kumaraswamy et al., 
2006). Nitrate- or chlorate-reduction coupled to ferrous iron oxidation in the presence of a 
carbon source has been documented for heterotrophic Dechlorosoma suillum strain PS 
(Chaudhuri et al., 2001) and Acidovorax strain BoFeN1 (Kappler et al., 2005). Even 
Escherichia coli is capable of nitrate dependent iron oxidation (Brons et al., 1991). 
Intriguingly, there have been several reports describing ferrous iron oxidation with reduction 
of nitrate to ammonium by strictly anaerobic iron reducing Geobacter species (Weber et al., 
2006, Coby et al., 2011, Hedrich et al., 2011). Whether this delta-proteobacterium could use 
the Gibbs energy from this reaction to support its growth was not ascertained, but given the 
widespread abundance of Geobacter spp. in anaerobic sediments (Lovley, 1991), the 
possibility exists that Geobacter spp., are important in the cycling of iron in environmental 
settings with fluctuating levels of oxygen but more steady levels of nitrate. A recent study 
has shown that Acidovorax ebreus controls the nitrate dependent anaerobic iron oxidation 
through nitrite formation from nitrate and the subsequent abiotic reaction of nitrite with 
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additional ferrous iron. As denitrifiers are widespread, an implication is that nitrate-
dependent anaerobic iron oxidation could be widespread in the environment (Carlson et al., 
2013). 

Hohmann et al. (2010) showed that during iron biomineralization under anoxic 
conditions, some toxic metalloids such as arsenic co-precipitated efficiently. Ferric iron 
(oxyhydr)oxides of biological origin provided a reactive surface with an adsorptive affinity 
for arsenate. Nitrate-reducing iron-oxidizing bacteria are the most important catalysts for the 
generation of ferric oxides under anaerobic conditions (Hohmann et al., 2009). Senn and 
Hemond (2002) revealed that under anoxic conditions, nitrate has a strong influence on 
arsenic cycling in natural systems, probably by nitrate-dependent iron oxidation (Senn & 
Hemond, 2002). These observations suggest that nitrate-dependent iron oxidizing 
microorganisms have the potential to influence the environmental fate and mobility of toxic 
metal ions significantly, in particular under anoxic conditions in aquifers. Nitrate (NO3

-) 
injected into arsenite contaminated groundwater of Bangladesh lowered the aqueous arsenite 
concentration significantly, i.e. enhanced the immobilization of arsenic, presumably as 
arsenate, through arsenite oxidation coupled to the biological reduction of nitrate absorbed 
on to iron oxides (Harvey et al., 2002). These results demonstrated the importance of nitrate 
as a controlling factor of arsenic mobility in anoxic environments. 

 

1.4.2  Microbial Oxidation of Arsenite  

Abiotic oxidation of arsenite to the less mobile, less toxic and relatively more adsorptive 
arsenate by its reaction with oxygen under atmospheric conditions is a rather slow process 
with a half-life of approximately one year (Rhine et al., 2006). Biological oxidation of 
arsenite has been recognized as an attractive alternative to this abiotic oxidation due to its 
potential specificity for arsenite, which enables high efficiency and cost effectiveness in 
addition to environmentally friendliness (Le Nguyen et al., 2012). In environments where 
significant amounts of arsenite are oxidized to arsenate within a short period of time, this 
oxidation can be attributed to arsenite-oxidizing bacteria (Tamaki & Frankenberger, 1992).  

Bacterial arsenite oxidation has been known since Green in 1919 first reported 
arsenite-oxidizing bacteria stemming from cattle dipping baths (Green, 1919). Arsenite, 
despite or perhaps precisely because of its toxicity, is readily converted by a great diversity 
of prokaryotes. Arsenite oxidizing bacteria are classified into heterotrophic (HAO), and 
chemolithoautotrophic arsenic oxidizing (CAO) groups (Santini et al., 2000, Oremland et al., 
2002). Heterotrophic arsenite oxidation is viewed primarily as a detoxification reaction, 
rather than that it is Gibbs energy yielding: it converts arsenite encountered in the cell’s 
periplasmic space into the less toxic arsenate, perhaps making it less likely to enter the cell 
(Oremland & Stolz, 2003). Chemolithoautotrophic microorganisms couple the oxidation of 
arsenite to the reduction of oxygen to gain Gibbs energy for carbon dioxide fixation and 
cellular growth (Garcia-Dominguez et al., 2008). CAOs have been reported also to grow 
heterotrophically (Garcia-Dominguez et al., 2008).  
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Fig. 1.4 Scheme of putative microbial arsenic cycling in aquifers. Microbial arsenite oxidation is 
mediated by a number of chemolithoautotrophs under aerobic conditions (at the surface; not shown) 
and anaerobic condition below that surface, using oxygen or nitrate, respectively, as terminal electron 
acceptor. Microbial arsenate reduction is mediated by dissimilatory arsenate respiring bacteria coupled 
to the oxidation of organic carbon in anaerobic condition, the resulting arsenite entering into aqueous 
solution. The shaded areas indicate the absence of oxygen. 

More than 50 phylogenetically diverse arsenite-oxidizing (auto- and hetero-trophic) 
species, distributed over 25 genera, have been isolated from various environments, especially 
mesophilic ecosystems (Quéméneur et al., 2008). They are phylogenetically dispersed within 
the Alpha- Beta- and Gammaproteobacteria, Actinobacteria, Firmicutes and Deinococcus-
Thermus. Green sulfur bacteria (e.g. Chlorobium limnicola and Chlorobium 
phaeobacteroides) and filamentous green nonsulfur bacteria (e.g. Chloroflexus aurantiacus) 
may also be capable of arsenite oxidation, as homologs of the gene encoding arsenite 
oxidase, a key enzyme in arsenite oxidation, (see below) have been identified in their 
genomes (Stolz et al., 2006). The most extensively studied heterotrophic arsenite oxidizer is 
Alcaligenes fecalis (Santini et al., 2000). Very little is known regarding the role of archaea in 
the oxidation of arsenite, and only two putative arsenite oxidase genes have been identified 
in Aeropyrum pernix and Sulfolobus tokodaii by sequence homology searches of their 
published genome (Lebrun et al., 2003).  

Arsenite oxidase is directly involved in arsenite oxidation. It is located on the outer 
surface of the inner bacterial membrane. It has been identified in both autotrophic and 
heterotrophic bacteria. It might be used for either Gibbs energy extraction or detoxification 
(Santini et al., 2000, Oremland & Stolz, 2003). The genes encoding arsenite oxidase show a 
great degree of divergence, and the aioA sequences of CAOs are phylogenetically distinct 
from those of HAOs (Rhine et al., 2007, Quéméneur et al., 2008). The enzyme is the first 
component of an electron transport chain that leads to the reduction of oxygen to water and 
generation of ATP. Amicyanin or periplasmic cytochrome c can act as an electron acceptor 
for the arsenite oxidase (vanden Hoven & Santini, 2004, Santini et al., 2007). In spite of the 
detection of the cytC gene in the genome of some arsenite oxidizing bacteria, little work has 
been performed to clarify the exact role of cytochrome c in arsenite oxidation. The arsenite 
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oxidase from the heterotrophic bacterium Alcaligenes faecalis has been purified and fully 
characterized. Its crystal structure showed that the enzyme contains two heterologous 
subunits. The large catalytic (α-) subunit (AioA) contains molybdenum bound to two pterin 

cofactors and a 3Fe-4S cluster, and the small (β-) subunit (AioB) presumably functions 
as an electron shuttle and has a Rieske-type [2Fe-2S] cluster (Ellis et al., 2001, Oremland 
et al., 2004). The large subunit is structurally related to members of the dimethyl sulfoxide 
(DMSO) reductase family of molybdoenzymes. The arsenite oxidase operon usually contains 
four genes: aioA, aioB, cytC and moeoA1 (which encodes an enzyme involved in 
molybdenum cofactor biosynthesis), which are transcribed when the organism is grown in 
the presence of arsenite. 

 
 

Fig. 1.5 Putative electron transport chain for heterotrophic arsenite oxidation in Hydrogenophaga 
NT14, which can extract Gibbs energy from heterotrophic arsenic oxidation. Arsenite is oxidized to 
arsenate at the Mo containing active site of the AioA subunit. Subsequently, two electrons are passed to 
its [3Fe4S] centre where they are then passed one at a time to the [2Fe-2S] centre of the Rieske subunit 
(AioB). The electrons are next transferred to cytochrome c551 bound as a dimer to AioB and then to the 
CuA and heme a of the cytochrome c oxidase aa3 complex. A total of four electrons are required to 
reduce oxygen to water in the cytoplasm. Coupled to this reduction, four protons are pumped from the 
cytoplasm into the periplasm, creating a transmembrane electrochemical potential difference for 
protons (proton motive force). In addition, the electron pathway involves the translocation of 4 
electrons, i.e. 4 negative charges inward across the membrane. The result of the oxidation of 2 
extracellular arsenite ions by molecular oxygen therefore is the outward translocation of 8 elementary 
charges and 4 acid equivalents across the membrane which can subsequently be used to drive the 
phosphorylation of 2 molecules of ADP to generate ATP if the H+/ATP stoichiometry of the H+-
ATPase is 4 [adapted from (vanden Hoven & Santini, 2004)]. 

Pseudomonas arsenitoxidans was the first described chemolithoautotrophic arsenite 
oxidizing microorganism (Ilyaletdinov, 1981). Later on a Gram-negative, motile, rod-shaped 
bacterium was reported as fast growing chemolithoautotrophic arsenite oxidizer, designated 
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NT-26, belonging to the Rhizobium branch of α-proteobacteria (Santini et al., 2000). This 
organism is also capable to grow heterotrophically with other Gibbs energy and carbon 
sources (lactate, salicin, glycerol, lactose, inositol). The presence of small amounts of 
organic nutrient source (yeast extract) enhanced both growth and oxidation rate. In contrast, 
growth of the organism in a rich medium (nutrient broth) was slow (Santini et al., 2000). 
Heterotrophic Alcaligens faecalis (Osborne & Ehrlich, 1976) and Pseudomonas pudia 
(Abdrashitova et al., 1981) have not been shown to yield Gibbs energy from the oxidation of 
arsenite during heterotrophic growth. There is one known exception: Hydrogenophaga sp. 
str. NT-14, a β-proteobacterium, can oxidize arsenite whilst it grows heterotrophically, 
arsenite oxidation still being coupled to the reduction of oxygen and yielding extra Gibbs 
energy for growth (vanden Hoven & Santini, 2004). Gihring and Banfield (2001) isolated a 
curious thermophilic species of Thermus (strain HR 13) from an arsenic-rich hot spring. 
Under aerobic conditions it was able to oxidize arsenite apparently for detoxification 
purposes; without conserving Gibbs energy. However, under anaerobic conditions, strain HR 
13 can grow on lactate using arsenate as its electron acceptor, reducing it to arsenite (Gihring 
& Banfield, 2001). 

Molecular oxygen is poorly soluble in water (up to some 0.25 mM only, and also the 
rate at which it dissolves is small whenever the surface to volume ratio is small) and aerobic 
microbes in the upper oxic layers of aquifers consume the dissolved oxygen, creating 
anaerobic zones below them. Anaerobic or facultative anaerobic microbes thereby become 
dominant in the underlying anoxic environment (Dowling et al., 2002). Alternative oxidants 
(e.g. nitrate), some of which dissolve to much higher concentrations than oxygen in the 
water, also have the potential to support the microbial oxidation of arsenite. Several studies 
have demonstrated that anaerobic microorganisms can engage in nitrate-dependent arsenite 
oxidation to gain Gibbs energy (Oremland et al., 2002, Sun et al., 2010). Such arsenite 
oxidizing denitrifying bacteria have been enriched and isolated from various environments 
(Oremland et al., 2002, Rhine et al., 2006, Sun et al., 2008, Sun et al., 2009). Besides nitrate, 
chlorate (ClO3) can be an oxidant (electron acceptor) for anaerobic microbial oxidation of 
arsenite (Sun et al., 2010).  

Arsenite oxidizing denitrifying organisms are confined mostly to the Alpha, Beta and 
Gamma-proteobacteria. The first identified anoxic arsenite oxidizing bacterium was 
Alkalilimnicola ehrlichii strain MLHE-1, a haloalkaliphilic facultative chemolithoautotroph, 
which was capable of the oxidation of arsenite to arsenate under denitrification conditions. 
Strain MLHE-1 was also able to grow heterotrophically with acetate as its electron donor 
either aerobically or anaerobically with nitrate as electron acceptor. A novel type of arsenite 
oxidase gene (arxA) was identified in the genome of this extremophile, which fills a 
phylogenetic gap between the arsenate reductase (arrA) and arsenite oxidase (aioA) clades of 
arsenic metabolizing enzymes (Zargar et al., 2010). Anoxic chemolithoautotrophic arsenite 
oxidizing strains DAO1 and DAO10 (closely related to Sinorhizobium and Azoarcus sp., 
respectively) living under ‘normal’ environmental conditions are also able to oxidize arsenite 
to arsenate with complete denitrification of nitrate (Rhine et al., 2006). Dechloromonas sp. 
strain ECC1-pb1 and Azospira sp. strain ECC1-pb2 are examples of species capable of 
oxidizing arsenite through the reduction of chlorate as electron acceptor, in support of their 
growth (Sun et al., 2010).  
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1.5. Microbiological processes potentially contributing to arsenic 
mobilization: metal reduction 

Microorganism can play a vital role in toxic arsenic release: They can do this indirectly via 
the oxidation of organic carbon coupled to the reduction of arsenic-bearing iron 
oxyhydroxides causing dissolution of the latter and subsequent release of arsenic (Nickson et 
al., 2000, Akai et al., 2004, Van Geen et al., 2004), as well as directly via microbial 
enzymatic utilization of arsenate as an electron acceptor (Zobrist et al., 2000, Islam et al., 
2004). An important factor in both processes is organic matter that is used as electron donor 
for metal reduction by the indigenous microbial community in aquifers. These heterotrophic 
activities may impact SAR negatively. 

 

1.5.1  Microbial Reduction of Ferric Iron  

Microbial iron reduction is one of the most significant mechanisms for the oxidation of 
natural organic matter or organic contaminants to carbon dioxide in diverse aquatic 
environments (Lovley, 1991). It alters the geochemistry of submerged soils and sediments, as 
well as surface and subsurface water (Cummings et al., 2000). Microbe-mediated iron 
reduction is a Gibbs-energy-extracting, multi-enzymatic process that accounts for the valence 
transition of iron from the ferric [Fe(III)] to the ferrous [Fe(II)] form, coupled to the 
oxidation of hydrogen or organic matter in such aquatic sediments, submerged soils and 
subsurface anoxic environments. It plays a role in iron cycling (Lovley, 1991, Fredrickson & 
Gorby, 1996). Microbial reduction of ferric oxides can have the following significant effects 
on water quality and soil chemistry (Ponnamperuma, 1972): (a) concentrating water-soluble 
iron; (b) pH increase; (c) cation displacement from exchange sites that become less 
negatively charged; (d) increased solubility of phosphorus, arsenic and silica because their 
complexation partner Fe3+ disappears; and (e) formation of new minerals. The increase of 
dissolved ferrous iron in groundwater as a consequence of microbial iron reduction affects 
the taste of drinking water, and causes staining problems, which can be expensive to 
remediate (Earle & Callaghan, 1998). 

Multiple studies have shown that members of the iron-reducing family 
Geobacteraceae dominate aquifers where ferric iron reduction is a significant terminal 
electron-accepting process, especially when microbial communities in sediments are 
stimulated by providing them with organic matter as a source electron (Snoeyenbos-West et 
al., 2000, Röling et al., 2001, Islam et al., 2004). In these environments, they play a 
dominant role in the degradation of organic matter and control the mobility of toxic metals 
(Lloyd, 2003).While Geobacteraceae, belonging to the Deltaproteobacteria, constitute the 
best known group of iron reducers, these strict anaerobes are by no means the sole 
phylogenetic group capable of iron reduction. Iron reducers are phylogenetically and 
physiologically diverse. They are distributed widely among bacterial taxa (mostly belonging 
to Proteobacteria, Firmicutes, Actinobacter, Bacteroidetes, Fusobacteria) and Archaea 
(Lovley et al., 2004, Lin et al., 2007). Most of the iron-reducing Archaea are 
hyperthermophilic, some are mesophilic or thermophilic methanogens (Lovley, 2006). 
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Thermatoga marinetime and Pyrobaculum islandicum conserve Gibbs energy from hydrogen 
oxidation coupled to iron reduction to support their growth (Kashefi & Lovely, 2000).  

Based on metabolic capacities, Fe(III)-reducing microorganisms can be divided into 
two groups. The first metabolic group consists of fermentative bacteria using ferric iron as an 
electron sink only, which can help to generate additional ATP via substrate-level 
phosphorylation during acetate production (Lovley & Anderson, 2000). Members belonging 
to the other group gain Gibbs energy via oxidative phosphorylation to support their cellular 
growth: they couple the oxidation of organic matter to electron transfer along an electron 
transport chain with iron (III) as an electron acceptor (dissimilatory iron reduction). The 
latter group is often the more important in environmental iron reduction (Lovley et al., 
2011). 

The precise mechanisms of microbe-mediated dissimilatory iron reduction have 
remained elusive. However, iron reducers can cope with the difficulty of transferring 
electrons from the cell to insoluble iron minerals by at least three mechanisms (Fig. 1.6) 
(Lovley et al., 2011): (A) by having physical contact with iron minerals via the formation of 
conductive cell surface appendages called pili or nanowires between the cell and the surface 
of the minerals and a functioning Fe(III)-reductase located in the outer membrane; (B) the 
use of electron shuttling compounds produced endogenously or acquired exogenously. Such 
an electron shuttle acts as mediator catalyzing electron transfer from the cell to extracellular 
ferric iron without the necessity of direct physical contact between cells and ferric oxides. 
The iron reducing microorganisms oxidize an electron donor coupled to the reduction of the 
soluble electron shuttle and the reduced electron shuttle diffuses and subsequently donates 
electrons to the solid phase ferric oxides abiotically; and (C) production of ligands or use of 
extracellular chelators which aid in the dissolution of the solid-phase ferric oxide making a 
soluble ferric iron form more readily available to the microorganism.  

 

 
 

Fig. 1.6 Mechanisms of iron reduction and possible interactions between microorganisms 
(green colored oval shapes) and iron oxides (cloudy brown shapes). A, B and C illustrate the 
mechanisms of iron reduction by means of direct contact by cells, extracellular electron 
shuttles, and chelation by the iron-ligand L, respectively.  

 

1.5.2  Microbial Reduction of Arsenate 

Arsenate can be used as terminal electron acceptor in anaerobic respiration by a number of 
prokaryotes. Arsenate is directly reduced to arsenite coupled with the oxidation of electron 
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donors, thereby releasing Gibbs energy to support growth. Microorganisms performing this 
process are referred to as dissimilatory arsenate reducing prokaryotes (Oremland & Stolz, 
2003). These microorganisms can have a significant impact on the mobilization of both 
adsorbed and dissolved forms of arsenate via the conversion of the latter to the more toxic 
and more soluble arsenite, particularly in environments with low iron(hydr)oxide content 
(Mukhopadhyay et al., 2002, Zhang et al., 2008). Some arsenate reducers are also capable of 
iron reduction, which is then reduced before arsenate is. Others are not capable of iron 
reduction (Oremland & Stolz, 2005).  

Unlike arsenite oxidizers, the respiratory arsenate reducers are phylogenetically 
diverse, and include Gram-positive strains (Desulfosporosinus sp. strain Y5), epsilon, delta 
and gamma groups of Proteobacteria and Archaea, suggesting that arsenate reduction is a 
widespread process (Rhine et al., 2005). The first arsenate respiring bacterium to be reported 
was Sulfurospirillum arsenophilum strain MIT-13 (Ahmann, 1994). At least nineteen species 
of arsenate reducing Bacteria and Archaea have been isolated. These organisms range from 
mesophiles to extremophiles living at extremes in temperature, pH or salinity. 
Microorganisms capable of respiration with arsenate as electron acceptor also often support 
growth through the reduction of a variety of other electron acceptors including selenate, iron 
(III), nitrate, nitrite, manganese, oxygen and sulfate (Laverman et al., 1995, Oremland et al., 
2004). Many of the known arsenate respiring bacteria are heterotrophic and capable of using 
especially simple organic acids such as lactate, pyruvate, formate, fumarate, succinate, 
malate and acetate as carbon source and electron donor (Santini et al., 2002). A few 
chemoautotrophic arsenate respiring prokaryotes can also use hydrogen as electron donor 
and carbon dioxide as Carbon donor for growth (Liu, 2004). 

A second group of microorganisms reduce arsenate as part of a mechanism for arsenic 
detoxification and resistance. They do not gain Gibbs energy from this process, but have to 
invest it (Oremland & Stolz, 2003, Silver & Phung, 2005). Under aerobic conditions, they 
can only reduce dissolved arsenate present in the cytoplasm, and subsequently pump arsenite 
out of the cell (Sun et al., 2009). Total flux here should be commensurate to arsenate leakage 
into the cell, rather than to the electron transfer flux required to energize growth. Therefore, 
one should expect that arsenic detoxifiers have a relatively minor effect on arsenate reduction 
compared to dissimilatory arsenate respiring microorganisms. 

The two mechanisms of arsenate reduction are characterized by distinct genes and 
enzymes. Detoxification of arsenate is mediated by a cluster of genes (arsRDABC) known as 
the ars operon (Hedges & Baumberg, 1973) which decrease the intracellular arsenic 
concentration, thus conferring resistance to As(V) and As(III). Fig. 1.7 (right-hand part) and 
1.8A depicts a model for ars-dependent arsenate resistance. Arsenate enters the cell through 
phosphate uptake channels (Pst or Pit), due to structural homologies with phosphate ions. 
Once in the cytoplasm, arsenate is reduced by the cytoplasmic arsenate reductase ArsC to 
arsenite, which is then pumped out of the cell via ArsB, a transmembrane cytoplasmic 
membrane efflux pump specific for arsenite and antimonite that uses the proton motive force 
to do so. An arsenite chaperone (ArsD) and an ATPase (ArsA) interact with ArsB to provide 
high levels of arsenite resistance through the hydrolysis of ATP presumably by powering the 
efflux pump. The regulatory gene arsR encodes a repressor that binds to the promoter region 
of the ars operon (Reyes et al., 2008). An aquaglycerol porin gene (aqpS), normally 
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associated with arsenite import, was found in place of arsB in the ars operon of 
Sinorhizobium meliloti and functioned in arsenite export (Yang et al., 2005). 

 

 
 

Fig. 1.7 Scheme of microbial arsenic metabolism. The left-hand part of the cell shows alternative Gibbs 
energy conservation processes. For one of these, arsenate enters the bacterial periplasmic space via a 
phosphate uptake channel (‘Trans’, i.e. either Pst, high affinity phosphate specific transport or Pit, low 
affinity phosphate inorganic transport) and is then reduced by arsenate respiratory reductase ArrA 
which produces proton motive force for cellular growth. For the other, arsenite enters to periplasm via 
GlpF (aquaglyceroporin) and serves as electron donor to AioA which is connected to the electron 
transfer chain and also produces proton motive force as the electrons are channeled to electron 
acceptors such as oxygen or nitrate. The right-hand part shows a detoxification process where 
periplasmic arsenate enters into the cell cytoplasm via phosphate transporters (Pst or Pit). This arsenate 
is reduced by cytoplasmic arsenate reductase ArsC to arsenite which is then excreted from the cell by 
transmembrane protein ArsB and does not generate proton motive force. The processes indicated do not 
necessarily all occur in every single microorganism. 

A cluster of genes known as the arr operon mediates respiratory reduction of arsenate. 
As compared to the Ars proteins and the regulation of the ars operon, relatively little is 
known about the biochemistry and genetics of the arr (‘arsenate respiratory reductase’) 
operon. Arsenate respiratory reduction is mediated by a periplasmic reductase, ArrA (a 
molybdenum containing subunit) which receives electrons from ArrB (an iron-sulfur 
containing subunit). The electrons are transferred via an electron transport chain to ArrA, the 
catalytic subunit for arsenate reduction (Fig. 1.8). Murphy and Saltikov (2007) have recently 
identified another gene involved in arsenate respiration: cymA encodes a c-type tetraheme 
cytochrome (Murphy & Saltikov, 2007) which is also required for the use of other terminal 
electron acceptors [e.g., oxides of iron(III) and Mn(IV)] (Schwalb et al., 2002).  
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Fig. 1.8 Biochemical models for arsenate reduction in bacteria [adapted from (Reyes et al., 2008)]. (A) 
Detoxification-based arsenate reduction is mediated by a cytoplasmic reductase (ArsC). The electric 
and protonmotive ramifications of this transport are unclear. (B) Dissimilatory arsenate reduction is 
mediated by arsenate respiratory reductase (ArrA). AH2 represents a substrate that is oxidized by a 
dehydrogenase. The electrons are transferred via an electron transport chain to ArrA, the catalytic 
subunit for arsenate reduction. The process may be coupled to the transmembrane pumping of an 
unknown (n) number of protons. 

 

1.6  Objectives  

The main objectives of the research presented in this thesis are i) to get insight into the 
occurrence and spread of microorganisms involved in metal cycling in arsenic contaminated 
tube-wells of Bangladesh, and ii) to explore the microbiological processes of arsenic 
(im)mobilization and their potential role during in situ removal of arsenic in the subsurface.  

This knowledge should contribute to mechanistic understanding on how the spatial, 
geochemical and environmental factors control the biogeochemical cycling of iron and 
arsenic in Bangladesh. These aims will be addressed using a combination of culture-
independent molecular techniques (general and group specific 16S rRNA gene-based 
analysis as well as functional-biomarker based analysis) and cultivation-dependent 
approaches, in order to investigate the phylogenetic and functional aspects of 
microorganisms contributing to the oxidation and reduction of iron and arsenic.  

 

1.7  Thesis Outline 

This thesis examines the ways in which microbial activities are involved or could be 
involved in the decontamination of Bangladeshi drinking water, of arsenic. After the above 
introduction to this topic, Chapter 2 of this thesis examines the microbial community 
structure potentially contributing to arsenic and iron cycling in and sequestration from 
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Bangladeshi groundwater, in relation to the hydrochemistry of the soil and subsurface. Of 
each of twenty-four different arsenic-contaminated tube-wells (including the brackish-saline 
groundwater interface coastal belts) from several geographical regions of Bangladesh, the 
microbial community structure was analyzed by DGGE (Denaturing Gradient Gel 
Electrophoresis). The cultivation-independent 16S rRNA-gene based profiling also looked 
for microaerophilic iron oxidizing Gallionella and anaerobic iron-reducing Geobacteraceae, 
major groups of microorganisms contributing to iron cycling. In parallel, functional gene 
diversity relating to arsenic cycling was examined, addressing arsenite oxidase (aioA) and 
respiratory arsenate reductase (arrA) genes.  

Chapter 3 continues on the discoveries made in Chapter 2 as it examines whether 
and how the groundwater might be enriched for species found in Chapter 2 that could be 
relevant for bioremediation. Focusing on the processes of microaerophilic iron oxidation and 
iron reduction, it presents the results of enrichments initiated from the same arsenic-
contaminated groundwater wells studied in Chapter 2. Now cultivation-dependent general 
16S rRNA gene analysis was performed in order to identify overlap or variation between the 
dominant groups/species identified in the cultivation-independent analysis. Group specific 
16S rRNA-gene based profiling was performed to identify microaerophilic iron oxidizing 
Gallionella and the dominant and diverse group of anaerobic iron-reducing Geobacteraceae 
involved in iron cycling in the arsenic contaminated wells of Bangladesh. Moreover this 
chapter also describes the presence of genes (aioA or arrA) that are likely to function in 
arsenic metabolism. It addresses whether the organisms have corresponding metabolic 
flexibility in their ability to oxidize or reduce arsenic.  

Cultivation independent molecular analysis has its limitations, as not all functional 
groups relating to metal cycling are readily detected and functional information cannot be 
inferred from 16S rRNA genes. Chapter 4 represents the results of enrichments initiated 
with the same water samples described in Chapter 2 and 3, addressing specific groups of 
arsenic cycling microorganisms (chemoautotrophic arsenite oxidizers; anaerobic arsenite 
oxidizers; heterotrophic arsenite oxidizers; and dissimilatory arsenate reducers), and with the 
same aims as described for Chapter 3. The work focused on their metabolic abilities and 
their potential role in arsenic cycling in the aquifers of Bangladesh. Enrichments were again 
characterized in terms of their ribosomal RNA, functional genes (aioA and arrA), and the 
results were compared to those of Chapter 2. 

Chapter 5 investigates the impact of SAR (Sub-surface Arsenic Removal) technology 
on iron and arsenic metabolizing microbes. By inspecting 16S rDNA amplicon sequencing it 
asks whether the bacterial communities are shifting in terms of changing the abundance of 
functional groups of microorganisms. The results contribute to our understanding of the 
potential roles of the various microbes in enhancing SAR performance either positively (by 
the oxidation of ferrous iron and arsenite) or negatively (by reduction of ferric iron and 
arsenate). It also enables us to predict the negative impact of the reducing microorganisms 
that may develop should SAR be stopped for a long time or should the well be developed 
under reducing redox conditions.  

On the basis of results obtained in research Chapters 2-5, Chapter 6 discusses the 
composition and functioning of the arsenic and iron cycling communities in the arsenic 
contaminated tube-well waters in Bangladesh and relates this to potential microbial roles in 
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in-situ bioremediation of iron and arsenic removal in arsenic-contaminated groundwater. It 
comes with a rationale why the first implementation of the SAR technology has been less 
than successful and designs ways in which the SAR technology might be improved so as to 
become efficient in removing arsenic from Bangladeshi ground water. Chapter 6 also 
discusses how a simple mathematical model might help incorporate the knowledge collected 
and gained in the previous chapters into a tool that enables the information to become 
predictive. This model shows the synergy of and competition between various processes that 
impact on arsenite concentrations in aquifers. 
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Abstract 

Subsurface removal of arsenic by injection with oxygenated groundwater has been proposed 
as a viable technology for obtaining “safe” drinking water in Bangladesh. While the 
oxidation of ferrous iron to solid ferric iron minerals, to which arsenic adsorbs, is assumed to 
be driven by abiotic reactions, metal-cycling microorganisms may potentially affect arsenic 
removal. A cultivation-independent survey covering 24 drinking water wells in several 
geographical regions in Bangladesh was conducted to obtain information on microbial 
community structure and diversity in general, and on specific functional groups capable of 
the oxidation or reduction of arsenic or iron. Each functional group, targeted by either group-
specific 16S rRNA or functional gene amplification, occurred in at least 79% of investigated 
samples. Putative arsenate reducers and iron-oxidizing Gallionellaceae were present at low 
diversity, while more variation in potentially arsenite-oxidizing microorganisms and iron-
reducing Desulfuromonadales was revealed within and between samples. Relations between 
community composition on the one hand and hydrochemistry on the other hand were in 
general not evident, apart from an impact of salinity on iron-cycling microorganisms. Our 
data suggest widespread potential for a positive contribution of arsenite and iron oxidizers to 
arsenic removal upon injection with oxygenated water, but also indicate a potential risk for 
arsenic re-mobilization by anaerobic arsenate and iron reducers once injection is halted.  

 

2.1  Introduction  

Naturally dissolved arsenic in groundwater poses a serious health problem in various parts of 
the world, particularly in Bangladesh where groundwater is a major source of drinking water 
(Nickson et al., 1998; Yu et al., 2003). The high and widespread abundance of arsenic in 
groundwater has led the World Health Organization (WHO) to set the guideline standard for 
arsenic in drinking water in Bangladesh to 50 μg/L, whereas the universal standard is 10 
μg/L (WHO, 2011; Flanagan et al., 2012). Out of its 160 million inhabitants, 77 million 
people are at risk and 35 million are potentially exposed to high concentrations of arsenic 
(50-300 μg/L) in drinking water (Argos et al., 2010). Long term exposure to high 
concentrations of arsenic will result in approximately 125,000 cases of skin cancer and 3,000 
fatalities per year from internal cancers (Yu et al., 2003). 

A wide range of technologies have been developed for arsenic mitigation from 
drinking water (Freitas et al., 2014). However, most technologies are not sustainable and 
affordable to the generally poor and rural population of Bangladesh, due to high maintenance 
costs and required logistic care. Recently, Van Halem et al. (2010) introduced a cost-
effective technology for Subsurface Arsenic Removal (SAR), based on Subsurface Iron 
Removal (SIR) (Hallberg and Martinell, 1976; van Beek, 1985). Arsenic contamination is 
moderately to strongly correlated with ferrous iron concentration (Nickson et al., 2000, 
McArthur et al., 2001). The principle of SAR is the in situ removal of ferrous iron along with 
arsenic by injection with oxygenated water. Groundwater is abstracted from a drinking water 
well and above-ground aerated before being re-introduction into the aquifer. Under 
circumneutral pH conditions, aqueous ferrous iron rapidly reacts abiotically with oxygen, 
resulting in ferric iron (oxyhydr)oxides which precipitate as well as provide sorption sites for 
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binding of other metals and oxyanions such as arsenic, thereby removing them from 
groundwater (Coates et al., 1996; Weber et al., 2006). The binding of arsenic depends on its 
speciation. Arsenic occurs in two major forms in groundwater: oxidized arsenate [As(V)] 
adsorbs relatively well to solid iron phases and is less mobile, and less toxic, than reduced 
arsenite [As(III)] (Goldberg, 1986; Waychunas et al., 1993). The speciation and, therewith, 
mobility of arsenic is highly influenced by microbial transformations (Tamaki & 
Frankenberger, 1992). Both iron and arsenic can be cycled by microorganisms via redox 
transformations linked to energy metabolism: ferrous iron and arsenite are sources of energy 
for chemolithotrophic microorganisms that use oxygen or nitrate as electron acceptor, while 
ferric iron and arsenate are electron acceptors for a range of anaerobic heterotrophic 
microorganisms (Weber et al., 2006; Cavalca et al., 2013). Redox transformations also play 
an important role in microbial detoxification of arsenic (Silver and Phung, 2005). These 
arsenic- and iron-oxidizing and reducing organisms have widespread occurrence in aquifers 
(Röling et al., 2001; Islam et al., 2004). Activities of iron and arsenite oxidizers may aid 
SAR in a positive manner by immobilizing metals and enhancing arsenic adsorption, while 
on the other hand anaerobic iron and arsenate reducers may negatively impact SAR by 
releasing metals into groundwater. Therefore, it is important to obtain better insight into the 
microbial potential for iron and arsenic cycling in arsenic-containing groundwater in 
Bangladesh. 

Previous studies addressed microbial communities in general, or considered mostly a 
single functional group, for samples from a few districts in Bangladesh and nearby West 
Bengal, India (Islam et al., 2004, Bachate et al., 2009, Sutton et al., 2009, Sultana et al., 
2011, Gorra et al., 2012, Mailloux et al., 2013). We hypothesized that the potential for iron 
and arsenic cycling is widespread in arsenic-containing groundwater in Bangladesh. We 
therefore conducted a cultivation-independent survey covering several geographical regions 
in Bangladesh, with a total of twenty four different drinking water wells and assessed 
microbial community structure and diversity in general as well as specific functional groups 
contributing to arsenic and iron cycling, in relation to hydrochemistry. Cultivation-
independent 16S rRNA gene-based profiling was carried out for microaerophilic iron-
oxidizing Gallionella (Wang et al., 2009) and anaerobic iron-reducing Geobacteraceae 
(Snoeyenbos-West et al., 2000), the major groups of microorganisms contributing to iron 
cycling (Weber et al., 2006). In parallel, functional gene diversity relating to arsenic cycling 
was analyzed, by addressing arsenite oxidase (aioA) (Zargar et al., 2012) and respiratory 
arsenate reductase (arrA) genes (Malasarn et al., 2004). 

 

2.2  Materials and Methods  

2.2.1  Field Sampling  

Between August 2011 and March 2012, a total of 24 groundwater samples were collected 
from tubewells from Jessore (Jessore sadar, Jhikargachha, and Sharsha sub-districts), 
Satkhira (Kaliganj, Assasuni, and Syamnagar sub-districts), Comilla (Muradnagar and 
Daudkandi sub-districts) and Chandpur districts (Matlab sub-district) of Bangladesh (Table 
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2.1, Supplementary Fig. 2.S1). Anaerobic groundwater samples were collected in sterile 
serum glass bottles by letting the bottles overflow, after 3 volumes of standing water in each 
tubewell were removed by hand pumping. For chemical analysis, 25 ml was acidified with 
0.5 M HCl in the field, while another 25 ml was left untreated. Bottles with groundwater 
samples for microbial analyses were capped with small headspace and transferred to the 
laboratory, where they were stored for less than 24 h at 4°C. Approximately 100 ml of 
groundwater was vacuum-filtered using 45-mm-diameter of 0.2 µm pore-size nitrocellulose 
membrane filters (Millipore, Billerica, MA, USA). Filters were frozen at –20°C until DNA 
isolation. 

 

2.2.2  Hydrochemical Analysis  

Chemical parameters of 24 groundwater samples (pH, electrical conductivity (EC) and 
dissolved oxygen (DO)) were measured at the field site with a portable handheld SensIon 
meter (Hach; Loveland, CO, USA). Major elements and trace metals (Na, K, Ca, Mg, Fe, 
Mn, Al, Si, As, B, Ba, P, Se, Sr, U, and Zn) were analyzed in acidified samples by using 
inductively coupled plasma optical emission spectroscopy (ICP-OES, Varian 720 ES-axial; 
Palo Alto, CA, USA). Alkalinity and NH4

+ were colorimetrically determined (Labmedics 
Aquakem 200, Thermo Fisher Scientific; Waltham, MA, USA) in untreated samples. Anion 
(F-, Cl-, Br-, NO2

-, NO3
- and SO4

2-) concentrations were analyzed in untreated samples by Ion 
Chromatography (Dionex DX-120 equipped with IonPac AS14 column, Thermo Fisher 
Scientific, Waltham, MA, USA).  

 

2.2.3  DNA Extraction  

DNA was extracted using the soil DNA extraction kit (Mo Bio Laboratories Inc, Carlsbad, 
CA, USA) according to manufacturer’s instructions. DNA was stored at –20°C until required 
for molecular analysis. 

 

2.2.4 16S rRNA Gene-based Profiling of Bacterial, Gallionellaceae and 
Desulfuromonodales Communities  

Partial 16S rRNA gene sequences of bacteria, iron-oxidizing Gallionellaceae, and iron-
reducing Desulfuromonodales were amplified for denaturing gradient gel electrophoresis 
DGGE analysis, using primers and amplification conditions indicated in Supplementary 
Table 2.S1. For bacteria, primer set 357F–GC clamp and 907r was used. 16S rRNA gene 
fragments of Gallionellaceae were obtained with a nested PCR approach (Wang et al., 2009) 
using primer set 122F and 998R in the first round of amplification (PCR products were 
diluted 1:100), followed by primer set 357F–GC and 907r in the second round. A 
Desulfuromonadales-specific primer set (8f and 825r) was employed to amplify a 0.8 kb 16S 
rRNA gene fragment (Snoeyenbos-West et al., 2000). The order Desulfuromonadales 
comprises the iron-reducing families Geobacteraceae and Desulfuromonadaceae (Röling, 
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2014), however when Snoeyenbos-West et al. (2000) developed their primers, members of 
current Desulfuromonadaceae were still included in the family Geobacteraceae. PCR 
products were then diluted (1:100) and used for the second round of amplification using 
bacteria-specific primers 357F–GC and 518r. Each PCR reaction was carried out in a 25 µl 
(total volume) mixture containing 12 µl of GoTaq (Promega; USA) ready Master Mix, 1 µl 
of each primer (0.4 µM final concentration), 8 µl of nuclease free water (Promega; Madison, 
WI, USA) and 3 µl of undiluted DNA as template.  

DGGE was carried out using a DcodeTM Universal Mutation Detection System (BIO 
RAD Laboratories, CA, USA). PCR product was loaded on a 1 mm thick 8% (wt/vol) 
polyacrylamide (ratio of acrylamide to bisacrylamide, 37.5:1) gel containing a linear gradient 
of 30–55% of urea–formamide. The running conditions were 200V at a constant temperature 
of 60°C in 1× TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM Na-EDTA, pH 8.0) for 4 
h. The gels were stained in 1× TAE buffer containing 1 µg/ml of ethidium bromide and 
visualized using a UV transilluminator. To aid in normalization of and comparison between 
gels, a DGGE marker (M12) with 12 bands at different positions was added on the outsides 
of gels, as well as after every four samples. All gels to fingerprint a particular group of 
bacteria were run on the same day. The average between-gel similarity of the marker was 
94%, with 3% standard deviation.  

Bands were excised using a sterile blade or sterile wide mouth-blunt tips. Excised 
DNA bands were suspended in 1× TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) and 
stored overnight at 4°C. 1 µl was used as template in the aforementioned PCR, using primers 
without GC clamp. Products were checked on 1.5% agarose gels and sequenced (Macrogen, 
Seoul, South Korea). For the figures in this and all subsequent Chapters the lanes were 
reordered by the GelCompar II program (Applied Maths, Gent, Belgium) so as to optimally 
reflect its assessed homology. 

 
2.2.5  aioA Gene-based Analysis of Arsenite-oxidizing Communities  

A degenerate oligonucleotide primer set was used to amplify the gene encoding arsenite 
oxidase, aioA (Supplementary Table 2.S1). Amplified product was subjected to Restriction 
Fragment Length Polymorphism (RFLP) using enzyme RsaI (Fermentas Life Sciences; 
Loughborough, UK) and gel electrophoresis, using 3% (w/v) agarose gels. Based on the 
RFLP profiles, we chose seven representative groundwater samples (A1, N1, K1, Jn, T1, 
Mn-40.2 and Td) for cloning as these samples covered the major band positions among the 
whole set of 24 groundwater samples (Fig. 2.3a).  

Putative aioA amplicons were cloned into Escherichia coli JM109 using the pGEM-T 
vector system (Promega; Madison, WI, USA). Transformants were confirmed for the right 
size of cloned inserts by a PCR with pGEM-T specific primers T7 and Sp6 (Supplementary 
Table 2.S1). Correctly sized fragments were digested with RsaI to screen clone libraries and 
compare the profiles of cloned fragments to the RFLP profiles of the samples. In total 226 
clones were subjected to RFLP, with on average 32 clones per sample (range: 16 to 71). 
Based on differences in restriction profiles, the clones were classified into RFLP types. At 
least one representative clone per RFLP type and per sample was sequenced.  
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2.2.6  arrA Gene-based Analysis of Arsenate-reducing Communities  

Partial arrA genes were amplified using primers ArrAfwd and ArrArev (Supporting 
Information Table 2.S1). Amplification often yielded faint products, consisting of multiple 
bands. Bands with the expected size for the arrA fragment (~160-200 bp) were cut from 2% 
low melting point agarose gels using a sterile blade or sterile wider mouth-blunt tips. The 
bands were re-amplified and rechecked by agarose gel electrophoresis. All positive samples 
were directly subjected to sequencing (Macrogen, Seoul, Korea).  

 

2.2.7  Phylogenetic analysis  

Sequences were aligned by ClustalW using default settings and were manually edited. 
Phylogenetic analyses were performed with MEGA 4 (Tamura et al., 2007). Amino acid 
Poisson correction analysis was performed through Maximum Composite Likelihood 
computation and trees were constructed using the neighbor-joining method using a bootstrap 
value of 1000. Gene sequences have been deposited in GenBank under accession numbers: 
KP072409 to KP072466 (Bacterial 16S rRNA genes), KP072467 to KP072485 (Gallionella-
like 16S rRNA genes), KP072486 to KP072514 (aioA), and in the DDBJ database under 
accession numbers: LC008307 to LC008325 (arrA) and LC008370 to LC008428 
(Geobacteraceae-and Desulfuromonadaceae-like 16S rRNA gene sequences). 

 

2.2.8  Statistical analysis  

Quantitative analysis of DGGE and RFLP profiles was performed with GelCompar II 
(Applied Maths, Gent, Belgium) (van Verseveld and Röling, 2004). Similarity values were 
calculated using Pearson correlation coefficients, and visualized by unweighted paired group 
method with arithmetic means (UPGMA) cluster analysis. The number of visible bands in a 
DGGE profile or the number of different phylotypes observed in sample was used as 
indicator for alpha-diversity. Hydrochemical data, except pH, were log10 transformed before 
Principle Component Analysis (PCA). Non-parametric Analysis of Variance (Kruskal-
Wallis) was used to determine if groups, defined on basis of community data, differed 
significantly from each other in hydrochemical characteristics. As grouping variable of 
samples we used the observed clustering of community profiles (DGGE or RFLP) or 
sequences, as indicated in the figures. Concentrations of individual hydrochemical 
parameters, and the PC1 and PC2 scores of PCA on the hydrochemical data set, were used as 
hydrochemical characteristics. Supplementary Table 2.S2 provides an example of a dataset 
used for Kruskal-Wallis. PCA, Kruskal-Wallis and Pearson correlation were performed using 
the PAleontological Statistics (PAST) program, version 2.14 (Hammer et al., 2001). 

 



 
 

Table 2.1 Information on the sampled drinking water wells (district, sub-districts and name of the village in which the well is located, and its depth and sample code or 
ID) in Bangladesh and the detection of functional and phylogenetic genes indicative of potential iron and arsenic redox transformations. Information on well depths 
was collected from local departments of public health engineering, non-governmental agencies, and well owners. 

Location Molecular marker 

           aioA arrA 16S rRNA Gallionellaceae 16S rRNA Desulfuromonadales 
District Sub-district Village Sample ID Depth 

(meter) 
Arsenic 

oxidation 
Arsenic 

reduction 
Iron oxidation Iron reduction 

Satkhira 
(Sa) 

Assasuni 
Assasuni sadar A1 13.7 + + + + 

Nagda N1 146.3 + - - + 

Kaliganj 

Nawapara1 NA1 22.9 + + + + 

Tarali T1 48.8 + + + + 

Nawapara2 NA2 48.8 + + - + 

Kaliganj sadar K1 29.0 + + + + 

Syamnagar 

Vurulia Vu 27.4 + + - + 

Munshiganj Mu 80.8 + - - + 

Boropukut Bp 62.5 + + - + 

Henchi Hn 54.9 + + + + 

Jaynagar Jn 13.7 + + + + 

Gopalpur Gp 51.8 + + + + 

Jessore 
(Je) 

Jessore sadar 
Tirerhat Ts 176.8 + + + + 

Tirerhat Td 207.3 + + + + 

Jhikargachha 

Magura M1d 25.7 + - + + 

Magura M2s 24.1 + + + + 

Uzzalpur Uz 36.6 + + + + 

Sharsha Samta Sm 21.3 + + + + 

Comilla 
(Co) 

Muradnagar 

Payob1 Mn-40.1 14.3 + + + + 

Payob2 Mn-40.2 21.3 + + + + 

Payob3 Mn-40.3 22.9 + + + + 

Daudkandi Daudkandi DK-8 24.4 + - + + 

Chandpur 
(Ch) 

Matlab  
Narayanpur  Mat1 16.8 + + + + 

Narayanpur Mat2 29.0 + + + + 

Total 100% 83% 79% 100% 
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2.3  Results  

2.3.1  Hydrochemistry of Various Groundwater Wells in Bangladesh 

The hydrochemical composition of the investigated 24 groundwater samples varied 
considerable (see Supplementary Table 2.S3). While in 19 samples the arsenic concentration 
was above the standard of 50 μg/L in Bangladesh, in the remaining 5 wells (N1, NA1, Mu, 
Bp, and K1; all in the Satkhira district) the arsenic concentration was below the WHO 
guideline standard of 10 μg/L. Anaerobic, circumneutral pH conditions prevailed: all pH 
values were between 6.1 and 8.0 and high dissolved oxygen concentrations were only 
observed in Mat1 and Mat2 (3.4 – 3.6 mg/L). NO3 concentrations over 1 mg/L, up to 25 
mg/L, were detected in 9 samples, including 5 of the 6 samples from Comilla and Chandpur 
districts. With the exception of one sample, all these samples were extracted from a depth of 
less than 30 m. Fe concentration was on average 5.8 mg/L (with a standard deviation of 4.2 
mg/L). SO4 concentrations over 2 mg/L were only observed in 3 wells in the Satkhira 
district, with a maximum of 386 mg/L. An ordination plot after Principle Component 
Analysis (PCA) visualized the considerable variation in hydrochemistry (Fig. 2.1): PC1 axis 
explained 28% of the total variance and PC2 axis 21%. Nevertheless, an obvious grouping of 
samples on the basis of geography (i.e. district based) was observed. Samples obtained from 
the Satkhira district were generally characterized by relatively high concentrations of many 
groundwater components, as shown by the positive correlation of these variables with PC1. 
Among these chemical parameters, EC, Br, Cl, Mg and Na strongly correlated with each 
other (average Pearson correlation coefficient r = 0.81, n = 24), indicating salinity. For 
instance, Na and Cl concentrations up to 1.6 and 3.2 g/L, respectively, were observed 
(Supplementary Table 2.S3). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.1 Ordination plot produced from principal-component analysis (PCA) on hydrochemical 
parameters of groundwater samples from Satkhira (dark red dots), Jessore (blue dots), Comilla (purple 
dots), and Chandpur (deep green dots) districts of Bangladesh. Green liness indicate the loadings of the 
various hydrochemical parameters on the PC axes.  
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2.3.2  Bacterial Community Structure in Groundwater Wells 
Denaturing gradient gel electrophoresis (DGGE) of PCR amplified bacterial 16S rRNA gene 
fragments revealed that groundwater community fingerprints were generally dominated by a 
few brightly stained bands and several less intense bands (Fig. 2.2). The groundwater 
communities could be assigned to 6 different clusters, at a 50% cut-off value. We did not 
detect any significant relationship between these clusters and districts or hydrochemistry 
(Kruskal-Wallis, all tests p>0.05). 

 

 
 
Fig. 2.2 UPGMA cluster analysis of bacterial 16S rRNA gene-based DGGE profiles (30-55% 
denaturant gradient) of twenty four groundwater samples from four districts in Bangladesh, using 
Pearson correlation analysis as measure of similarity. The sample ID refers to the location of the 
drinking water well, the district is given in parentheses (see Table 2.1 for details, and Supplementary 
Fig. 2.S1 for location). Colors indicate the four districts: Satkhira (dark red), Jessore (blue), Comilla 
(purple), and Chandpur (deep green), from which samples were analyzed. Samples were assigned to 
clusters on basis of >50% similarity. Sequence information on excised bands (numbered from 1 to 58) 
can be found in supplementary Table 2.S4 and supplementary Fig. 2.S2. 

 

To explore further the identities of major bacterial populations, prominent DGGE 
bands were excised for sequence analysis (Supplementary Table 2.S4; Supplementary Fig. 
2.S2). Betaproteobacteria was found to be the dominant group (69% of the analyzed 
sequences; 40 out of 58 successfully sequenced bands), followed by Gammaproteobacteria 
and Firmicutes (12% each; 7 bands). Alphaproteobacteria, Deltaproteobacteria, 
Bacteroidetes, and Actinobacteria each contributed less than 2% of the sequenced bands. 
Among the Betaproteobacteria, sequences most closely related to Hydrogenophaga (7 
bands; 12% of total), Acidovorax (6 bands; 10% of total), denitrifying iron-oxidizing bacteria 
(5 bands; 8% of total) and Sideroxydans lithotrophicus str. LD-1 (4 bands; 7% of total) were 
frequently observed. 
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The general 16S rRNA gene-based analysis of bacterial communities revealed several 
sequences most closely related to genera implicated in metal redox transformations. 
Specifically, samples belonging to cluster 3 were characterized by a DGGE band whose 
sequence was most closely related to microaerophilic iron-oxidizing Sideroxydans (bands 
labeled 3 in sample A1, 14 in NA1, 35 in Mn-40.1, and 38 in Mn-40.2; Fig. 2.2). A band 
position containing a sequence most closely related to denitrifying iron-oxidizing bacteria 
characterized many of the samples belonging to cluster 1 (bands numbered 28 in sample Ts, 
41 in M1d, 47 in Vu, and 57 in Sm; Fig. 2.2). Other excised DGGE bands corresponded most 
closely to heterotrophic iron-oxidizing Leptothrix spp., (band 26 in Ts, 56 in Sm; Fig. 2.2), 
and iron-reducing Shewanella decolorationis str. M30 (band 1 in sample Bp) and 
Desulfuromonas sp. TZ1 (Band 13 in sample Hn). Certain members of Dechloromonas (most 
closely related to sequences retrieved from bands 2 in A1, 33 in Mn-40.1, and 21 in Jn) can 
reduce nitrate and chlorate during anaerobic oxidation of iron and arsenic  (Sun et al., 2009; 
Sun et al., 2010; Benzine et al., 2013). Most of the members of Hydrogenophaga and a few 
members of Pseudomonas, e.g. Pseudomonas pseudoalcaligenes (band 8 in N1) are capable 
of arsenite oxidation (Salmassi et al., 2006; Krumova et al., 2008).  

 

2.3.3  Molecular Indicators for Metal Cycling Microorganisms  

Specific molecular targeting of microbial groups involved in arsenic and iron cycling 
revealed their widespread occurrence in the investigated groundwater samples from 
Bangladesh. Based on arrA detection, 83% of the samples contained arsenate-reducing 
microorganisms, while all samples revealed the presence of arsenite-oxidizing 
microorganisms on the basis of aioA gene (Table 2.1). Seventy nine percent of the samples 
harbored 16S rRNA genes of iron-oxidizing Gallionellaceae, and all samples were positive 
for iron-reducing Geobacteraceae and Desulfuromonadaceae.  

 

2.3.4  Arsenite Oxidase (aioA) Gene-based Analysis of Bacterial Communities 

Arsenite oxidase (aioA) genes were present in all investigated samples. RFLP analysis 
demonstrated considerable variation in aioA gene sequences between samples: four different 
groups could be distinguished at a 50% similarity cut-off level (Fig. 2.3a). From these four 
clusters, representative samples N1, A1, T1, K1, Jn, Mn-40.2, and Td were subjected to 
cloning and sequencing for detailed molecular analysis. These samples were selected such 
that most band positions visible for the other samples were covered by this set of seven 
samples.  

A total of 12 phylotypes (based on a cut-off value of 85% identity in amino acid 
sequence) was found among 226 clones (Table 2.2, Fig. 2.3b). All phylotypes contained the 
conserved motif HNRPAYNSE of the molybdenum-containing subunit of the bacterial 
arsenite oxidases in the dimethyl sulfoxide reductase (DMSO) family (Stolz et al., 2006). A 
majority of AioA sequences was most closely related to bacteria belonging to 
Alphaproteobacteria, with 61% of the clones covering nine phylotypes (Table 2.2, Fig. 2.3b). 
Phylotype 1 was most frequently encountered (see Table 2.2 for overview; 91 clones, 40% of 
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total clones) and had 82-85% amino acid identity to AioA of Rhodobacter strain SW2. The 
amino acid sequence of phylotype 5 (17 clones; 8% of total clones) had 87-98% identity with 
AioA from the nitrate-reducing Sinorhizobium sp. strain DAO10. Thirty seven percent of the 
clones (83 clones) were most closely related to Betaproteobacterial AioA, comprising 2 
phylotypes (11 and 12). Phylotype 12  was overall the second most abundant phylotype (54 
clones in total; 24% of clones) and had 96-98% amino acid identity to AioA of the arsenite 
oxidizer Hydrogenophaga defluvii as well as with that of iron-reducing Albidiferax 
ferrireducens. Also AioA sequences belonging to phylotype 11 (35 clones, 16% of total 
clones) were most closely related to several isolated arsenite-oxidizing bacteria (93-98% 
amino acid identity): Acidovorax strain NO-1, 75 and Hydrogenophaga strain NT-14 (98-
99% amino acid identity). Phylotype 10 was most closely related to the Firmicutes Bacillus 
flexus (6 clones, 63- 66% amino acid identity). 

 
Fig. 2.3 (a) UPGMA cluster analysis of 
RFLP profiles of arsenite oxidase genes 
(aioA) in twenty four groundwater 
samples from Bangladesh. The sample 
ID refers to the location of the drinking 
water well, with the district in 
parentheses (see Table 2.1 for details, 
and Supplementary Fig. 2.S1 for 
location). Asterisks indicate samples 
that were selected for preparation of 
clone libraries; numbered band 
positions refer to the phylotype for 
which sequences were cloned. Samples 
were assigned to clusters on basis of 
>50% similarity.  

 
 
 

The distribution patterns of the phylotypes over the various samples used for cloning 
indicated a moderate AioA diversity between these samples and within samples: 2 to 6 
phylotypes were detected per sample, and the seven samples revealed in total 12 different 
phylotypes (Fig. 2.3b, Table 2.2). In addition, comparing the restriction profiles of clones to 
those of aioA genes amplified directly from environmental DNA revealed the widespread 
occurrence of various phylotypes in the groundwater samples (Fig. 2.3a). Phylotype 1 (most 
closely related to Rhodobacter sp.) and 12 (most closely related to Hydrogenophaga sp.) 
were observed in nearly all four clusters, but were in particular dominant in samples 
belonging to clusters 3 and 4, respectively (Fig. 2.3a). Phylotype 5 (most closely related to 
Sinorhizobium DAO1) was dominant in samples belonging to cluster 2. Despite clear 
clustering of samples and sequences, no significant relation to hydrochemical characteristics 
or geographical location could be observed (Kruskal-Wallis, all tests p>0.05). 

10
0

9080706050403020

12

5

3

8

12

12

5

7

9

11

11

% Similarity
Cluster 1

Cluster 2

Cluster 3

Cluster 4

DK8 (Co)

Ts (Je)

Gp (Sa)

Vu (Sa)

Bp (Sa)

Mat2 (Ch)

Mat1 (Ch)

Mu (Sa)

Mn- 40.1 (Co)

NA2 (Sa)

NA1 (Sa)

M1d (Je)

Sm (Je)

Mn- 40.3 (Co)

Uz (Je)

Hn (Sa)

M2s (Je)

Td (Je) 

Jn (Sa)

K1 (Sa)

Mn- 40.2 (Co)

A1 (Sa)

T1 (Sa)

N1 (Sa)

*

*

*
*
*

*

*

2
12

11

10

1

1

1 12

11

2



48 
Chapter	2	

 

 
 
Fig. 2.3 (b) Unrooted neighbor-joining tree of amino acid sequences (181 unambiguously aligned 
positions) of the bacterial arsenite oxidase gene retrieved from the selected samples. Bootstrap values 
(1000 replications) are indicated at the interior branches [bar= 0.1 substitutions/sequence position]. 
Colors indicate the four districts: Satkhira (dark red), Jessore (blue), Comilla (purple), and Chandpur 
(deep green), from which samples were analyzed. Each clone is represented by the respective sample 
name and an additional number to distinguish between different RFLP types in the same sample. The 
percentage contribution of a RFLP type to the clone library of a sample is indicated in parentheses. 
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Table 2.2 Contribution (in percentages) of various phylotypes to aioA gene-based clone libraries derived from seven groundwater samples from Bangladesh. The 
sample codes refer to the location of the drinking water well (see Table 2.1 for details, and Supplementary Fig. 2.S1 for location). Between parentheses is the number 
of clones. 

                                

Percentage (number) 

  N1 T1 K1 A1 Mn-40.2 Td  Jn % (TOTAL) Most closely related isolate Affiliation 

Phylotype 1 9.5 (2) 55.2 (16)  3.4 (1)   90.3 (28) 62 (44) 40 (91) Rhodobacter sp. SW2  α-proteobacteria 

Phylotype 2 6.9 (2) 15.5 (11) 6 (13) Roseovarius sp. α-proteobacteria 

Phylotype 3 6.9 (2) 1 (2) Polymorphum gilvum SL003B-26A1 α-proteobacteria 

Phylotype 4 10.3 (3) 1 (3) Aminobacter sp. 86  α-proteobacteria 

Phylotype 5 56.3 (9) 11.3 (8) 8 (17) Sinorhizobium sp. DAO10  α-proteobacteria 

Phylotype 6 6.9 (2) 1 (2) Nitrobacter hamburgensis X14 α-proteobacteria 

Phylotype 7 25.0 (4) 2 (4) Bradyrhizobium sp. WSM1253 α-proteobacteria 

Phylotype 8 10.3 (3) 1 (3) Bradyrhizobium sp.  α-proteobacteria 

Phylotype 9 6.9 (2) 1 (2) Agrobacterium sp. C13  α-proteobacteria 

Phylotype 10 4.8 (1) 10.3 (3) 2.8 (2) 3 (6) Bacillus flexus Firmicutes 

Phylotype 11 18.8 (3) 69.0 (20) 10.3 (3) 9.7 (3) 13 (29) 
Acidovorax sp. (Str. NO-1 and Str. 75), β-proteobacteria 

 Hydrogenophaga sp.NT-14 β-proteobacteria 

Phylotype 12 85.7 (18) 10.3 (3) 3.4 (1) 89.7 (26)  8.5 (6) 24 (54) 
Albidiferax ferrireducensT118, β-proteobacteria 

Hydrogenophaga defluvii  β-proteobacteria 

Total 100 (226) 
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2.3.5  Arsenate Reductase (arrA) Gene-based Analysis of Microbial Communities 

Correctly sized arrA gene fragments were obtained from 20 samples. Direct sequencing 
revealed high-quality sequences, except for samples A1, DK8, and Sm, suggesting low 
diversity within samples. Diversity among samples was considerable: the sequences 
clustered into eight different phylotypes, at a 85% cut-off value (nucleotide similarity level) 
(Fig. 2.4). Most of the sequences were most closely related (82-95% similarity in nucleotide 
sequence) to uncultured bacterial clone A1 (retrieved from a gold and arsenic mine in 
Poland) or clone ArrA38 (from a fixed-bed bioreactor treating synthetic groundwater 
containing 300 μg/L arsenate). The arrA sequences from samples Bp and NA2 clustered with 
clone NP8_GW 42_b (arsenic-contaminated sediments in the Cache Valley Basin, USA) and 
clone ZSARR6 (microbial mats from a gold mine, Poland), respectively. The retrieved 
nucleotide sequences were only distantly related to arrA genes of reported arsenate-respiring 
species (Desulfitobacterium hafniense Y51 and Thioalkalivibrio nitratireducens; 78-82% 
nucleotide similarity in both cases). Also here we did not observe any relation between arrA 
clustering and district or hydrochemistry (Kruskal-Wallis, all tests p>0.05). 
 
Fig. 2.4 Neighbor-joining tree of 
partial nucleotide sequences (140 
unambiguously aligned positions) of 
dissimilatory arsenate reductase 
genes (arrA) retrieved from arsenic 
contaminated groundwater samples 
in Bangladesh. Sequences are coded 
by sampling locations and districts 
(see Table 2.1 for details, and 
supplementary Fig. 2.S1 for 
geographical location) and are 
indicated in bold. Colors indicate the 
four districts: Satkhira (dark red), 
Jessore (blue), Comilla (purple), and 
Chandpur (deep green), from which 
samples were analyzed. The tree is a 
consensus of 1000 bootstraps and 
only bootstrap values >50% are 
shown. The bar represents 10% 
deviation in sequence. Sequences 
were assigned to clusters on basis of 
>85% similarity. 

 

2.3.6  Occurrence of 16S rRNA Genes of Iron-oxidizing Gallionellaceae 

A total of 19 samples out of 24 (79%) were positive for chemolithotrophic iron-oxidizing 
Gallionellaceae. DGGE analysis indicated that alpha-diversity was low, with a single band 
revealed per sample (Supplementary Fig. 2.S3). Only five different migration patterns in 
DGGE were observed among the 19 samples, and phylogenetic analysis revealed that each 
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migration position corresponded to one unique sequence (Fig. 2.5). Sequences were most 
closely related to Gallionellaceae bacterium HDD (99% similarity) and Gallionella 
capsiferriformans ES-2 (96% similarity), with the exception of the sequence retrieved from 
sample Ts, which was 98% similar to the 16S rRNA gene of Sideroxydans lithotrophicus. 
The occurrence of Gallionella phylotypes appeared to be influenced by salinity. There was a 
significant difference (P<0.05; Kruskal-Wallis) in Na, B and Br concentrations and electrical 
conductivity between clusters of samples containing different phylotypes. Samples 
containing phylotype 1 or 2 had significantly higher salt concentrations (on average 1056 
mg/L NaCl) than samples containing phylotype 4 (on average 40 mg/L NaCl). 

 
 

Fig. 2.5 Neighbor-joining tree of Gallionellaceae specific 16S rRNA gene sequences (550 
unambiguously aligned nucleic acid positions) retrieved from groundwater samples. Sequences are 
coded by sampling locations and districts (see Table 2.1 for details, and supplementary Fig. 2.S1 for 
geographical location) and are indicated in bold. Colors indicate the four districts: Satkhira (dark red), 
Jessore (blue), Comilla (purple), and Chandpur (deep green), from which samples were analyzed. 
Bootstrap values (1000 replication) are indicated at the interior branches. The bar scale represents 5% 
nucleotide substitutions per position. Phylotypes correspond to migration position in DGGE 
(Supplementary Fig. 2.S3).  
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2.3.7  16S rRNA Gene Fingerprinting of Iron-reducing Communities 

Employing 16S rRNA gene-based analysis specific for iron-reducing Geobacteraceae and 
Desulfuromononadaceae, all samples were positive. DGGE analysis suggested considerable 
variation in community structure between samples: eight different groups could be 
distinguished at the 25% similarity cut-off level (Fig. 2.6a). The grouping related to 
hydrochemical parameters: significant differences (p<0.05: Kruskal Wallis) in Na, Cl and B 
concentrations were observed.  

As the employed primer set is known not to be 100% specific (Snoeyenbos-West et 
al., 2000; Lin et al., 2005), DGGE bands were cut out and sequenced. Phylogenetic analysis 
revealed that most of the bands (57 out of 82 sequences) were most closely related to 
members of the Geobacteraceae (67% of total, 38 bands) and Desulfuromonadaceae (33% 
of total, 19 bands) (Fig. 2.6b). In 20 out of 24 samples we detected these iron reducers, and 
20 phylotypes were observed at a cut-off of 97% similarity in 16S rRNA gene sequence. The 
sequencing confirmed the variation in community composition between samples as observed 
by DGGE analysis, while on the other hand a number of sequences were detected in several 
samples (Fig. 2.6b). Samples in cluster 3 (Fig. 2.6a) were characterized by a DGGE band 
whose sequence was most closely related to Geobacter luticola (bands labeled 59 in sample 
Ts, 32 in Vu, 74 in Uz, 71 in M2s, and 82 in Sm). The dominant band observed for most 
samples in cluster 4 was most closely related to Geobacter daltonii (11 in T1) or Geobacter 
sp. G02 (77 in Gp). Geobacteraceae were mainly observed in samples with relatively lower 
salt concentrations (on average 239 mg/L NaCl), while Desulfuromonadaceae were detected 
in samples with higher salt concentrations (on average 1710 mg/L NaCl) (all p<0.05: 
Kruskal-Wallis). 

 
 

Fig. 2.6 (a) UPGMA cluster analysis of Geobacteraceae 16S rRNA gene-based DGGE profiles (30-
55% denaturant gradient) in twenty four groundwater samples from four districts in Bangladesh, using 
Pearson correlation analysis as measure of similarity. The sample IDs refers to the location of the 
drinking water well (see Table 2.1 for details, and Supplementary Fig. 2.S1 for location). Numbers 
refer to the position of excised bands. Samples were assigned to clusters on basis of >25% similarity.  
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Fig. 2.6 (b) Phylogenetic analysis of Geobacteraceae 16S rRNA gene sequences (140 unambiguously 
aligned nucleic acid positions) retrieved from the excised DGGE bands. Codes in bold indicate 
Sample IDs, the number of the excised band, and district. Colors indicate the four districts: Satkhira 
(dark red), Jessore (blue), Comilla (purple), and Chandpur (deep green), from which samples were 
analyzed. Trees are constructed with neighbor-joining methods and bootstrap values (1000 
replications) are indicated at the interior branches. The scale bar represents 5% sequence divergence. 
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2.4  Discussion  

2.4.1  Bacterial Diversity in Arsenic-contaminated Groundwater in Bangladesh  

Large differences in microbial communities were observed between groundwater samples 
derived from 24 arsenic-contaminated drinking water wells in Bangladesh. Microbial 
diversity and community composition in aquifers can be influenced by numerous biotic and 
abiotic parameters (Griebler and Lueders, 2009). Geography and local differences in 
hydrogeochemical and geological parameters, including the infiltration of surface organic 
and inorganic matter and depths of wells, might have influenced microbial diversity in the 
aquifers, possibly explaining why microbial communities varied strongly between the 
investigated wells. Indeed, we observed a large variability in groundwater chemistry, with 
spatial heterogeneity in salinity and in redox chemistry, as also previously reported for 
Bangladesh (Zheng et al., 2004, Dhar et al., 2008, Fendorf et al., 2010). Nevertheless, we 
could identify only a few statistically significant relationships between hydrochemistry and 
microbial community composition or occurrence of specific community members. Relations 
with iron or arsenic concentration were not found; however, hydrochemical parameters 
indicative of salinity influenced the occurrence of iron-oxidizing Gallionellaceae and iron-
reducing Geobacteraceae and Desulfuromonadaceae. Salinity is a known major 
environmental determinant of microbial community composition (Lozupone and Knight, 
2007).  

Arsenic-contaminated aquifers of Bangladesh and nearby West Bengal have been 
subjected to a limited number of cultivation-independent 16S rRNA gene-based studies, 
addressing generally a few samples (Islam et al., 2004, Bachate et al., 2009, Sutton et al., 
2009, Sultana et al., 2011, Gorra et al., 2012, Mailloux et al., 2013). The major bacterial 
community members encountered in these studies comprised Acidovorax, Hydrogenophaga, 
Dechloromonas, Acinetobacter, Aminobacter, Pseudomonas, Geobacter, Sideroxydans, 
Gallionella, methanogens, methylotrophs, and sulphate reducers. A disadvantage of 16S 
rRNA gene-based molecular techniques is that these methods do not necessarily give 
information about the physiological traits of the microbial community. Therefore, we 
employed group-specific 16S rRNA gene based analysis and functional gene-specific 
techniques to determine the distribution of microorganisms with the potential to contribute to 
metal cycling. Our extensive study, covering 24 different wells and addressing four 
functional groups, substantially extended insight in the occurrence of metal-cycling 
microorganisms in Bangladeshi aquifers. In addition to previously encountered species, we 
found sequences most closely related to Dechloromonas spp., which contains members that 
can grow by linking the oxidation of arsenite to arsenate with the reduction of chlorate (Sun 
et al., 2010), heterotrophic, iron-oxidizing Leptothrix sp., anaerobic denitrifying iron-
oxidizing bacteria and the iron-reducing genera Albidiferax, Desulfuromonas and 
Shewanella.  

The widespread occurrence of metal reducers (both iron and arsenate reducers) is in 
line with the presence of high concentrations of dissolved iron and ammonium ions which is 
indicative of reducing conditions in aquifers in Bangladesh (Anawar et al., 2003). Anaerobic 
microbial respiration, utilizing especially surface-derived organic carbon (Mailloux et al., 
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2013), is an important process contributing to the mobilization of arsenic from minerals in 
Bangladesh, notably by reducing ferric (oxyhydr)oxides (Charlet and Polya, 2006). 
Geobacter and Desulfuromanas spp., iron-reducing members of the order 
Desulfuromonadales, are commonly associated with iron reduction in aquifers (Lovley et al., 
2011) and have also been found in sediments from West Bengal that exhibited high rates of 
arsenite release and iron reduction (Islam et al., 2004), as well as other subsurface 
environments with high arsenic concentrations (Islam et al., 2004; Weldon and MacRae, 
2006; Lear et al., 2007; Héry et al., 2010). The composition of Desulfuromonadales 
communities varied between the 24 investigated groundwater wells, and often several 
Desulfuromonadales sequences were detected in a sample. Other studies also revealed that 
phylotypes belonging to the Desulfuromonadales can co-exist and their occurrences vary 
over sampling points, such as in a gradient of metal contaminants in Lake Coeur d’Alene 
(Cummings et al., 2003), and aquifers contaminated by uranium (Holmes et al., 2007), or 
landfill leachate (Lin et al., 2005). Our data suggest that generally species of the 
Desulfuromonadales coexisted and formed a pool of functionally redundant microorganisms 
(with respect to iron reduction).  

While several Geobacter species can also reduce arsenate (Héry et al., 2010; Ohtsuka 
et al., 2013), and Geobacter-related dissimilatory arsenate reductase (arrA) genes were 
abundant in several anaerobic, arsenate-rich aquifers (Héry et al., 2010; Giloteaux et al., 
2013), we did not encounter arrA sequences closely related to Geobacter. The primer set we 
employed (Malasarn et al., 2004) has its limitation in detection and often results in aspecific 
products or no amplification at all (Kulp et al., 2006). However, the use of other primer pairs 
(Kulp et al., 2006; Song et al., 2009) did not improve our results as we observed either 
multiple, non-specific bands or no amplification. The majority of the arrA-like gene 
sequences we detected were novel and might belong to yet uncharacterized arsenate-reducing 
species; they were generally most closely related to arrA sequences derived from arsenical 
microbial mats in Poland (Drewniak et al., 2012), a fixed-bed bioreactor (Upadhyaya et al., 
2012) and an arsenic-rich basin fill aquifer in the US (Mirza et al., 2014). Other researchers 
also found unique phylotypes (Kulp et al., 2006; Mirza et al., 2014). Arsenate reductase 
(arrA) gene diversity was low in the investigated samples here, while other studies on 
arsenic-rich aquifers revealed higher alpha-diversity (Song et al., 2009; Héry et al., 2010; 
Giloteaux et al., 2013; Mirza et al., 2014). Apart from dissimilatory reduction via ArrA, 
arsenate can also be reduced via ArsC, as a means to detoxify arsenate. However, ArsC is 
unable to reduce adsorbed arsenate, while ArrA can reduce both absorbed and dissolved 
arsenate and is considered the dominant mechanism for arsenate reduction (Macur et al., 
2004, Cavalca et al., 2013).  

Hydrological, geochemical, and hydrochemical evidence indicates that arsenic is 
released near the surface in Bangladesh and is then transported along groundwater flow paths 
to the depths (30-50 m) where most wells extract drinking water with high arsenic 
concentrations (Polizzotto et al., 2005, Polizzotto et al., 2006). This may explain our 
inability to detect arrA genes most closely related to those of Geobacter species, as well as 
the observation that we could only detected iron-reducing Geobacteraceaea and 
Desulfuromonadaceae after a specific PCR and not by the general 16S rRNA gene survey: 
reductive dissolution of iron and arsenic does not occur significantly at well depth 
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(Polizzotto et al., 2006). Like the observed iron and arsenic, also the microorganisms 
contributing to their release are possibly transported to well depths and are not active there. 

Besides a broad potential for the mobilization of arsenic by iron- and arsenate-
reducing microorganisms, also the ability to oxidize arsenite and ferrous iron under 
anaerobic conditions appears widespread. In several districts high nitrate concentrations up to 
25 mg/L were present, under these conditions members of Geobacteraceae can oxidize 
ferrous iron with nitrate (Finneran et al., 2002). 16S rRNA and aioA gene analysis revealed 
the extensive occurrence of Acidovorax, Dechloromonas and other denitrifying genera that 
contain members capable of nitrate-dependent ferrous iron and/or arsenite oxidation (Carlson 
et al., 2013; Chakraborty and Picardal, 2013). It has recently been suggested that nitrate-
dependent iron oxidation is an innate property of all nitrate-respiring microorganisms 
(Carlson et al., 2013). Arsenite tolerant, anaerobic ferrous iron-oxidizing bacteria can 
produce highly crystalline ferric iron minerals, which may have arsenate adsorbed, that are 
only slowly reduced by iron-reducing bacteria and therefore stimulate the permanent 
immobilization of arsenic (Lear et al., 2007; Hohmann et al., 2009). Arsenite oxidase 
sequences most closely related to iron-oxidizing Acidovorax were frequently observed in the 
investigated groundwater samples, indicating the potential for arsenic-removal from 
groundwater under denitrifying conditions in Bangladesh.  

The potential for chemolithotrophic iron oxidation with oxygen was equally 
widespread, based on specifically targeting Gallionella as well as the general 16S rRNA 
gene-based survey. These organisms play an important role in the formation of ferric 
(oxyhydr)oxides under neutrophilic and microaerophilic conditions (Weber et al., 2006; 
Wang et al., 2012b). DGGE profiles and phylogenetic analysis suggested limited diversity in 
Gallionella: samples were dominated by a single phylotype and the 19 samples only revealed 
a total of five different phylotypes. Low alpha- and beta-diversity of Gallionella was also 
reported for wetland samples from Belgium and The Netherlands (Wang et al., 2009; Wang 
et al., 2012a) and in a groundwater storage system in Bangladesh (Sultana et al., 2011; Gorra 
et al., 2012). Previous studies have shown that iron-oxidizing Gallionella and Sideroxydans 
are common to aquifers in Bangladesh (Sultana et al., 2011; Gorra et al., 2012). Possibly, 
they can also contribute to iron oxidation under nitrate-reducing conditions: a 
lithoautotrophic iron-oxidizing nitrate-reducing consortium was dominated by a phylotype 
that was 95% identical to Sideroxydans lithotrophicus and this phylotype was postulated to 
be primarily responsible for iron oxidation in the enrichment culture (Blöthe and Roden, 
2009). In turn, some nitrate-reducing strains can also use molecular oxygen as electron 
acceptor to facilitate ferrous iron oxidation (Benz et al., 1998). The role and effectiveness of 
Gallionella in arsenic removal from water by producing ferric (oxyhydr)oxides has been 
established (Katsoyiannis and Zouboulis, 2004). 

Arsenite oxidation converts arsenite into less mobile and less toxic arsenate. Arsenite 
oxidases (Aio) are involved in autotrophic and heterotrophic arsenic oxidation under aerobic 
and anaerobic conditions (Cavalca et al., 2013). As the aioA gene is well conserved, it is 
widely used to study the diversity of the polyphyletic arsenite oxidizers (Quéméneur et al., 
2010). The moderate diversity in AioA amino acid sequences observed here, with 2-6 
phylotypes per sample and in total 12 different phylotypes revealed in seven clone libraries, 
has also been observed in other cultivation-independent studies on arsenic-contaminated 
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groundwater, sediments and soils, that generally involved fewer samples (Inskeep et al., 
2007; Rhine et al., 2007; Fan et al., 2008; Quéméneur et al., 2008; Heinrich-Salmeron et al., 
2011; Drewniak et al., 2012). Likewise, the co-occurrence of AioA most closely related to 
Alphaproteobacteria and to Betaproteobacteria in the same sample has frequently been 
observed, including groundwater in China (Inskeep et al., 2007; Rhine et al., 2007; Fan et 
al., 2008; Quéméneur et al., 2008; Heinrich-Salmeron et al., 2011; Drewniak et al., 2012). 
As chemolithoautotrophic arsenite oxidizers mostly belong to the Alphaproteobacteria and 
their aioA sequences generally cluster separately from those of heterotrophic arsenite 
oxidizers in the Betaproteobacteria (Rhine et al., 2007), both heterotrophic and 
chemolithoautotrophic arsenite oxidizers appear to coexist in the investigated groundwater 
samples. 

The distribution of these different types of arsenite-oxidizing bacteria may associate 
with geological factors and impact arsenic cycling between sediments and groundwater (Fan 
et al., 2008). Chemolithotrophic arsenite oxidizers need copious amounts of arsenite in order 
to produce some biomass as arsenite oxidation yields little energy for growth, while 
heterotrophs use AioA solely for detoxification. Therefore, the activity of chemolithotrophic 
Alphaproteobacteria in arsenite remediation is preferred. However, AioA sequences must be 
used with caution to infer phylogenetic and physiological information about environmental 
arsenite-oxidizing bacteria (Quéméneur et al., 2008). AioA of Betaproteobacterium 
Hydrogenophaga strain CL3, capable of chemolithotrophic arsenite oxidation, clustered with 
AioA of Alphaproteobacteria while AioA sequences of the chemolithotroph 
Betaproteobacterium Thiomonas arsenivorans clustered with those of heterotrophic 
Betaproteobacteria (Quéméneur et al., 2008). Horizontal transfer of aioA genes has been 
postulated (Quéméneur et al., 2008).  

Our 16S rRNA gene sequence data, derived from intense bands in DGGE, were often 
in line with affiliations on basis of aioA genes, for example AioA Phylotype 12 was most 
closely related to Hydrogenophaga defluvii and detected in samples for which also 16S 
rRNA gene-based analysis revealed the presence of Hydrogenophaga. Hydrogenophaga 
species are heterotrophs that can grow chemolithotrophically with hydrogen under aerobic 
conditions. Chemoautotrophic growth with arsenite has been observed (Garcia-Dominguez et 
al., 2008), but this ability appears to depend on the strain as several Hydrogenophaga strains 
did not grow with arsenite as sole source of electrons (Salmassi et al., 2006), suggesting they 
used AioA to detoxify arsenite. AioA phylotype 11 was most closely related to AioA of the 
Acidovorax sp. lineage, for which also 16S rRNA sequences were frequently found. Most of 
the members of Acidovorax are aerobic heterotrophs and are often resistant to arsenic (Lear 
et al., 2007; Hohmann et al., 2009). However, Acidovorax strain NO1 is facultative 
anaerobic and can use nitrate to oxidize arsenic (Inskeep et al., 2007; Huang et al., 2012). 
Other AioA sequences were most closely related to that of Sinorhizobium strain DAO10 
which can oxidize arsenite anaerobically with nitrate (Rhine et al., 2006). The AioA of 
dominantly occurring phylotype 1 was most closely related to AioA of Rhodobacter strain 
SW2. Rhodobacter species are photosynthetic with the capability of iron biomineralization 
(Miot et al., 2009). However, since Rhodobacter sequences were not observed among 16S 
rRNA sequences, the Rhodobacter-like AioA sequence might have been present in another 
genus or only a small percentage of bacteria harboured this aioA gene. Overall, potential for 
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heterotrophic and chemolithoautotrophic arsenite oxidation under aerobic and anaerobic 
conditions appears high in the investigated Bangladeshi drinking water wells. 

Apart from iron- and arsenic-cycling microorganisms, also microorganisms 
performing other redox reactions, such as sulfur-cycling, may impact arsenic and iron 
mobilization and immobilization (Huang, 2014). Sulfur-oxidizing bacteria can grow with 
free or arsenic-bound sulfur, transforming indirectly or directly arsenite and thioarsenates to 
arsenate (Fisher et al., 2007). Sulfide produced by sulfur- and sulfate-reducers can reduce 
ferric iron and arsenate, but also immobilize arsenic by the precipitation of arsenic and iron 
sulfide minerals (Burton et al., 2014, Huang, 2014). High sulfate concentrations are 
generally associated with low arsenic (Fendorf et al., 2010) and indeed out of the three 

samples with high sulfate concentrations, two were very low in arsenic (<10 g/l). However, 
in our general 16S rRNA gene survey we did not detect sulfate-reducing or sulfide-oxidizing 
microorganisms, and also here specific PCR approaches will likely help to reveal their 
presence and diversity. For instance, many members of the Desulfuromonodales, whose 
widespread occurrence and diversity we could only reveal by a PCR approach targeting this 
group, can reduce sulfur (Röling, 2014). 

 

2.4.2  Potential Microbial Contribution to SAR Performance 

We performed our research in the context of the recent introduction of a novel in situ 
technology for subsurface arsenic removal (SAR) from drinking water wells in Bangladesh 
(van Halem et al., 2010). SAR is operated by abstracting groundwater, its above-ground 
aeration and injecting the oxygen-rich water back into the aquifer. An oxygenated zone 
forms around the tubewell which is postulated to generate reactive ferric (oxyhydr)oxides via 
abiotic oxidation of aqueous ferrous ion. These ferric (oxyhydr)oxides precipitate and 
provide a reactive surface to which ferrous iron and arsenic adsorb (Coates et al., 1996; 
Weber et al., 2006). Our molecular analysis indicated that iron- and arsenic-oxidizing 
bacteria co-existed in nearly all the investigated aquifers. These metal-oxidizing 
microorganisms may potentially play a positive role in the in situ arsenic mitigation. 
Chemolithotrophic and heterotrophic arsenite-oxidizing bacteria can utilize molecular 
oxygen under microaerophilic conditions, or nitrate under anaerobic conditions, generating 
arsenate (Cavalca et al., 2013). Arsenate is less toxic and less mobile than arsenite as it 
adsorbs relatively well to solid phases such as iron oxides (Goldberg, 1986; Waychunas et 
al., 1993). Chemolithotrophic ferrous iron-oxidizing bacteria such as Gallionella can help to 
accelerate the arsenic removal efficiency by enhancing the formation of solid iron phases 
through biological iron oxidation. In addition, we retrieved 16S rRNA sequences most 
closely related to the heterotrophic iron oxidizer Leptothrix, whose activities also may 
enhance SAR performance. A community rich in Gallionella and Leptothrix ochracea was 
found to oxidize iron, and possibly arsenite, in a fixed bed filtration unit treating arsenic-
contaminated groundwater with a removal efficiency of arsenate of around 95% under 
optimized experimental conditions (Katsoyiannis and Zouboulis, 2004). Ferric iron 
precipitated at first on the filter and acted as absorbent for the removal of arsenate.  

Leptothrix spp. and heterotrophic arsenite oxidizers may also benefit SAR by 
removing organic carbon during their aerobic growth, so it cannot be used further by the 



59	
Diverse	arsenic‐	and	iron‐cycling	microbial	communities	in	arsenic‐contaminated	aquifers	used	for	drinking	water	
in	Bangladesh	

 

widespread occurring metal-reducing microorganisms once anaerobic conditions evolve, e.g. 
when SAR is stopped or inappropriately operated. Recurring anaerobic conditions may 
stimulate metal-reducing activities and lead to locally enhanced concentrations of toxic 
arsenic by dissolving arsenic-containing iron minerals in the subsurface zone around the 
SAR well.  

Communities differed strongly between the investigated groundwater wells. These 
communities may respond differentially to the implementation of SAR, which subsequently 
may impact SAR performance. For example, tolerance to oxygen varies among Geobacter 
species (Röling, 2014), which may affect their survival and abundances upon SAR 
installation. Diverse communities with high functional redundancy are generally more 
resistant to changes (Allison and Martiny, 2008). High functional redundancy in 
Geobacteraceae might allow for quick response when environmental conditions change, 
such as exposure to oxygen. The diversity among iron oxidizers was low compared to 
arsenite oxidizers, so iron oxidation might be relatively more sensitive to changes.  

DNA-directed analyses indicated the widespread presence and co-occurrence of iron- 
and arsenic-reducing and oxidizing microorganisms in groundwater extracted from drinking 
water wells. RNA- or protein-directed approaches would help to reveal which of these 
microorganisms are already active, or are activated by injection with oxygenated water. 
 



 
 

2.5  Supplementary Information  

Supplementary Table 2.S1 PCR primer pairs used in this study and amplification conditions. 

Target gene Primer 
name 

Sequence (5′→3′)* Product 
size (bp) 

PCR condition References 

Bacteria 16S rRNA 

357F-GC** CCTACGGGAGGCAGCAG 

626 

94°C for 5 min, followed by 35 cycles of 94°C 
for 30 sec, 55°C for 30 sec, and 72°C for 1 min, 
with a final elongation at 72°C for 8 min. 

(Muyzer et al., 1993) 

907r CCGTCAATTCMTTTGAGTTT (Lane et al., 1985) 

Gallionellaceae  
16S rRNA 

122F ATATCGGAACATGTCCGG 
893 

94°C for 5 min, followed by 35 cycles of 94°C 
for 45 sec, 56°C for 20 sec, and 72°C for 1 min, 
and a final elongation at 72°C for 5 min. 

(Wang et al., 2009) 

998R CTCTGGAAACTTCCTGAC 

Desulfuromonadales 
16S rRNA 

8f AGAGTTTGATCCTGGCTCAG 

817 

Touch-down PCR program with following 
steps: After initial denaturation at 94°C for 4 
min, then 20 cycles 94°C for 30 sec, annealing 
from 65°C to 56°C for 1min (decreasing 0.5°C 
per cycle), 72°C for 1 min followed by 15 
cycles at 55°C annealing temperature, with a 
final elongation at 72°C for 5 min. 

(Felske et al., 1997; 
Snoeyenbos-West et 
al., 2000) 

825r TACCCGCRACACCTAGT (Snoeyenbos-West et 
al., 2000; Lovley, 
2006) 

Desulfuromonadales 
16S rRNA DGGE 

357F-GCd CCTACGGGAGGCAGCAG 
193 

94°C for 5 min, after which 35 cycles of 94°C 
for 30 sec, 54°C for 30 sec and 72°C for 1 min, 
with a final elongation phase at 72°C for 8 min. 

(Muyzer et al., 1993) 

518r ATTACCGCGGCTGCTGG 

Arsenite oxidase (aioA) 
AOX-F-A2 TGCATCGTCGGCTGYGGNTAY 

542 
94°C for 5 min, followed by 35 cycles of 94°C 
for 30 sec, 57°C for 30 sec, and 72°C for 1 min, 
with a final elongation at 72°C for 5 min. 

(Zargar et al., 2012) 

AOX-R-E2 TTCGGAGTTATAGGCCGGNCKRTTRTG 

Arsenate respiratory 
reductase (arrA) 

ArrAfwd AAGGTGTATGGAATAAAGCGTTTGTBGGH
GAYTT ~160-200 

94°C for 5 min, followed by 35 cycles of 94°C 
for 30 sec, 50°C for 30 sec, and 72°C for 1 min, 
with a final elongation at 72°C for 5 min. 

(Malasarn et al., 
2004) 

ArrArev CCTGTGATTTCAGGTGCCCAYTYVGGNGT 

Cloning for arsenite 
oxidase (aioA) 

T7  TAATACGACTCACTATAGGG 
682 

94°C for 5 min, followed by 35 cycles of 94°C 
for 30 sec, 50°C for 30 sec, and 72°C for 1 min, 
and a final elongation at 72°C for 8 min. 

(Mead et al., 1986) 

SP6 ATTTAGGTGACACTATAG 

 
**For DGGE analysis, this primer has the GC-clamp at the 5′ end, CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG (Muyzer et al., 1993). 
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Supplementary Table 2.S2 Illustration of statistical data analysis. The example is on relating the 
observed grouping of Gallionellaceae sequences to hydrochemistry. Group numbers refers to the 
phylotypes shown in Fig. 2.5 and indicate which groundwater samples (identified by ID) corresponded 
to a particular phylotype. Group 6 comprises samples which did not reveal the presence of 
Gallionellaceae. The group variable was used in non-parametric analysis of variance (Kruskal-Wallis) 
on hydrochemical parameters (in this example the measured concentrations of As, Fe, Cl, Br, Na and 
K) or the PC scores of the first two axes of the principal component analysis, as shown in Fig. 2.1. 

Group ID District PC1 PC2 As Fe Cl Br Na K 

1 NA1 Sa 0.86 0.45 0.006 9.03 158 0.48 73 28.1 

1 T1 Sa 2.37 1.13 0.248 3.41 444 3.03 335 10.7 

1 Hn Sa 6.85 0.33 0.078 6.53 3284 4.99 1560 34.4 

1 Jn Sa 1.75 -0.20 0.203 8.06 596 1.64 276 6.9 

1 Gp Sa -1.18 -2.60 0.623 16.30 293 1.52 55 6.9 

1 DK8 Co -0.56 -1.32 0.237 4.76 15 0.05 20 9.3 

1 Mat1 Ch -2.47 0.18 0.307 1.07 25 0.17 78 5.1 

1 Mat2 Ch -1.39 0.62 0.141 0.55 221 0.85 145 7.0 

2 K1 Sa 0.27 -0.92 0.000 5.43 1130 3.42 797 20.1 

3 Td Je -0.51 -1.53 0.103 1.91 5 0.05 12 2.5 

3 M1d Je -0.75 -2.58 0.079 1.74 33 0.11 40 5.8 

3 M2s Je -0.86 -2.37 0.303 7.48 19 0.05 23 4.5 

3 Uz Je -0.29 -2.58 0.132 7.72 17 0.05 15 3.1 

4 A1 Sa 2.93 -1.87 0.118 14.30 1528 3.75 243 10.0 

4 Sm Je 1.48 4.25 0.162 7.60 67 0.08 26 2.6 

4 Mn-40.1 Co -2.55 0.44 0.208 5.34 38 0.18 30 8.3 

4 Mn-40.2 Co -3.11 0.00 0.081 8.09 34 0.07 26 6.8 

4 Mn-40.3 Co -3.82 -0.48 0.079 7.09 18 0.10 25 6.4 

5 Ts Je -2.09 -2.19 0.463 11.10 8 0.05 15 3.7 

6 N1 Sa -4.95 6.73 0.005 0.22 96 0.44 378 2.3 

6 NA2 Sa 0.00 -0.32 0.262 3.08 94 0.41 89 5.8 

6 Vu Sa 2.53 -1.38 0.235 6.97 63 0.26 77 4.2 

6 Mu Sa 2.31 2.05 0.000 0.27 1055 3.97 317 2.9 

6 Bp Sa 3.19 4.16 0.003 0.22 2025 1.67 1200 2.3 

 
 



 
 

Supplementary Table 2.S3 Hydrochemistry of the sampled drinking water wells in Bangledesh (indicated by district, subdistrict, name and code of the village in 
which the well is located). Concentrations of the measured are all in mg/L. DO indicates dissolved oxygen, EC electrical conductivity. ND is Not Determined. 
 

 
 
 

District Sub-district Village 
Sample 
ID 

Depth 
(m) pH 

As 
(μg/L)Fe Mn DO NO3 SO4

EC 
(μS/cm) NH4  HCO3 F Cl Br Na  K Ca Mg Al Si B Ba P Se Sr U Zn 

Temp 
( °C) 

  Assasuni 
Assasuni 
sadar A1 14.7 6.78 118 14.3 0.1 0.09 24.5 0.1 330 11.43 235 0.04 1528 3.75 243 10 291 92 0.05 20.5 0.1 1.31 1.49 0.004 1.570 0.033 0.038 29.8 

  Nagda N1 146.3 8.00 4.5 0.22 0.01 0.08 0.05 0.6 1532 0.66 1031 0.27 96 0.44 378 2.3 4 3.3 0.04 6.46 1.4 0.003 2.14 0.003 0.037 0.001 0.022 28.2 
  

Kaliganj 

Nawapara1 NA1 22.9 6.94 6.5 9.03 0.25 0.35 0.08 27.41208 0.45 261 0.05 158 0.48 73 28 123 37 0.11 12 0.1 0.43 0.39 0.002 0.242 0.021 0.018 26.4 
  Tarali T1 48.8 6.75 248 3.41 0.20 0.09 0.06 0.4 1157 15.65 759 1.64 444 3.03 335 11 124 51 0.04 20.4 0.2 0.6 1.41 0.005 0.713 0.019 0.040 27.3 
  Nawapara2 NA2 48.8 6.85 262 3.08 0.14 0.77 2.97 0.2 1146 0.06 381 0.13 94 0.41 89 5.8 110 33 0.03 19.8 0.1 0.36 1.28 0.004 0.484 0.020 0.014 26.8 

Satkhira 
Kaliganj 
sadar K1 21.3 6.81 0.4 5.43 0.22 ND 25.3 386 1817 0.06 1530 0.31 1130 3.42 797 20 51 60 0.07 19.2 0.5 0.09 0.27 0.003 0.351 0.012 0.007 26.7 

(Sa) 

Syamnagar 

Vurulia Vu 29.0 8.02 235 6.97 0.33 0.02 0.40 0.2 954 2.89 326 0.02 63 0.26 77 4.2 105 25 0.09 16.3 0.5 0.23 2.08 0.000 0.426 0.015 0.028 26.4 
  Munshiganj Mu 80.8 6.65 0.02 0.27 2.15 1.17 0.19 2.0 1802 0.07 184 0.61 1055 3.97 317 2.9 255 67 0.07 14.5 0.01 0.17 0.1 0.010 0.976 0.025 0.040 26.4 
  Boropukut Bp 62.5 7.02 2.6 0.22 3.50 0.05 0.05 1.5 6590 0.06 629 1.04 2025 1.67 1200 2.3 117 101 0.08 13.3 0.5 0.37 0.28 0.008 0.907 0.023 0.029 26.5 
  Henchi Hn 54.9 6.56 77.6 6.53 1.01 0.49 0.05 0.1 9480 7.31 385 0.17 3284 4.99 1560 34 311 197 20.8 26.7 0.5 1.53 2.68 0.001 1.980 0.041 0.315 27.1 
  Jaynagar Jn 13.7 6.63 203 8.06 0.17 0.47 0.05 15.82280 0.05 232 0.04 596 1.64 276 6.9 144 37 0.11 16.4 0.1 0.46 2.19 0.000 0.579 0.022 0.079 28.1 
  Gopalpur Gp 27.4 7.79 623 16.3 0.10 0.08 0.07 0.1 1819 17.84 282 0.04 293 1.52 55 6.9 212 66 0.11 17.3 0.1 0.45 2.47 0.004 1.020 0.028 0.042 26.6 
  

Jessore sadar 
Tirerhat Ts 51.8 6.71 463 11.1 1.20 0.08 0.53 0.1 640 2.77 197 0.18 8 0.05 15 3.7 96 20 0.05 16.8 0.02 0.16 0.67 0.001 0.361 0.019 0.022 26 

  Tirerhat Td 176.8 6.35 103 1.91 0.05 0.64 0.45 0.3 676 0.10 257 0.21 5 0.05 12 2.5 90 34 0.04 23.7 0.02 0.14 0.06 0.002 0.316 0.021 0.034 26.8 
Jessore 

Jhikargachha 
Magura M1d 207.3 6.57 78.6 1.74 0.05 0.18 0.11 0.1 925 1.77 368 0.04 33 0.11 40 5.8 123 32 0.03 21.4 0.04 0.20 0.09 0.004 0.507 0.026 0.011 27.0 

(Je) Magura M2s 25.7 6.08 303 7.48 0.06 0.30 0.14 0.1 822 2.98 413 0.04 19 0.05 23 4.5 114 32 0.04 21.1 0.04 0.33 0.67 0.001 0.517 0.019 0.020 26.5 
  Uzzalpur Uz 24.1 6.19 132 7.72 0.52 0.81 0.11 0.1 724 2.52 244 0.09 17 0.05 15 3.1 106 28 0.17 15.9 0.04 0.19 1.94 0.001 0.406 0.014 0.036 26.4 
  Sharsha Samta Sm 36.6 6.25 162 7.60 0.08 0.23 1.04 0.2 870 1.54 211 0.02 67 0.08 26 2.6 125 30 0.38 19.9 0.03 0.36 1.29 0.004 0.432 0.018 0.018 26.4 
  

Muradnagar 
Payob1 Mn-40.1 14.3 6.61 208 5.34 0.16 0.48 20.6 0.1 664 0.01 395 0.45 38 0.18 30 8.3 39 43 0.26 14.0 0.1 0.002 0.2 0.005 0.295 0.005 0.005 26.3 

Comilla Payob2 Mn-40.2 21.3 6.3 81.2 8.09 0.19 0.28 14. 7 0.1 712 0.12 322 0.85 34 0.07 26 6.8 34 34 0.17 15.3 0.07 0.002 0.02 0.002 0.264 0.003 0.010 26.4 
(Co) Payob3 Mn-40.3 22.9 6.14 78.8 7.09 0.17 1.12 14.2 0.1 593 0.01 344 0.17 18 0.10 25 6.4 31 32 0.17 16.8 0.06 0.001 0.01 0.000 0.238 0.004 0.003 26.5 
  Daudkandi Daudkandi DK8 24.4 6.1 237 4.76 0.14 0.53 0.06 0.1 560 2.64 425 0.15 15 0.05 20 9.3 40 48 0.18 14.6 0.14 0.07 2.7 0.003 0.345 0.013 0.008 26.3 

Chandpur Matlab  Narayanpur Mat1 16.8 6.38 306 1.07 0.09 3.60 3.03 0.2 ND 0.02 380 0.22 25 0.17 78 5.1 34 26 0.08 13.7 0.07 0.03 0.94 0.000 0.261 0.012 0.004 ND 
(Ch) Mat2 29.0 6.05 141 0.55 0.02 3.41 11.3 0.5 ND 0.05 309 0.28 221 0.85 145 7.0 48 32 0.03 18.8 0.08 0.05 0.37 0.002 0.325 0.013 0.003 ND 
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Supplementary Table 2.S4 Identification of bacterial 16S rRNA sequences of excised DGGE bands as 
shown in Fig. 2.2. Band ID indicates the sample ID and the number of the excised band (B). 

Band ID Most closely related isolate (accession number) 
Nucleotide 
similarity 

Affiliation 

A1-B2 Dechloromonas sp. UKPF6b (AB769215) 556/562(99%) Betaproteobacteria 

A1-B3 Sideroxydans lithotrophicus str. LD-1 (DQ386859) 569/586(97%) Betaproteobacteria 

A1-B6 Arthrobacter sp. bact13 (KC522130) 533/537(99%) Actinobacteridae 

N1-B7 Methylomonas sp. LW21 (AF150800) 580/582(99%) Betaproteobacteria 

N1-B8 Pseudomonas pseudoalcaligenes str.23 (EU780001) 568/584(97%) Gammaproteobacteria 

N1-B9 Thiobacillus sayanicus str. 1HG (DQ390446) 585/587(99%) Betaproteobacteria 

N1-B11 Hydrogenophaga sp. R025N (KC252853) 569/572(99%) Betaproteobacteria 

NA1-B14 Sideroxydans lithotrophicus str. LD-1 (DQ386859) 557/575(97%) Betaproteobacteria 

T1-B17 Acidovorax caeni str. R-24607 (AM084011) 555/564(98%) Betaproteobacteria 

T1-B18 Ideonella sp. R53-1 (KC464860) 568/574(99%) Betaproteobacteria 

T1-B19 Caenibacterium sp. HY10(2010) (HM579801) 566/575(98%) Betaproteobacteria 

NA2-B25 Methylotenera mobilis JLW8 (NR_102842) 573/588(97%) Betaproteobacteria 

NA2-B27 Clostridium sp. DSN11 (KC331170) 505/566(89%) Firmicutes 

NA2-B29 Arsenite-oxidizing bacterium NT-14 (AY027497) 585/589(99%) Betaproteobacteria 

K1-B30  Acinetobacter radioresistens str. MMC5 (KC107828) 541/553(98%) Gammaproteobacteria 

K1-B31 Exiguobacterium mexicanum str. W8 (KC840826) 560/560(100%) Firmicutes 

Mn-40.1-B33  Dechloromonas sp. UKPF6b (AB769215) 559/566(99%) Betaproteobacteria 

Mn-40.1-B35 Sideroxydans lithotrophicus str. LD-1 (DQ386859) 566/583(97%) Betaproteobacteria 

Mn-40.2-B36  Acinetobacter sp. 2-2 (HQ285877) 573/575(99%) Gammaproteobacteria 

Mn-40.2-B38  Sideroxydans lithotrophicus str. LD-1 (DQ386859) 538/554(97%) Betaproteobacteria 

Mn-40.3-B40 Rhodocyclales bacterium TP139 547/563(97%) Betaproteobacteria 

Mn-40.3-B42 Vogesella perlucida str. GR-9 (HE614874) 527/557(95%) Betaproteobacteria 

Mn-40.3-B43 Acidovorax delafieldii str. N035b (KC252710) 576/580(99%) Betaproteobacteria 

Vu-B45  Curvibacter sp. UKPF43 (AB769213) 571/572(99%) Betaproteobacteria 

Vu-B47 Denitrifying Fe-oxidizing bacteria (U51102) 540/552(98%) Betaproteobacteria 

DK8-B49 Bacillus horikoshii str. M8 (KC686697) 559/559(100%) Firmicutes 

DK8-B51 Acidovorax delafieldii str. N035b (KC252710) 491/500(98%) Betaproteobacteria 

Mu-B52 Porphyrobacter sp. MCC-T (JF279925) 527/539(98%) Alphaproteobacteria 

Mu-B53 Silanimonas sp. AK13 (HE573746) 521/552(94%) Gammaproteobacteria 

Bp-B1 Shewanella decolorationis str. M30 (KC593547) 568/572(99%) Gammaproteobacteria 

Bp-B4 Silanimonas sp. AK13 (HE573746) 542/571(95%) Gammaproteobacteria 

Hn-B5 Clostridium sp. AN-AS8 (FR872934) 477/525(91%) Firmicutes 

Hn-B10 Hydrogenophaga bisanensis str. K102 (NR_044268) 531/548(97%) Betaproteobacteria 

Hn-B12 Hydrogenophaga sp. p3(2011) (HQ652595) 577/582(99%) Betaproteobacteria 

Hn-B13 Desulfuromonas sp. TZ1 (JX258673) 549/563(98%) Deltaproteobacteria 

Jn-B15 Bacteroidetes bacterium 4F6B 508/556(91%) Bacteroidetes 

Jn-B16 Methylovorus glucosetrophus SIP3-4 (NR_074789)  561/587(96%) Gammaproteobacteria 

Jn-B20  Legionella sp. W10-070 (HE613855) 524/590(89%) Gammaproteobacteria 

Jn-B21 Dechloromonas sp. ECC1-pb1 (GU202936) 560/564(99%) Betaproteobacteria 

Jn-B22 Hydrogenophaga sp. EMB 75 (DQ413154) 580/585(99%) Betaproteobacteria 

Ts-B28 Denitrifying Fe-oxidizing bacteria (U51102) 571/574(99%) Betaproteobacteria 

Ts-B26 Leptothrix sp. HME6321 (HM590834) 576/585(98%) Betaproteobacteria 

Ts-B24 Acidovorax caeni str. R-24607 (AM084011) 517/536(96%) Betaproteobacteria 

(Continued) 
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Td-B32 Comamonas sp. KR1.10 (JQ912536) 566/573(99%) Betaproteobacteria 

Td-B34 Curvibacter sp. W2.09-301r (JX458451) 571/575(99%) Betaproteobacteria 

M1d-B37 Methylovorus glucosetrophus SIP3-4 (NR_074789) 549/574(96%) Gammaproteobacteria 

M1d-B39 Acidovorax caeni str.R-24607 (AM084011) 557/572(97%) Betaproteobacteria 

M1d-B41 Denitrifying Fe-oxidizing bacteria (U51102) 546/551(99%) Betaproteobacteria 

Gp-B44 Clostridium sp. Str. P6 (AY949857) 503/525(96%) Firmicutes 

Gp-B46 Hydrogenophaga sp. EMB 75 (DQ413154) 541/555(97%) Betaproteobacteria 

Gp-B48 Acidovorax caeni str. R-24607 AM084011 551/580(95%) Betaproteobacteria 

Gp-B50 Hydrogenophaga sp. A9 (EF179863) 559/565(99%) Betaproteobacteria 

Gp-B54 Denitrifying Fe-oxidizing bacteria (U51102) 544/550(99%) Betaproteobacteria 

Sm-B55 Clostridium sporogenes str. CL3 (JF836014) 506/566(89%) Firmicutes 

Sm-B56 Leptothrix sp. HME6321 (HM590834) 576/585(98%) Betaproteobacteria 

Sm-B57 Denitrifying Fe-oxidizing bacteria (U51102) 545/549(99%) Betaproteobacteria 

Mat1-B58 Bacillus fumarioli str. C-ZJB-12-70 (KC354687) 550/552(99%) Firmicutes 

Mat2-B23 Albidiferax sp. IMCC1723 (DQ664242) 528/540(98%) Betaproteobacteria 
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Supplementary Fig. 2.S1 Map of Bangladesh, showing the 24 sampled drinking water wells used in 
this study. See Table 2.1 for more details on sampling IDs.   

Satkhira District

Jessore District

Chandpur District

Comilla District
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Supplementary Fig. 2.S2 Phylogenetic analysis of bacterial 16S rRNA gene sequences (548 
unambiguously aligned nucleic acid positions) retrieved from excised DGGE bands (see Fig. 2.2). 
Sequence names consist of the sample ID (see Table 2.1) followed by DGGE band numbers and district 
codes (see Fig. 2.2). Colors indicate the four districts: Satkhira (dark red), Jessore (blue), Comilla 
(purple), and Matlab (deep green), from which samples were analyzed. Trees are constructed by 
neighbor-joining and bootstrap values (1000 replications) are indicated at the interior branches. The 
scale bar represents 2% sequence divergence.  
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Supplementary Fig. 2.S3. DGGE (30-
55%) profiles of 16S rRNA gene PCR 
fragments corresponding to Gallionella 
like iron-oxidizing bacteria and 
obtained from 19 groundwater samples 
in Bangladesh. A marker (M12) 
consisting of a mixture of 12 different 
bacterial 16S rRNA gene fragments 
was used along with the samples. The 
sample IDs refers the location of the 
drinking water well (see Table 1 for 
details, and Supplementary Fig. S1 for 
location). Colors indicate the four 
districts: Satkhira (dark red), Jessore 
(blue), Comilla (purple), and Matlab 
(deep green), from which samples were 
analyzed. Samples have been ordered 
on the basis of phylotype, using 
GelCompar II (Applied Maths, Gent, 
Belgium). 
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Abstract 

The activities of iron-oxidizing and reducing microorganisms impact the fate of arsenic in 
groundwater. Phylogenetic information cannot exclusively be used to infer the potential for 
iron oxidation or reduction in aquifers. Therefore, we complemented a previous cultivation-
independent microbial community survey covering 22 arsenic-contaminated drinking water 
wells in Bangladesh, with the characterization of enrichments of microaerophilic iron 
oxidizers and anaerobic iron reducers, conducted on the same water samples. All investigated 
samples revealed a potential for microbial iron oxidation and reduction. Microbial 
communities were phylogenetically diverse within and between enrichments as was also 
observed in the previous cultivation-independent analysis of the water samples from which 
these enrichments were derived. Enrichment uncovered a larger diversity in iron-cycling 
microorganisms than previously indicated. The iron-reducing enrichments revealed the 
presence of several 16S rRNA gene sequences most closely related to Acetobacterium, 
Clostridium, Bacillus, Rhizobiales, Desulfovibrio, Bacteroides and Spirochaetes, in addition 
to well-known dissimilatory iron-reducing Geobacter and Geothrix species. Although a large 
diversity of Geobacteraceae was observed, they comprised only a small part of the iron-
reducing consortia. Iron-oxidizing gradient tube enrichments were dominated by 
Comamonadaceae and Rhodocyclaceae instead of Gallionellaceae. Forty-five percent of 
these enrichments also revealed the presence of the gene encoding arsenite oxidase, which 
converts arsenite to less toxic and less mobile arsenate. Their potential for ferric 
(oxyhydr)oxides precipitation and arsenic immobilization make these iron-oxidizing 
enrichments of interest for rational bioaugmentation of arsenite-contaminated groundwater. 

 

3.1  Introduction  

Iron exists in groundwater systems predominantly in the ferrous [Fe(II)] and ferric [Fe(III)] 
state (Chapelle 2001). At or above circumneutral pH, ferric iron primarily occurs as insoluble 
iron (oxyhydr)oxide minerals of various formulae such as and more complex than FeOOH. 
Below pH 4.0 or sub-aerobic conditions, ferrous iron exists as hydrated Fe2+ and FeOH+ and 
is thereby relatively soluble in water and mobile (Weber et al. 2006a). At pH 7, Fe(II) is still 
more soluble than Fe(III). Microorganisms play a role in the cycling between the two redox 
states and thereby influence the mobility of the iron. Oxidation of organic carbon by 
heterotrophic iron-reducing bacteria is the dominant mechanism for ferric iron reduction in 
anaerobic groundwater systems (Lovley and Anderson 2000, Weber et al. 2006b). In 
contrast, chemolithotrophic microorganisms can obtain energy through the oxidation of 
ferrous iron in aerobic acidic environments (Clarke et al. 1997, Kozubal et al. 2008), at 
neutral pH under microaerophilic conditions (Emerson and Weiss 2004, Hallberg and Ferris 
2004) or under nitrate-reducing conditions (Weber et al. 2006a). 

Iron can create, directly or indirectly, a number of nuisances in the extraction and 
human use of groundwater. Its oxidation can cause significant clogging problems in drinking 
water extraction (Ghiorse 1984, Emerson and De Vet 2015). Although iron is not considered 
to cause health problems in humans, its presence in potable water is rather unpleasant due to 
its rusty taste, the bad odors it spreads, and its tendency to stain clothing red. The emergence 
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of red water in drinking water distribution systems might be caused by the activity of 
microaerophilic iron oxidizers, leading to extensive precipitation of iron (oxyhydr)oxides  (Li 
et al. 2010).  

Furthermore, the microbial mediated redox cycling of iron significantly influences the 
mobilization of toxic elements such as arsenic (Zobrist et al. 2000, Islam et al. 2004, 
Oremland and Stolz 2005). Several studies have documented a moderate to strong correlation 
between ferrous iron and arsenic in groundwater (e.g. Nickson et al. 2000, McArthur et al. 
2001, Höhn et al. 2006). Arsenic is highly toxic to humans (Lloyd and Oremland 2006). 
Natural arsenic contamination in drinking water is a major concern for public health in 
Bangladesh and other countries in South and Southeast Asia, where people drink arsenic-
contaminated groundwater (Yu et al. 2003). This iron and arsenic is released into the 
groundwater due to the reductive dissolution of iron minerals containing arsenic (Islam et al. 
2004). In contrast, aqueous arsenic contamination can be removed through biological 
oxidation of ferrous iron, as the precipitating ferric (oxyhydr)oxides bind arsenic 
(Katsoyiannis and Zouboulis 2004).  

Thus, the activity of iron-reducing and oxidizing microorganisms indirectly affects 
arsenic concentrations in groundwater, in addition to the activity of specific microorganisms 
directly involved in the biogeochemical cycling of arsenic: arsenate-reducing bacteria 
releasing arsenite [As(III)] and arsenite-oxidizing bacteria producing arsenate [As(V)] which 
is less toxic, less mobile and binds better to ferric (oxyhydr)oxides than arsenite (Cavalca et 
al. 2013). Knowledge on the microbial ecology of the iron cycle in relation to the generation 
and remediation of arsenic-contaminated drinking water in South and Southeast Asia is still 
limited, in particular with respect to iron oxidation potential. Previously, we sampled 24 
drinking water wells from 4 districts in Bangladesh and conducted a cultivation-independent 
16S rRNA gene-based survey, in order to obtain insight into the occurrence of 
microorganisms with potential for iron cycling (Chapter 2, Hassan et al. 2015). However, 
16S rRNA gene-based molecular techniques do not necessarily inform on the physiological 
traits of the identified microorganisms. The capability to reduce iron is spread over many 
bacterial and archaeal genera, and within several of these genera some members do reduce 
iron while others do not (Lovley et al. 2004). Furthermore, it has become evident that the 
capability to oxidize iron is present in more genera than previously thought (Hedrich et al. 
2011).  

Therefore, in order to understand the role of iron cycling in arsenic-contaminated 
groundwater, it appeared essential to follow up our previous cultivation-independent work on 
iron cycling with cultivation studies. Accordingly, this study aims to survey the abundance, 
distribution and diversity of cultivatable iron-oxidizing and iron-reducing microorganisms in 
arsenic-contaminated drinking water wells in Bangladesh. We hypothesized that a diverse 
range of cultivatable iron-cycling microorganisms is present in arsenic-contaminated 
groundwaters in Bangladesh. We also hypothesized that enrichment would reveal iron-
cycling microorganisms that had not been identified on the basis of our previous (Chapter 2) 
cultivation-independent analysis (Hassan et al. 2015) of the very same 22 samples 
investigated here. Furthermore, we investigated metabolic flexibility by determining the 
presence of arsenite oxidase (aioA) and arsenate reductase (arrA) genes which would 
indicate the potential of the enrichments to oxidize arsenite or reduce arsenate, respectively. 
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3.2  Materials and Methods  

3.2.1  Field Sampling  

Between August 2011 and March 2012, a total of 22 groundwater samples were 
collected from shallow and deep tubewells from the Satkhira, Jessore and Comilla districts in 
Bangladesh (Table 3.1 (Chapter 2, Hassan et al. 2015). Anaerobic groundwater samples were 
collected in sterile serum glass bottles by letting the bottles overflow, after three volumes of 
standing water in each tubewell had been removed by hand pumping. Bottles with 
groundwater samples for culturing were capped with as little headspace as possible and 
transferred to the laboratory, where they were stored for less than 24 h at 4°C. Details on the 
hydrochemistry of these samples were reported in our previous study (Chapter 2, Hassan et 
al. 2015), with key features indicated in Table 3.1. All samples were anaerobic, with pH 
values between 6.1 and 8.0.  

 

3.2.2  Enrichment of Microaerophilic Iron-oxidizing Microorganisms 

A gradient tube cultivation approach with opposing gradients of oxygen and ferrous iron was 
employed to enrich and maintain microaerophilic iron oxidizers (Emerson and Floyd 2005). 
Modified Wolfe’s Mineral Medium (MWMM) consisted of the following ingredients (in g l-1 
distilled water): NH4Cl, 1.0; MgSO4.7H2O, 0.2; CaCl2.2H2O, 0.1; K2HPO4, 0.05; and 
NaHCO3, 4.2. The system consisted of two layers of agarose in 16 mm screw cap glass tubes 
(Wang et al. 2009). The bottom layer contained 1.0 ml of FeS or FeCO3 solution and 
MWMM at a ratio of 1:1, amended with 1% (wt/vol) agarose. FeCO3 and FeS stock solutions 
were prepared according to Hallbeck et al. (1993) and Emerson and Floyd (2005), 
respectively. The top layer consisted of 5.0 ml of MWMM supplemented with 5 µl of 
vitamin solution (medium 141, DSMZ: Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH) and trace element solution each (medium 141, DSMZ), stabilized with 
0.15% (wt/vol) agarose. Before autoclaving, the solutions for the upper layer were mixed 
with 0.5 ml of 50 mM NaHCO3 and flushed with CO2 for 2-3 min to attain a final pH of 6.4. 
The gradient tubes were inoculated ~24 h after preparation, to facilitate the diffusion of 
ferrous iron into the top layer where bacterial growth occurs. Tenfold serial dilutions (up to 
10-3) of groundwater samples in sterile 0.85% NaCl solution were inoculated into gradient 
tubes. The tubes were inoculated just above the iron plug by pulling a micropipette vertically 
through the medium while the inoculum (10 µl) was added slowly from the micropipette. 
Abiotic controls were prepared without bacteria (an uninoculated control and a control 
inoculated with 10µl sterile 0.85% NaCl), in order to distinguish between abiotic and biotic 
iron oxidation. Tubes were incubated in the dark at 28°C for 2-3 weeks. Microbial growth in 
the gradient tube was identified by the formation of a discrete brownish iron oxide band, 
after visual comparison to the more diffused bands that typically develop due to chemical 
oxidation of ferrous iron in abiotic control tubes (Supplementary Fig. 3.S1a). Three to four 
serial transfers (each followed by 2-3 week incubation) were performed to obtain the 
dominant iron oxidizers; a sterile inoculating needle was used to extract cell material from 
the discrete brownish band and to transfer this material into a fresh tube. A Pasteur pipette 
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was used to obtain bacterial cell material (~0.5-1.0 ml) for molecular analysis. Cell material 
was centrifuged and pellets were stored at –20°C until DNA extraction. 

 

3.2.3  Enrichment of Anaerobic Iron-reducing Microorganisms 

Strictly anaerobic techniques were used to enrich iron-reducing microorganisms. The anoxic 
basal medium was based on Lin et al. (2007) and contained (in g l-1 distilled water): KCl, 
0.1; NH4Cl, 1.5; NaH2PO4, 0.6; NaHCO3, 2.5; Na2WO4.2H2O, 0.00025; 10 ml of trace 
element solution, and 10 ml of vitamin solution (medium 141, DSMZ), amended with 2.0 
mM Na lactate and 3.0 mM Na acetate. A 100 mM stock solution of Fe(III)–NTA was 
prepared by dissolving 1.64 g of NaHCO3, 0.256 g of trisodium nitrilotriacetic acid (NTA), 
and 2.7 g of FeCl3 .6H2O in water, to a final volume of 100 ml. The solution was made 
anoxic by purging with a O2-free mix of N2 and CO2 (80/20%), filter sterilized and stored in 
an anaerobic, sterile serum bottle (Liu et al. 2002). We used Fe(III)–NTA (final conc. 5.0 
mM) as electron acceptor, resazurin dye (0.0005 g/l) as an indicator for the presence of 
oxygen, and 0.1 mM cysteine as oxygen scavenger. Anaerobic medium was prepared in 
serum vials sealed with butyl rubber septa and crimped with aluminium caps. The basal 
medium was flushed with a mix of N2 and CO2 (80/20%). Iron-reducing enrichments were 
performed on nine groundwater samples (Table 3.1). One milliliter of sample was inoculated 
into an anaerobic serum vial containing 9 ml of medium. These cultures were tenfold serial 
diluted up to 10-3 in the same medium and incubated in the dark at 28°C for 2-3 weeks. 
Positive iron reduction (medium turning colorless) was inferred by comparison with an 
uninoculated control (no color changes) (Supplementary Fig. 3.S1b). The highest dilution 
revealing iron reduction was used to inoculate fresh medium (2% vol/vol) and incubated 
again. This procedure was repeated three to four times.  

For molecular analysis, iron-reducing cultures were vacuum-filtered over 45-mm-
diameter, 0.2 µm pore size nitrocellulose membrane filters (Millipore, Billerica, MA, USA) 
and frozen at –20°C until DNA isolation. 

 

3.2.4  DNA Extraction  

DNA was extracted using the soil DNA extraction kit (Mo BIO Laboratories Inc, Carlsbad, 
CA, USA) according to manufacturer’s instructions. DNA was stored at –20°C. 

 

3.2.5 16S rRNA Gene-based Profiling of Bacterial, Gallionellaceae and 
Desulfuromonodales Communities  

Partial 16S rRNA gene sequences of bacteria, iron-oxidizing Gallionellaceae, and iron-
reducing Desulfuromonodales were amplified for denaturing gradient gel electrophoresis 
(DGGE) analysis, using the same primers and amplification conditions as in our previous 
study (Chapter 2, Hassan et al. 2015; Supplementary Table 2.S1). For bacteria, primer set 
357F-GC clamp and 907r was used. The 16S rRNA gene fragments of Gallionellaceae were 
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obtained with a nested PCR approach (Wang et al. 2009) using primer set 122F and 998R in 
the first round of amplification, followed by primer set 357F-GC and 907r in the second 
round, after diluting (1:100) the first round PCR products. A Desulfuromonadales-specific 
primer set (8f and 825r) was employed to amplify a 0.8 kb 16S rRNA gene fragment 
(Snoeyenbos-West et al. 2000). The order Desulfuromonadales comprises the iron-reducing 
families Geobacteraceae and Desulfuromonadaceae (Röling 2014). However, when 
Snoeyenbos-West et al. (2000) developed their primers, members of current 
Desulfuromonadaceae were still included in the family Geobacteraceae. PCR products were 
then diluted (1:100) and used for the second round of amplification using bacteria-specific 
primers 357F–GC and 518r. Each PCR reaction was carried out using 25 µl (total volume) of 
mixture containing 12 µl of GoTaq (Promega, Madison, WI, USA) ready Master Mix, 1 µl of 
each primer (0.4 µM final concentration), 8 µl of nuclease free water (Promega) and 3 µl of 
undiluted DNA as template.  

DGGE was carried out using a DcodeTM Universal Mutation Detection System (Bio 
Rad Laboratories, CA, USA). PCR product was loaded onto a 1 mm thick 8% (wt/vol) 
polyacrylamide (ratio of acrylamide to bisacrylamide, 37.5:1) gel containing a linear gradient 
of 30–55% of urea–formamide. The running conditions were 200 V at a constant temperature 
of 60°C in 1× TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM Na-EDTA, pH 8.0) for 4 
h. The gels were stained in 1× TAE buffer containing 1 µg/ml of ethidium bromide and 
visualized using a UV transilluminator. To aid in the normalization of and comparison 
between gels, a DGGE marker (M12) with 12 bands at various positions was added to the 
external lanes of the gels, as well as to lanes in between every four samples. All gels to 
fingerprint a particular group of bacteria were run on the same day. The average between-gel 
similarity of the marker was 92%, with 3% standard deviation.  

Bands were excised using sterile wide mouth blunt tips. Excised DNA bands were 
suspended in 1× TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) and stored overnight at 
4°C. One microliter of suspension was used as a template in the aforementioned PCR, using 
primers without GC clamp. Products were checked on 1.5% agarose gels and sequenced 
(Macrogen, Amstelveen, The Netherlands). 

 

3.2.6  Analysis of Potential for Arsenic Metabolism in Enrichments  

A degenerate oligonucleotide primer set was used to amplify the gene encoding arsenite 
oxidase, aioA (Chapter 2, Hassan et al. 2015; Supplementary Table 2.S1). Partial arsenate 
respiratory reductase (arrA) genes were amplified using primers ArrAfwd and ArrArev 
(Supplementary Table 2.S1). Amplification often yielded faint arrA products, consisting of 
multiple bands. Bands with the expected size (~160-200 bp) were cut from 2% low melting 
point agarose gels, reamplified and rechecked by agarose gel electrophoresis. aioA and arrA 
products were subjected to sequencing (Macrogen, Amstelveen, The Netherlands). 
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3.2.7  Phylogenetic Analysis  

Sequences were aligned with ClustalW using default settings and were manually edited. 
Phylogenetic analyses were performed with MEGA 4 (Tamura et al. 2007). Nucleotide 
distance and amino acid Poisson correction analyses were performed through Maximum 
Composite Likelihood computation and trees were constructed using the neighbor-joining 
method with a bootstrap value of 1000 replicates. Gene sequences have been deposited in 
GenBank under accession numbers: KR095355 to KR095423 (bacterial 16S rRNA genes), 
KR095424 to KR095433 (aioA), and in the DDBJ database under accession numbers: 
LC043403 to LC043406 (arrA) and LC043407 to LC043433 (Desulfuromonadales-like 16S 
rRNA gene sequences).  

 

3.2.8  Statistical Analysis  

Quantitative analysis of DGGE profiles was performed with GelCompar II (Applied Maths, 
Belgium) (van Verseveld and Röling 2004). Similarities between profiles were calculated 
using the Pearson correlation coefficient, and visualized by the unweighted paired group 
clustering method with arithmetic means (UPGMA). The observed clusters of enrichments 
were related to hydrochemical characteristics of the groundwater from which these 
enrichments were derived, using non parametric analysis of variance (Kruskal-Wallis) as 
described in our previous study (Chapter 2, Hassan et al. 2015). 

 

3.3  Results 

3.3.1  Characterization of Microaerophilic Iron-oxidizing Enrichments  

All microaerophilic iron-oxidizing enrichments initiated with groundwater samples from 22 
drinking water wells revealed iron oxidation within 7 days of incubation, most often at the 
highest dilution (10-3) tested (Table 3.1, Supplementary Fig. 3.S1a). DGGE analysis after 
four serial transfers of these enrichments revealed that fingerprints were generally dominated 
by a few brightly stained bands and several less intense bands (Fig. 3.1a: 1 to 4 bright bands 
per profile). Considerable variation between community profiles was observed: the 
fingerprints grouped into six clusters, at a 60% cut-off value (Fig. 3.1a). No significant 
correlation was detected between these clusters and the hydrochemical characteristics of the 
groundwater from which the enrichments were derived (all p > 0.05; Kruskal-Wallis). 
  



 
 

Table 3.1 Enrichment of iron cycling microorganisms initiated from 22 drinking water wells in Bangladesh (indicated by sample code or ID, name of the village in 
which the well is located, district, well depth and physicochemical parameters). Microaerophilic iron oxidizers and anaerobic iron reducers were investigated. The 
column ‘dilution factor’ presents the highest serial tenfold dilution at which still growth was observed. Subsequent columns indicate the results of molecular analysis 
of specific 16S rRNA genes or functional genes indicative of potential for arsenic redox transformations. +: detected, -: not detected, ND: not determined. *In all tubes 
where there was growth a red-brown precipitate was observed. This precipitate presumably of Fe(III) oxides, was not observed where there was no growth. 
#Exclusively in all bottles where growth was observed, the initial red color of the Fe(III)-NTA, had disappeared, leading to a colorless, turbid suspension (e.g. Fig. 
3.S1b). 

Location  Physicochemical parameters Iron oxidizing enrichments  Iron reducing enrichments  
Sample 
ID 

Name of the 
village 

District 
Depth 
(meter)  

pH 
 

As 
(μg/L)  

Fe 
(mg/L) 

NO3 
(mg/L) 

dilution 
factor * 

Bacteria 
16S rRNA 

Gallionel-laceae 
16S rRNA 

Arsenite 
oxidase  

dilution 
factor # 

Bacteria 
16S rRNA 

Desulfuro-monodales 
16S rRNA 

Arsenate 
reductase  

A1 
Assasuni 
sadar 

Satkhira 

13.7 6.78 118.0 14.30 24.46 3 + - - 3 + + - 

N1 Nagda 146.3 8.00 4.5 0.22 0.05 3 + - + 3 + + + 
NA1 Nawapara1 22.9 6.94 6.5 9.03 0.08 3 + - - 2 + + - 
T1 Tarali 48.8 6.75 248.0 3.41 0.06 3 + - - 3 + + - 
NA2 Nawapara2 48.8 6.85 262.0 3.08 2.97 3 + - - 3 + + + 
K1 Kaliganj sadar 29 6.81 0.4 5.43 25.26 3 + - - 3 + + - 
Vu Vurulia 27.4 8.02 235.0 6.97 0.40 3 + - - ND ND ND ND 
Mu Munshiganj 80.8 6.65 0.02 0.27 0.19 2 + - - ND ND ND ND 
Bp Boropukut 62.5 7.02 2.6 0.22 0.05 2 + - - ND ND ND ND 
Hn Henchi 54.9 6.56 77.6 6.53 0.05 3 + + + ND ND ND ND 
Jn Jaynagar 13.7 6.63 203.0 8.06 0.05 3 + - + ND ND ND ND 
Gp Gopalpur 51.8 7.79 623.0 16.30 0.07 3 + - + ND ND ND ND 
Ts Tirerhat 

Jessore 

176.8 6.71 463.0 11.10 0.53 3 + + - ND ND ND ND 
Td Tirerhat-deep 207.3 6.35 103.0 1.91 0.45 3 + - + ND ND ND ND 
M1d Magura-deep 25.7 6.57 78.6 1.74 0.11 3 + - - ND ND ND ND 
M2s Magura 24.1 6.08 303.0 7.48 0.14 3 + - - ND ND ND ND 
Uz Uzzalpur 36.6 6.19 132.0 7.72 0.11 3 + - + ND ND ND ND 
Sm Samta 21.3 6.25 162.0 7.60 1.04 3 + - + ND ND ND ND 
Mn-40.1 Payob 

Comilla 

14.3 6.61 208.5 5.34 20.58 3 + - + 1 + + + 
Mn-40.2 Payob 21.3 6.3 81.2 8.09 14.67 3 + - - 1 + + + 
Mn-40.3 Payob 22.9 6.14 78.8 7.09 14.24 2 + - + 1 + + - 
DK-8 Daudkandi 24.4 6.1 237.0 4.76 0.06 3 + - + ND ND ND ND 

Total 100% 100% 9% 45% 100% 100% 100% 44% 
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To gain insight into the identities of the major bacterial populations in the iron-
oxidizing enrichments, 41 prominent DGGE bands were sequenced (see Fig. 3.1a for 
banding positions, and Fig. 3.1b for phylogeny). The Betaproteobacteria constituted the 
dominant group (78% of the sequenced bands) followed by Alphaproteobacteria (15%) and 
Gammaproteobacteria (5%). Acidobacteria (Geothrix fermentans) contributed the remaining 
2%. Betaproteobacteria sequences were most closely related to a variety of genera in 
especially the families Comamonadaceae and Rhodocyclaceae. Within the 
Comamonadaceae family, Hydrogenophaga sp. (11 bands; 27% of total), Curvibacter sp. (2 
bands; 5% of total) and Acidovorax sp. (2 bands; 5% of total) were identified. 
Hydrogenophaga related bands were frequently detected in profiles belonging to clusters 1, 4 
and 6 (Fig. 3.1). Within the Rhodocyclaceae family, Dechloromonas sp. (4 bands; 10% of 
total) and Azonexus (1 band; 2% of total) were observed. Dechloromonas appeared to be 
confined to cluster 4, with bands labeled 8 in enrichment NA2, 10 in Mn-40.1, 29 in Ts and 
40 in Sm (Fig. 3.1a). Furthermore, two bands relating to denitrifying iron-oxidizing bacteria 
were detected (5% of total; bands numbered 37 in sample Uz and 41 in Sm), while 14 genera 
of Betaproteobacteria were observed once, including a sequence with 97% similarity to the 
heterotrophic iron oxidizer Leptothrix (band 39 in Gp). Within the Alphaproteobacteria, 
sequences were most closely related to six different genera, corresponding to one band each 
(Fig. 3.1). A Gallionellaceae-specific PCR revealed that these microaerophilic, 
chemolithotrophic iron oxidizers were only detectable in two enrichments (Table 3.1; Hn and 
Ts). 

 
Fig. 3.1 (a) UPGMA cluster 
analysis of bacterial 16S 
rRNA gene-based DGGE 
profiles (30-55% denaturant 
gradient) of twenty-two 
microaerophilic iron-
oxidizing enrichments, using 
Pearson correlation analysis 
as measure of similarity. The 
enrichment ID refers to the 
location of the drinking water 
well (see Table 3.1). 
Enrichments were assigned to 
clusters on the basis of >60% 
similarity. Names of 
enrichments belonging to a 
particular cluster received the 
same color, and this color is 
used in Fig. 3.1b to indicate 
the sequences of their excised 
bands. Numbers refer to the 
position of excised bands. 
  

Mn-40.3 (Co)

Td (Je)
K1 (Sa)
Gp (Sa)

T1-(Sa)
Mn-40.2 (Co)
Vu (Sa)

DK8 (Co)
Jn (Sa)

Uz (Je)

Mn-40.1 (Co)
Hn (Sa)

NA2 (Sa)

Ts (Je)
Sm (Je)

Mu (Sa)

A1 (Sa)
M2s (Je)

N1 (Sa)

NA1 (Sa)
M1d (Je)

Bp (Sa)

Cluster 1

Cluster 2

Cluster 5

Cluster 3

Cluster 4

Cluster 6

1
00

9
0

8
0

7
0

6
0

5
0

4
0

3
0

2
0

3

6

5

9

8

17 18

19

37

12

11

31

33

36

10

40

29

25

15

7

1

28

13

30

27

32

16

4

21                     

35

34

22

2

38 39

20

23
24

41

14

26

% Similarity



78 
Chapter	3	

 

 
 
Fig. 3.1 (b) Phylogenetic analysis of 16S rRNA gene sequences (525 unambiguously aligned nucleic 
acid positions) retrieved from the excised DGGE bands. Sequences are indicated by enrichment ID and 
the number of the excised band, as shown in (Fig. 3.1a). The three districts from which enrichments 
were obtained, are indicated by distinct symbols: closed red circles, Satkhira; green triangles, Jessore, 
and blue squares, Comilla. The tree was constructed with the neighbor-joining method and bootstrap 
values (1000 replications) are indicated at the interior branches. The scale bar represents 5% sequence 
divergence.  
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All iron-oxidizing enrichments were tested for the presence of the arsenite oxidase 
gene (aioA). Forty-five percent (10 out of 22 enrichments) was positive (Table 3.1). Amino 
acid sequences were all most closely related to the AioA sequences of known arsenite-
oxidizing bacteria (Fig. 3.2; 86-99% amino acid similarity). Among them, AioA sequences 
most closely related to those encountered in Hydrogenophaga and Acidovorax species 
accounted for 50% of the total. These sequences were found in enrichments initiated with 
Hn, Jn, Sm, Mn-40.3 and DK8 groundwaters, and also the DGGE fingerprints of these 
enrichments revealed dominant bands with 16S rRNA gene sequences most closely related to 
Hydrogenophaga and Acidovorax, with the exception of Sm (bands labeled 25 in Jn, 13 in 
Mn-40.3, 23 in Hn, and 16 in DK8 in Fig. 3.1a). We also detected AioA sequences most 
closely related to AioA found in Paracoccus, Sinorhizobium, Bradyrhizobium,and 
Ancylobacter (Fig. 3.2). However none of the 16S rRNA gene sequences of excised DGGE 
bands was closest related to any of these genera. The AioA sequences retrieved clustered 
well with AioA sequences detected in our previous cultivation independent analysis (Chapter 
2, Hassan et al. 2015) (Fig. 3.2).  

 
Fig. 3.2 Unrooted neighbor-joining 
tree of amino acid sequences (162 
unambiguously aligned positions) 
of the bacterial arsenite oxidase 
gene retrieved from iron-oxidizing 
enrichments. Bootstrap values 
(1000 replications) are indicated at 
the interior branches [bar = 0.1 
substitutions/sequence position]. 
The colored circles indicate the 
enrichments, with different colors 
referring to the various drinking 
water wells from which the 
enrichments were initiated. IDs in 
italics with colored squares indicate 
sequences derived directly from 
groundwater samples, without 
intermediate culturing (Hassan et 

al. 2015). 
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3.3.2  Characterization of Iron-reducing Enrichments  
A total of nine groundwater samples were used to initiate iron-reducing enrichments. Iron 
was reduced in all enrichments, as indicated by the formation of ferrous iron after 3 weeks of 
incubation (Table 3.1). In 5 out of 9 cases, iron reduction was observed at the highest 
dilution tested, i.e. 10-3. Enrichments maintained their iron reduction capability during three 
serial transfers (Supplementary Fig. 3.S1b). Subsequent DGGE analysis revealed several 
dominant bands for each enrichment (2 to 5 bands per profile), but considerable variation 
between the enrichments (18 different banding positions in 9 profiles) was observed (Fig. 
3.3a).  

 
 
Fig. 3.3 (a) UPGMA cluster analysis of bacterial 16S rRNA gene-based DGGE profiles (30-55% 
denaturant gradient) of nine iron-reducing enrichments, using Pearson correlation analysis to assess 
similarity. The enrichment ID refers to the location of the drinking water well (see Table 3.1). Numbers 
refer to the position of excised bands.  

 

A total of 28 predominant bands were excised for sequence analysis. Phylogenetic 
diversity was high, besides members of several proteobacterial classes (Alpha-, Beta- 
Gamma- and, Deltaproteobacteria), Acidobacteria, Bacteroidetes, Firmicutes and 
Spirochaetes were observed (Fig. 3.3b). Many bands (46%, 13 bands observed in seven out 
of nine enrichments) were most closely related to various Firmicutes genera, mostly 
Acetobacterium (21%, 6 bands in three enrichments; bands numbered 12 in T1; 14, 15 in 
NA2 and 19, 20, and 21 in K1 in Fig. 3.3a) and Clostridium (18%, 5 bands in four 
enrichments; bands labeled 5 and 6 in N1, 24 in Mn-40.2, 17 in K1 and 2 in A1). Beta- and 
Deltaproteobacteria each contributed 11% of the sequenced bands (3 bands each; Fig. 3.3b). 
The Betaproteobacteria sequences (Mn-40.3, NA1 and A1) belonged to various genera: 
Burkholderia and two genera in the Rhodocyclaceae; Dechloromonas and Azospira (Fig. 
3.3b). All Deltaproteobacteria sequences were most closely related to sulfate-reducing 
Desulfovibrio (Fig. 3.3b: bands labeled 4 in A1, 9 in NA1 and 23 in Mn-40.1; 90-99% 
nucleotide similarity). Other phyla contributed 4-7% of the sequenced bands, including an 
Acidobacterium sequence most closely related to the known iron reducer Geothrix 
fermentans (band 8 in NA1 in Fig. 3.3b; 79% similarity).  
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Fig. 3.3 (b) Phylogenetic analysis of 16S rRNA gene sequences (525 unambiguously aligned nucleic 
acid positions) retrieved from the excised DGGE bands. Sequences are indicated by enrichment ID and 
the number of the excised band as shown in (a). Sequences are accompanied by a colored symbol, 
specific for each of the nine enrichments. The tree was constructed with the neighbor-joining method 
and bootstrap values (1000 replications) are indicated at the interior branches. The scale bar represents 
2% sequence divergence. 
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DGGE analysis after a PCR specific for iron-reducing Geobacteraceae and 
Desulfuromonadaceae indicated their presence and diversity within enrichments (Fig. 3.4a: 1 
to 8 bands per profile), as well as variation between the enrichments (20 different banding 
positions in nine profiles). As the employed primer set is not 100% specific for 
Desulfuromonadales (Snoeyenbos-West et al. 2000, Lin et al. 2005), a total of 35 DGGE 
bands were cut out and sequenced. Phylogenetic analysis revealed that most sequences were 
closely related to Geobacteraceae (77%, 27 bands in nine enrichments; Fig. 3.4b). The 
sequencing confirmed the diversity of the Geobacteraceae within and between enrichments.  

 
Fig. 3.4 (a) UPGMA cluster analysis 
of Desulfuromonadales 16S rRNA 
gene-based DGGE profiles (30-55% 
denaturant gradient) of nine iron-
reducing enrichments, using Pearson 
correlation to assess similarity. The 
Enrichment IDs refers to the location 
of the drinking water well (see Table 
3.1 for details). Numbers refer to the 
position of excised bands subjected to 
sequencing. Sequences of bands with 
underlined, bold numbers in Italics did 
not belong to Desulfuromonadales. 

 
Testing for the presence of the arsenate reductase gene (arrA) in the iron-reducing 

enrichments revealed that some 44% (four out of nine; Table 3.1) was positive and contained 
arrA genes most closely related (80-99% nucleotide similarity) to those of Sulfurospirillum, 
Geobacter or uncultured bacteria (Table 3.2). We did not observe any obvious 
correspondence between identities based on arrA sequences and identities based on bacterial 
16S rRNA sequences retrieved from the same iron-reducing enrichments.  

Table 3.2 Identities of amplified fragments of the arsenate respiratory reductase (arrA) gene (partial 
nucleotide sequences of 151 bp), detected in iron-reducing enrichments. 
 

Enrichment 
ID 

Accession 
numbers 

Most closely related isolates 
Nucleotide 
similarity (%) 

N1 LC043403 
Uncultured bacterium clone GW-1-56 (JN704765) 126/143(88%) 

Geobacter uraniireducens Rf4 (CP000698) 72/99(73%) 

NA2 LC043404 
Sulfurospirillum barnesii SES-3 (AY660884)  80/100(80%) 

Uncultured bacterium clone GL-ARRA1 (EF014944) 115/150(77%) 

Mn-40.1 LC043405 Uncultured bacterium clone NP1_GW+G_20 (KF010035) 126/151(83%) 

Mn-40.2 LC043406 Uncultured bacterium clone GL-ARRA1 (EF014944) 148/150(99%) 
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Fig. 3.4 (b) Phylogenetic analysis of 16S rRNA gene sequences (122 unambiguously aligned nucleic 
acid positions) retrieved from the excised DGGE bands. Sequences are indicated by enrichment ID, the 
number of the excised band as shown in (a), and the district in which the well is located. Sequences are 
also accompanied by a colored symbol, specific for each of the nine enrichments and IDs in italics refer 
to water samples. The unrooted tree was constructed with the neighbor-joining method and bootstrap 
values (1000 replications) are indicated at the interior branches. The scale bar represents 1% sequence 
divergence.  
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3.4 Discussion 

3.4.1  Microbial Diversity in Iron-oxidizing Enrichments  

We initiated iron-oxidizing gradient cultures with the same groundwater samples that we 
used previously for direct molecular detection of iron-oxidizing Gallionellaceae (Chapter 2, 
Hassan et al. 2015). We hypothesized a diverse range of cultivatable iron-cycling 
microorganisms to reside in arsenic-contaminated groundwaters in Bangladesh. Indeed, all 
samples showed iron oxidation, and substantial diversity was found in these enrichments. As 
also hypothesized, we enriched microorganisms that had not been identified as iron oxidizers 
on the basis of our previous cultivation-independent 16S rRNA-gene based study (Chapter 2, 
Hassan et al. 2015). However, as we did not isolate and characterize individual strains, it 
might be that not all identified microorganisms are capable of iron oxidation, but for example 
live on the organic matter that is excreted by chemolithotrophic iron oxidizers (Ghiorse, 
1984). Nevertheless, since Fe(II) minerals were the sole source of electron-donors in the 
enrichments and we targeted the dominant DGGE bands for phylogenetic analysis, we would 
expect to primarily encounter iron oxidizers. 

Our culturing approach using opposing gradients of ferrous iron and oxygen is widely 
used to enrich and isolate Gallionella species (Emerson and Floyd 2005). Thereby, a striking 
finding was that the cultivation approach of the present study showed very limited 
persistence of Gallionella, whereas our prior study revealed that 77% of the 22 samples 
investigated contained Gallionellaceae (Hassan et al. 2015), The 16S rRNA gene of 
Gallionella could only be detected in two out of the twenty-two enrichment tubes, and only 
after employing a Gallionellaceae specific PCR. Instead, a significant number of 
Comamonadaceae-related 16S rRNA gene sequences were detected. Similar findings were 
obtained by Blöthe and Roden (2009) in a cultivation-based study on groundwater seep 
material at circumneutral pH. Their 16S rRNA gene-based molecular analysis revealed that 
even though groundwater was dominated by Gallionella and Leptothrix spp., they also could 
not isolate Gallionella and Leptothrix spp., using the same opposing gradient cultivation 
method commonly used to enrich Gallionella (Emerson and Floyd 2005). Also several other 
studies have documented iron-oxidizing enrichments dominated by Comamonadaceae and 
Rhodocyclaceae rather than Gallionella spp.  (Yu et al. 2010, Gülay et al. 2013). A possible 
explanation for the low encounter frequency of Gallionella spp. in our study might be a 
relatively lower abundance of Gallionella compared to other taxa in the groundwater 
samples, not allowing them to be recoverable in our dilution-to-extinction culturing 
approach. Another explanation might be that Gallionella was outcompeted by other 
microorganisms under the imposed culturing conditions, e.g. because of a lower specific 
growth rate. 

Based on our DGGE fingerprinting analysis, members of the Comamonadaceae were 
most frequently observed (11 out of 41 bands; 27% of total), especially Hydrogenophaga, 
but also Curvibacter and Acidovorax species. Recently, Chan et al. (2014) isolated iron-
oxidizing Hydrogenophaga sp. P101 and Curvibacter sp. CD03 from alluvial sediment 
retrieved from the Rifle aquifer in Colorado (USA) by microaerophilic iron-oxidizing 
gradient tube enrichment. Besides Hydrogenophaga, we also detected a number of sequences 
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most closely related to the genera Leptothrix, Pseudomonas and members of the 
Rhodocyclaceae (Dechloromonas) which contain iron-oxidizing members (Hedrich et al. 
2011), and to anaerobic denitrifying iron-oxidizing Acidovorax (Carlson et al. 2013). Similar 
sequences were also reported in our previous cultivation-independent study (Chapter 2, 
Hassan et al. 2015). Several microorganisms are able to oxidize ferrous iron using nitrate or 
oxygen as electron acceptors (Yu et al. 2010). Many denitrifying bacteria are capable of 
switching to microaerophilic iron oxidation (Benz et al. 1998, Edwards et al. 2003, Melton et 
al. 2012), which may explain the occurrence of 16S rRNA genes most closely related to 
anaerobic denitrifying iron-oxidizing bacteria in the gradient tubes of the present study. 

Forty-five percent of the iron-oxidizing enrichments harbored genes encoding aioA. 
This gene is either used by heterotrophs to detoxify arsenite, or by chemolithoautotrophs to 
yield energy from arsenite oxidation  (Santini et al. 2002, Inskeep et al. 2007, Rhine et al. 
2007). We found only four AioA sequences in our iron-oxidizing gradient tubes that were 
most closely related to the corresponding sequences of chemolithoautotrophic strains i.e. 
Ancylobacter dichloromethanicus As3-1b (Andreoni et al. 2012), the nitrate-reducing 
Paracoccus sp. SY (Zhang et al. 2015) and Sinorhizobium sp. DAO10 (Rhine et al. 2006). 
The other six sequences were most closely related to heterotrophs. Congruence was observed 
between aioA and 16S rRNA gene data, both indicating the presence of Hydrogenophaga 
and Acidovorax species. Some Hydrogenophaga species are known to be capable of aerobic 
arsenite oxidation (vanden Hoven and Santini 2004, Salmassi et al. 2006), while several 
Acidovorax strains perform nitrate-dependent iron (Klueglein and Kappler 2013) and arsenite 
oxidation (Quéméneur et al. 2008). Also some strains of Dechloromonas sp. oxidize iron 
(Weber et al. 2006b, Coby et al. 2011, Chakraborty and Picardal 2013) and arsenite under 
nitrate- or perchlorate-reducing conditions (Sun et al. 2009). However, to our knowledge 
prior studies did not investigate the presence of arsenite oxidase genes in iron-oxidizing 
enrichments, and overall our results indicate metabolic flexibility in several enrichments. The 
AioA sequences we identified were most closely related (> 94% amino acid identity) to those 
identified on the basis of cultivation-independent analysis of the same water samples from 
which these enrichments were derived (Chapter 2, Hassan et al. 2015).  

 

3.4.2  Microbial diversity in Iron-reducing Enrichments 

A substantial diversity was also found in the iron-reducing enrichments, including 
microorganisms that had not been identified as iron reducers on the basis of our previous 
cultivation-independent 16S rRNA-gene based study (Chapter 2, Hassan et al. 2015). 
Geobacteraceae have often been demonstrated to constitute the most abundant iron reducers 
in iron-reducing subsurface environments (Lovley et al. 2011), including arsenic-
contaminated sediments in West Bengal, India (Islam et al. 2004, Héry et al. 2010). We 
encountered Geobacteraceae in all our enrichments. However, Geobacter spp. appeared to 
constitute a minor fraction of the communities observed in this study, in line with our 
previous cultivation-independent analysis of the same samples (Chapter 2, Hassan et al. 
2015). Geobacteraceae could only be revealed after specifically targeting their 16S rRNA 
genes. Enrichment recovered other and also more Geobacter phylotypes compared to our 
prior cultivation-independent analysis (Chapter 2, Hassan et al. 2015).  
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Besides Geobacter spp., other microorganisms can substantially contribute to iron 
reduction in iron-reducing environments (Lin et al. 2007, Li et al. 2011), and therewith affect 
the release of arsenic into groundwater (Rowland et al. 2009). Dominant phylotypes present 
in our iron-reducing enrichments belonged to the Firmicutes, a phylum also identified in our 
previous cultivation-independent study (Chapter 2, Hassan et al. 2015). Several 
Acetobacterium sequences were observed, in addition to Clostridia and a sequence most 
closely related to Bacillus sp. strain IST-38. Acetobacterium species have been identified as 
anaerobic hydrogen-consuming acetogens in iron corrosive settings (Mori et al. 2010), but 
iron reduction by Acetobacterium isolates has not yet been reported, to our knowledge. 
Clostridium 16S rRNA gene sequences were also retrieved during a cultivation-independent 
analysis of incubated arsenic-contaminated West-Bengal sediments, India (Islam et al. 2004). 
The capability of clostridia to reduce iron is well known. Subsurface iron-reducing 
Clostridium strains have for instance been isolated from a landfill leachate-polluted aquifer 
in the Netherlands (Lin et al. 2007). They use ferric iron as an electron sink generating 
additional ATP via substrate-level phosphorylation during acetate production (Lovley et al. 
2011). Also Bacillus sp. strain IST-38, isolated from a groundwater seep in Alabama (USA), 
is capable of such fermentative iron reduction (Blöthe and Roden 2009).  

Other sequences were also closely related to sequences of iron reducers, or sequences 
retrieved from iron-reducing environments. Geothrix is a dissimilatory iron-reducing 
bacterium, previously encountered in iron-reducing zones of hydrocarbon-polluted aquifers 
and redox-dynamic hydrocarbon-polluted surface sediments (Coates et al. 1999, Klueglein et 
al. 2013). Sulfate-reducing Desulfovibrio species were encountered in three iron-reducing 
culture enrichments (NA1, A1, Mn-40.1). This is surprising perhaps; several Desulfovibrio 
species can enzymatically reduce iron, but do not conserve sufficient energy to support 
growth (Lovley et al. 1993). Active Desulfovibrio were recently identified in arsenic-
mobilizing Cambodian aquifer sediments (Héry et al. 2015). We identified a sequence most 
closely related to the fermentative iron-reducing Bacteroides strain W7 isolated from the 
anode suspension of a microbial electrolysis cell (Wang et al. 2010). Several sequences fell 
in the Rhizobiales order, a group not known to reduce iron. However, members of this group 
can reduce uranium (Vishnivetskaya et al. 2010). Rhizobiales were also abundant in anode 
biofilm communities that had been enriched for electricity generation (Ishii et al. 2008, Kaku 
et al. 2008). Interestingly, we encountered in the iron-reducing enrichments Azospira and 
Dechloromonas which are known denitrifying iron-oxidizing Betaproteobacteria (Weber et 
al. 2006a). Dechloromonas species have previously been isolated from an arsenic-
contaminated dimictic lake in Arlington, MA (Gibney and Nüsslein 2007) and nitrate-
reducing Wisconsin River sediment (Chakraborty and Picardal 2013), and Azospira from an 
animal waste lagoon (Byrne-Bailey and Coates 2012). These species were also encountered 
in anaerobic microbial iron-cycling reactors (Coby et al. 2011). We identified sequences of 
both Dechloromonas sp. and Clostridium in our iron-reducing enrichments that were > 97% 
similar to those detected in the previous cultivation-independent 16S rRNA gene survey of 
potentially iron-cycling microbial communities (Chapter 2, Hassan et al. 2015). Overall, the 
observations complement our previous findings (Chapter 2, Hassan et al. 2015), confirming 
the abundance and diversity of microorganisms with potential for iron reduction in the 
investigated Bangladeshi aquifers. However, we cannot be completely certain that all 
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microorganisms encountered in our enrichments are indeed capable of iron reduction, as we 
did not perform isolation and characterization of strains. 

Some iron reducers can sometimes also reduce arsenate, and possess the respiratory 
arsenate reductase gene arrA (Ohtsuka et al. 2013, Kudo et al. 2014, Osborne et al. 2015). 
arrA genes closely related to those of Geobacter species have been detected frequently in 
arsenic-rich sediments (Lear et al. 2007, Héry et al. 2015). However, while some 44% of our 
iron-reducing enrichments held arrA genes, their sequences were more closely related to 
uncultivated species or Sulfurospirillum than to Geobacter species.  

 

3.5  Implications for the (Im)mobilization of Arsenic 

The mobilization of arsenic in subsurface environments has enormous toxic consequences 
for millions of people in Bangladesh who are vulnerable through their use of groundwater as 
drinking water and through arsenic entering the food chain (Huq et al. 2006). Currently 
available remediation technologies have major disadvantages such as that they are often 
expensive and result in secondary exposure to and environmental pollution with arsenic, e.g. 
through inadequate handling and disposal of arsenic-binding water filters (Gonzaga et al. 
2006). The nature of the minerals formed during microbial iron oxidation, which varies 
between crystalline ferric iron oxyhydroxide and amorphous iron phosphate minerals (Li et 
al., 2015, Kish et al., 2016), may have important implications for arsenic mobility. 
Biological ferrous oxidation can effectively sequester arsenic via the precipitation of ferric 
oxyhydroxide minerals (Hohmann et al. 2009). Several microbial iron oxidizers produce 
poorly soluble crystalline iron oxides (Miot et al. 2009, Liu et al. 2013, Li et al. 2015). 
Biogenic amorphous iron oxides play a major role in removing arsenite due to their strong 
capacity to adsorb or co-precipitate arsenite (Omoregie et al. 2013). With respect to 
microaerophilic iron oxidation, most attention has been focused on Gallionella (Hedrich et 
al. 2011). Its role and effectiveness in arsenic removal from water by producing arsenic-
adsorbing ferric (oxyhydr)oxides has been established (Katsoyiannis and Zouboulis 2004, 
Zouboulis and Katsoyiannis 2005). Recently, it was shown that Citrobacter freundii strain 
PXL1 could remove arsenite from water in a sewage plant, in a process associated with iron 
oxidation (Li et al. 2015). The Comamonadaceae and Rhodocyclaceae identified here in 
many gradient tube enrichments may also be of interest with regard to biological iron and 
arsenic removal, in particular since consortia containing these bacteria revealed the presence 
of aioA genes. Arsenite oxidases oxidize arsenite to the less toxic and less mobile arsenate. 
This potential for ferric (oxyhydr)oxides precipitation and arsenic immobilization makes 
these iron-oxidizing enrichments of interest for bioaugmentation of reactors treating arsenite-
contaminated groundwater retrieved from drinking water wells. They may also be of interest 
for in situ removal of arsenic and iron by subsurface arsenic removal (SAR) technology (van 
Halem et al. 2010). SAR was recently introduced in Bangladesh. It comprises the injection of 
oxygenated water into aquifers so as to oxidize ferrous iron abiotically and therewith 
precipitate iron, and adsorb and co-precipitate arsenic (van Halem et al. 2010). The activity 
of iron-oxidizing microorganisms that also oxidize arsenite could potentially enhance SAR 
efficiency down to lower residual concentrations of arsenic. 
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Whether biological arsenic removal from groundwater in Bangladesh would be 
conducted in situ or ex situ, care should be taken to avoid anaerobic conditions. Groundwater 
in Bangladesh also contains a wide range of anaerobic iron reducers (Hassan et al. 2015, this 
study) which may then become active and release arsenic as a result of the reduction of 
precipitated and arsenic-adsorbing ferric (oxyhydr)oxides. Specialized arsenate reducers and 
iron reducers possessing arrA (Hassan et al. 2015, this study) may enhance the release of 
arsenic by reducing arsenate to more mobile and more toxic arsenite. 
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3.6  Supplementary Information  

 

 
 
Supplementary Fig. 3.S1 Cultivation of microorganisms involved in iron redox cycling. (a) opposing 
gradient tubes to enrich for microaerophilic iron oxidizers, after 10 days of incubation. The four tubes 
on the left were inoculated with groundwater (undiluted to 10-3 diluted), two negative controls are 
shown on the right. Note that the negative control tubes have a brown iron band near the bottom of the 
tube, whereas the first four tubes that were inoculated, show bands of iron (oxy)hydroxide that are 
positioned higher, and are indicative of growth. (b) A dilution series to enrich for anaerobic iron 
reducing microorganisms in serum vials, with a negative, uninoculated control on the right, after 21 
days of incubation. In the inoculated bottles the color has changed from brown to colorless, with some 
black precipitates. 
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Abstract 

Mere phylogenetic properties of groundwater provide insufficient information for inferring 
both the activity and the potential of the microbial population of aquifers for arsenic 
oxidation or reduction. Therefore, we complemented a previous DNA-based microbial 
community survey covering 22 arsenic-contaminated drinking water wells in Bangladesh, 
with information relating more directly to activity and potential. We assayed the 
communities for chemolithoautotrophic and heterotrophic arsenite oxidation activity both in 
aerobic and anaerobic condition, as well as for anaerobic arsenate reduction. Nearly all 
investigated samples revealed either arsenite oxidation or arsenate reduction activities and 
some showed both. The enrichments were further analyzed by 16S rRNA and for the arsenite 
oxidase and arsenate reductase gene. After the corresponding incubations, the microbial 
communities were again phylogenetically quite diverse both within and between 
enrichments. As compared to their original water samples, the communities were different. 
The arsenite-oxidizing enrichments contained several 16S rRNA gene sequences most 
closely related to Hydrogenophaga, Acinetobacter, Dechloromonas, Comamonas, and 
Rhizobium/Agrobacterium. The latter two had not been found in the corresponding water 
samples pre-cultivation. This was in addition to the various arsenite oxidase (AioA)-
containing well-known chemolithoautotrophic (Paracoccus sp. SY) and heterotrophic 
arsenite-oxidizing strains that we found evidence for using homology to the arsenite oxidase 
gene. The enrichments also recovered additional AioA phylotypes (Bosea sp. WAO, 
Hydrogenophaga sp. Cl3/Thiobacillus sp. S1/Ancylobacter sp. OL1 and Achromobacter sp 
NT-10/Alcaligenes sp. S46). These had not been detected in our previous survey of 
uncultivated groundwater samples, suggesting that straight DNA-based analysis of 
groundwater samples may not reveal their full bioremediation potential. Anaerobic 
enrichments disclosed a wider diversity of arsenite oxidizing AioA phylotypes between the 
different types of enrichment than aerobic enrichments did. Anaerobic-arsenate reducing 
enrichments exhibited little arrA gene diversity. The gene appears most closely related to 
that in the known arsenate-reducing Sulfurospirillum spp. The chemolithoautotrophic and 
heterotrophic arsenite oxidizers we identified, should be of interest for emerging in situ or ex 
situ arsenic bioremediation technology for the cleansing of drinking water. 

 

4.1  Introduction  

Widespread exposure to arsenic through drinking-well water causes devastating arsenicosis-
related public health problems in Bangladesh. An estimated 35 to 80 million people in the 
country are chronically exposed to arsenic, resulting in about 43,000 arsenic-attributable 
deaths per year (Flanagan et al., 2012). The biogeochemical cycling of arsenic in nature 
strongly depends on microbial transformations which affects its mobility, toxicity and the 
distribution of arsenic species in the environment (Tamaki & Frankenberger, 1992). Arsenite 
[As(III)] is more toxic and mobile than arsenate [As(V)] (Oremland & Stolz, 2003). A 
diverse range of microorganisms contributes to arsenic cycling through Gibbs energy 
extraction or through detoxification processes. Microorganisms can oxidize arsenite under 
aerobic or anaerobic chemolithoautotrophic conditions or reduce arsenate under anaerobic 
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heterotrophic conditions in order to take hold of some Gibbs free energy (Cavalca et al., 
2013). Aerobic heterotrophs employ arsenite oxidation or arsenate reduction as a mode of 
detoxification or resistance, without energy gain (Cai et al., 2009). 

Several studies have suggested microbial processes as a key contributor to arsenic 
contamination of aquifers in Bangladesh (Nickson et al., 2000, Harvey et al., 2002, Fendorf 
et al., 2010, Mailloux et al., 2013). Van Halem et al. (2010) introduced a cost-effective 
technology for Subsurface Arsenic Removal (SAR). In SAR, aerated water is injected 
periodically into an aquifer where ferrous [Fe(II)] is then rapidly oxidized abiotically to 
ferric [Fe(III)] iron, which precipitates and binds arsenic. Consequently, arsenic is 
sequestered and immobilized in situ away from the mobile groundwater. Knowledge on the 
microbial ecology of arsenic cycle in relation to the arsenic contaminated drinking water in 
Bangladesh, and the potential contribution of arsenic cycling microorganisms to arsenic 
remediation is still limited. 

Previously, we conducted a cultivation-independent survey addressing genes encoding 
16S rRNA, arsenite oxidase (aioA) or arsenate reductase (arrA), on samples derived from 22 
drinking wells in Bangladesh. This revealed a widespread potential for arsenic cycling, due 
to the presence of putative arsenite-detoxifying heterotrophs, aerobic and denitrifying 
chemolithoautotrophic arsenite oxidizers, and arsenate reducers (Chapter 2, Hassan et al., 
2015). However, these molecular approaches have their disadvantages. 16S rRNA gene 
based information cannot be robustly linked to physiological traits (Lin et al., 2007). The 
aioA gene is essential for both microorganisms that detoxify arsenite or conserve some of the 
Gibbs energy from arsenite oxidation. The aioA genes of microorganisms belonging to these 
two groups cluster largely differently, as the occurrence of aioA is postulated to be due to 
horizontal gene transfer (Heinrich-Salmeron et al., 2011, Andres et al., 2013, Yamamura & 
Amachi, 2014); it is likely that the arsenic islands did not evolve as a new whole unit but 
were formed independently by acquisition of functionally related genes and operons by the 
respective strains (Li et al., 2013). Also arsenate reductase genes (arrA and arsC) may have 
been distributed through horizontal transfer (Saltikov & Newman, 2003, Villegas-Torres et 
al., 2011). Furthermore, in our previous cultivation-independent survey, the majority of the 
arrA-like gene sequences we detected belonged to yet uncharacterized arsenate-reducing 
species (Chapter 2). We conclude that the presence of organisms with suggestive metabolic 
potential in their genes does not guarantee that such potential is actually expressed. It is 
important to complement cultivation-independent surveys with studies that evidence 
functional activities.  

One way to examine whether such potential is or can be expressed is to examine 
whether the organisms can be cultivated under conditions that require the relevant metabolic 
activities for growth. To the extent that other organisms are less likely to thrive under those 
conditions, this will lead to an enrichment of the organisms that do have the requested 
metabolic activity and increase their relative abundance. Hence such cultures are called 
enrichment cultures (Beijerinck, 1901). Such enriched cultures have the potential uses as 
bioaugmentation vehicles (Lin et al., 2002). 

In Chapter 3, we have used this strategy to examine whether the suspected iron-
oxidizing and -reducing organisms in Bangladeshi groundwater samples were active. We 
found that at least some of them were and that indeed they could be enriched. We also found 
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substantial diversity within and between enrichments in terms of these organisms, more than 
in the same samples before cultivation (Chapter 3, Hassan et al., 2015): there may be a great 
and wide potential for amplification of the microbial potential in Bangladeshi groundwater to 
metabolic iron. Because arsenic co-precipitates with Fe(III)-oxide, this implies a potential for 
the removal of toxic arsenite from those groundwaters. The wideness of the potential may 
include a bonus in the form of enhanced arsenic metabolizing capabilities: we also found that 
many of the enrichments had an increased activity of the genes encoding arsenite oxidase 
showing a potential for bioremediation of arsenite detoxification of groundwater (Chapter 3). 
This suggests that we should similarly determine the potential of the microbial communities 
in Bangladeshi groundwaters by enrichments. 

Here, we report on how we executed such enrichment for arsenic metabolizing 
potential: we did this under five different conditions. We characterize the resulting 
enrichments of aerobic chemolithoautotrophic, aerobic heterotrophic, anaerobic denitrifying 
chemolithoautotrophic and anaerobic chemoorganoheterotrophic arsenite oxidizing as well as 
anaerobic arsenate reducing capabilities. The enrichments started from the same drinking 
water well samples that we previously assessed for the occurrence of potential arsenic 
cycling microorganisms in Bangladesh, using cultivation-independent bacterial 16S rRNA, 
targeted functional gene amplification approaches (Chapter 2) and for iron metabolism 
activity through cultivation based study (Chapter 3). We now determined the abundance, 
distribution and diversity of cultivable arsenite oxidizing and arsenate reducing 
microorganisms. In view of the abundance of arsenic in Bangladeshi groundwater, we 
expected that all wells would be home to active arsenite oxidizing bacteria. We hypothesize 
that a diverse range of cultivable arsenic cycling microorganisms is present in arsenic 
contaminated groundwaters in Bangladesh and that many of these are enrichable. However, 
competition, relative growth rates, or inhibitory effects may alter the outcome of enrichment 
cultures, causing the phenomenon known as enrichment bias (Muniesa et al., 2005), which 
we tried to manage by using serial dilutions. We expect that the enrichment may cause 
drastic changes in the microbial community, including a reduction in diversity as well as an 
emergence of bacteria that were too scarce to be detected in our previous cultivation-
independent analyses: the enrichments might reveal microorganisms for various functional 
types that had not been identified in our previous culturing-independent survey and may 
offer new potential for bioremediation and bioaugmentation.  

 

4.2  Materials and Methods  

4.2.1  Field Sampling  

Between August 2011 and March 2012 a total of twenty-two groundwater samples were 
collected from shallow and deep tube wells in the Jessore, Satkhira and Comilla districts in 
Bangladesh (Table 4.1, see Supplementary Fig. 2.S1; Chapter 2). Anaerobic groundwater 
samples were collected in sterile serum glass bottles by letting the bottles overflow, after 3 
volumes of standing water in each tubewell were removed by hand pumping. Bottles with 
groundwater samples for enrichment were capped with small headspace and transferred to 
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the laboratory, where they were stored for less than 24 h at 4°C. Details on the 
hydrochemistry of these samples were reported in Chapter 2. 

 

4.2.2  General Enrichment Strategy 

All media used for enrichments were sterilized for 15 minutes at 121°C without phosphate 
buffer, bicarbonate, vitamins, trace elements, and arsenic. These components were added 
after the media had cooled to room temperature; arsenite from a 0.05 M standard solution of 
NaAsO2 (Sigma-Aldrich, Germany) or arsenate from Na2HAsO4.7H2O (Sigma-Aldrich, 
Germany). Subsequently, pH was adjusted to 7.00 with 1.0 mM sterilized H2SO4. Strictly 
anaerobic techniques were employed for the enrichment of anaerobic arsenite-oxidizing and 
arsenate-reducing microorganisms. Anaerobic medium was prepared in serum vials sealed 
with butyl rubber septa and crimped with aluminium caps, under an atmosphere containing 
80% N2 and 20% CO2. Media were inoculated with groundwater (9:1 ratio), after which 
tenfold serial dilutions were prepared up to 10-3 for every type of enrichment, except aerobic 
heterotrophic arsenite-oxidizing enrichments, for which dilutions were made up to 10-5. 
Anaerobic enrichments were kept in the dark, in an incubator at 28°C. Aerobic enrichments 
were incubated in the dark at 28°C on an orbital shaker (120 r.p.m) for 2-3 weeks; in 120 ml 
bottles filled with 20 ml of the suspension, screw caps closed, then partly re-opened by 
approximately 2-3 ccw turns (once per week the bottles were opened under sterile conditions 
in order to allow oxygen equilibration with air). Cultures were screened for arsenite 
oxidation or arsenate reduction using a qualitative test (Fan et al., 2008): 20 µl of 0.01 M 
KMnO4 solution was added to 1 ml of medium. A pink color was taken to indicate the 
presence of arsenate while a clear to yellowish color suggested arsenite. Per sampling 
location, the culture with the highest dilution that showed microbial activity was 
subsequently diluted into fresh medium and incubated again. This procedure was repeated 3-
4 times. Cultures were stored with 30% glycerol at –20°C for further analysis. For molecular 
analysis, all positive cultures from the highest dilutions were vacuum filtered over 45-mm-
diameter, 0.2-µm-pore-size nitrocellulose membrane filters (Millipore, Billerica, MA, USA) 
and the residue was frozen at –20°C until DNA isolation. 

 

4.2.3 Enrichment of Aerobic Chemolithoautotrophic (CAO) Arsenite-oxidizing 
Microorganisms  

The minimal salt medium for culturing aerobic arsenite oxidizing microorganisms was based 
on Santini et al. (Santini et al., 2000). The modified medium consisted of (in g l-1 distilled 
water): Na2SO4.10H2O, 0.07; KH2PO4, 0.75; K2HPO4, 0.5; KCl, 0.05; MgCl2.6H2O, 0.04; 
CaCl2.2H2O, 0.05; KNO3, 0.15; (NH4)2SO4, 0.1; NaHCO3, 1.0; Na2SeO3.5H2O, 0.000017; 
Na2WO4.2H2O, 0.00003; 1 ml of trace element solution and 1 ml of vitamin solution (both as 
defined in https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium141.pdf). The 
final concentration of arsenite in the medium was 2.0 mM.  
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4.2.4 Enrichment of Anaerobic- Chemolithoautotrophic (ACAO) and 
Chemoorganotrophic (ACHAO) Arsenite-oxidizing Microorganisms 

The same medium as used for enriching aerobic arsenite oxidizers was employed, with a few 
modifications: the amount of KNO3 was increased to 0.5 g l-1 and NH4Cl (0.3 g l-1) instead of 
(NH4)2SO4 was used, while anaerobic conditions were employed. The final concentration of 
arsenite was 0.5 mM. The anaerobic heterotrophic arsenite oxidation (ACHAO) conditions 
were created by supplementation with 3.0 mM acetate as the carbon source for growth.  

 

4.2.5 Enrichment of Aerobic Heterotrophic (HAO) Arsenite-oxidizing 
Microorganisms 

The medium to enrich aerobic heterotrophic arsenite oxidizing microorganisms was largely 
based on Gihring & Banfield (Gihring & Banfield, 2001). Medium contained (in g l-1 
distilled water) 0.08% (w/v) yeast extract as the only Carbon source, 0.8 (NH4)2SO4, 0.4 
KH2PO4, 0.18 MgSO4.7H2O, 0.875 NaCl and 0.2 MgCl2.6H2O. The final concentration of 
arsenite was 2.0 mM.  

 

4.2.6  Enrichment of Anaerobic Dissimilatory Arsenate-reducing Microorganisms 

The anoxic minimal medium was largely based on Santini et al. (Santini et al., 2000), with 
some modifications. The medium contained 20 mM NaCl, 4.0 mM KCl, 2.8 mM NH4Cl, 1.5 
mM KH2PO4, 0.2 mM Na2SO4, 20 mM MgCl2.6H2O, 1mM CaCl2.2H2O, 0.05% NaHCO3, 20 
mM Na-lactate, 3mM Na-acetate, 3.0 mM Na2HAsO4.7H2O (Sigma-Aldrich, Germany), 1 
ml/l trace element solution, and 1 ml/l vitamin solution (medium 141, DSMZ), Additionally, 
0.1 mM of L-cysteine was used as oxygen scavenger.  

 

4.2.7  DNA Extraction  

DNA was extracted using the soil DNA extraction kit (Mo Bio Laboratories Inc, Carlsbad, 
CA, USA) according to manufacturer’s instructions. DNA was stored at –20°C until required 
for molecular analysis. 

 

4.2.8  DGGE Profiling of Enrichments 

Partial 16S rRNA gene sequences were amplified using the bacterial primer set 357F –GC 
clamp and 907r (for PCR conditions, see Supplementary Table 2.S1; Chapter 2). Each PCR 
reaction was carried out in a 25-µl (total volume) mixture containing 12 µl of GoTaq 
(Promega; USA) ready Master Mix, 1 µl of each primer (0.4 µM final concentration), 8 µl of 
nuclease free water (Promega; Madison, WI, USA) and 3 µl of undiluted DNA as template.  

Denaturing gradient gel electrophoresis (DGGE) was carried out using a DcodeTM 
Universal Mutation Detection System (BIORAD Laboratories, CA, USA). PCR product was 
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loaded onto a 1 mm thick 8% (w/v) polyacrylamide (ratio of acrylamide to bis-acrylamide, 
37.5:1) gel containing a linear gradient of 30–55% of urea–formamide. The running 
conditions were 200V at a constant temperature of 60°C in 1× TAE buffer (40 mM Tris, 20 
mM acetic acid, 1 mM Na-EDTA, pH 8.0) for 4 h. The gels were stained in 1× TAE buffer 
containing 1 µg/ml of ethidium bromide and visualized using a UV transilluminator. To aid 
normalization of and comparison between gels, a DGGE marker consisting of 12 bands was 
added to the external lanes of the gels, as well as to lanes in between every four samples. All 
gels to fingerprint a particular type of enrichment were run on the same day. The average 
between-gel similarity of the marker was 95%, with 3% standard deviation.  

Bands were excised using sterile wide-mouth-blunt tips. Excised DNA bands were 
suspended in 1× TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) and stored overnight at 
4°C. One µl of suspension was used as template in the aforementioned PCR, using primers 
without GC clamp. Products were checked on 1.5% agarose gels and sequenced (Macrogen, 
Amstelveen, The Netherlands). 

 

4.2.9  aioA Gene-based Analysis of Arsenite oxidizing Communities  

A degenerate oligonucleotide primer set was used to amplify the arsenite oxidizing gene, 
aioA (see Supplementary Table 2.S1; Chapter 2). Amplified product was subjected to 
Restriction Fragment Length Polymorphism (RFLP) separation using enzyme RsaI 
(Fermentas Life Sciences; Loughborough, UK) and gel-electrophoresis on 3% (w/v) agarose 
gels. Based on the RFLP profiles, we chose nine representative aerobic 
chemolithoautotrophic arsenite oxidizing enrichments (Mn-40.1, K1, Td, Uz, Ts , Mn-40.3, 
Gp, Sm and NA2) for cloning, as these enrichments covered the major RFLP band positions 
among the whole set of 22 enrichments (Fig. 4.1a). We also cloned aioA amplicons from all 
six positive anaerobic arsenite oxidizing enrichments. RFLP fingerprinting of aioA 
amplicons from all heterotrophic arsenite oxidizing enrichments revealed only a single 
phylotype per enrichment. Therefore their PCR products were sent for direct sequencing, 
without cloning. 

Amplicons were cloned into Escherichia coli JM109 using the pGEM-T-vector 
system (Promega; Madison, WI, USA). Transformants were checked for correctly sized 
cloned inserts by a PCR with p-GEM-T-specific primers T7 and Sp6 (see Supplementary 
Table 2.S1; Chapter 2). Products with the expected size were digested with RsaI to screen 
clone libraries and compare the profiles of cloned fragments to the RFLP profiles of the 
enrichments. In total 226 clones derived from aerobic arsenite oxidizing enrichments were 
subjected to RFLP, with on average 25 clones per library (range: 15 to 31). For anaerobic 
arsenite oxidizing enrichments 113 clones were screened, with on average 19 clones per 
enrichment. Based on differences in restriction profiles, the clones were classified into RFLP 
types. At least one representative clone per RFLP type and per enrichment was sequenced.  
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4.2.10  arrA Gene-based Analysis of Arsenate-reducing Communities  

Partial arrA gene fragments were amplified using primers ArrAfwd and ArrArev (see 
Supplementary Table 2.S1; Chapter 2). Amplification often yielded faint products, consisting 
of multiple bands. Bands with the expected size for the arrA fragment (~160-200 bp) were 
cut from a 2% low melting point agarose gel using wider mouth-blunt tips. The bands were 
re-amplified and subjected to RFLP using enzyme RsaI and gel-electrophoresis on 3% (w/v) 
agarose gels. Three clone libraries (corresponding to arsenate-reducing enrichments initiated 
with groundwater samples K1, T1 and NA2) were constructed and clones were screened by 
RFLP (on average 21 clones per enrichment; range 18 to 24). At least one representative 
clone per RFLP type and per enrichment was sequenced. 

 

4.2.11  Phylogenetic Analysis  

Sequences were aligned with ClustalW using default settings and were manually edited. 
Phylogenetic analyses were performed with MEGA 4 (Tamura et al., 2007). A Poisson 
correction model was used for Amino acid distance analysis, while Nucleotide distance 
analysis was performed through Maximum Composite Likelihood computation. aioA 
sequences were assigned into phylotypes based on a cut-off value of 85% identity in amino 
acid sequence. Trees were constructed using the neighbor-joining method using a bootstrap 
value of 1000. Gene sequences have been deposited in GenBank under accession numbers: 
KU685152 to KU685187 (16S rRNA genes for aerobic chemolithoautotrophic arsenite-
oxidizers), KU685209 to KU685221 (16S rRNA genes for anaerobic-denitrifying 
chemolithoautotrophic and -chemoorganoheterotrophic arsenite-oxidizers), KU685188 to 
KU685208 (16S rRNA genes for aerobic heterotrophic arsenite-oxidizers), KU685222 to 
KU685235 (16S rRNA genes for anaerobic arsenate reducers), KU685236 to KU685320 
(aioA), and in the DDBJ database under accession numbers: LC122352 to LC122357 (arrA).  

 

4.2.12  Statistical Analysis  

Quantitative analysis of DGGE and RFLP profiles was performed with GelCompar II 
(Applied Maths, Belgium) (van Verseveld & Röling, 2004). Similarities between profiles 
were calculated using the Pearson correlation coefficient, and visualized by unweighted 
paired group clustering method with arithmetic means (UPGMA). The observed clusters of 
enrichments were related to hydrochemical characteristics of the groundwater from which 
these enrichments had been derived, using non-parametric Analysis of Variance (Kruskal-
Wallis) as described in our previous study (Hassan et al., 2015).  
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Table 4.1 Enrichment of arsenic cycling microorganisms initiated from twenty-two drinking water wells in Bangladesh (indicated by sample code or ID, name of the 
village in which the well is located, district, well depth and physicochemical parameters). Aerobic chemolithoautotrophic arsenite-oxidizers (CAO), aerobic 
heterotrophic arsenite-oxidizers (HAO), anaerobic denitrifying chemolithoautotrophic arsenite-oxidizers (ACAO), anaerobic chemoorganoheterotrophic arsenite-
oxidizers (ACHAO), and anaerobic arsenate reducers (AsR) were investigated. The column ‘dilution factor’ presents the highest serial tenfold dilution (e.g. 10-1, 10-2 
and 10-3) at which still growth was observed. Subsequent columns indicate the results of molecular analysis of specific functional genes indicative of potential for 
arsenic redox transformations. aioA: arsenite oxidase gene, arrA: arsenate respiratory reductase gene, +: detected, -: not detected and ND: not determined. 

    Enrichment condition 

  Location Physicochemical parameters Arsenite-oxidation  
Arsenate-
reduction  

  CAO HAO ACAO ACHAO AsR 

Sample 
ID 

Name of the 
village District 

Depth 
(meter)  pH 

As 
(μg/L)  

NO3 
(mg/L) 

Dilution 
factor aioA 

Dilution 
factor Growth 

Arsenite 
oxidation aioA 

Dilution 
factor aioA 

Dilution 
factor aioA 

Dilution 
factor arrA 

A1 Assasuni sadar 

Satkhira 

14 6.8 118 24 1 + ND ND ND ND ND ND ND ND 2 - 

N1 Nagda 146 8.0 4.5 0.05 1 + ND ND ND ND ND ND ND ND 1 - 

NA1 Nawapara1 23 6.9 6.5 0.08 1 + ND ND ND ND ND ND ND ND 2 + 

T1 Tarali 49 6.7 248 0.06 1 + ND ND ND ND ND ND ND ND 1 + 

NA2 Nawapara2 49 6.8 262 3.0 1 + ND ND ND ND ND ND ND ND 1 + 

K1 Kaliganj sadar 29 6.8 0.4 25 1 + ND ND ND ND ND ND ND ND 2 + 

Vu Vurulia 27 8.0 235 0.4 1 + 3 + + + ND ND ND ND ND ND 

Mu Munshiganj 81 6.6 0.02 0.2 - - - - - - ND ND ND ND ND ND 

Bp Boropukut 62 7.0 2.6 0.05 1 + 3 + + + ND ND ND ND ND ND 

Hn Henchi 55 6.6 78 0.05 1 + 3 + + + ND ND ND ND ND ND 

Jn Jaynagar 14 6.6 200 0.05 1 + 3 + + + ND ND ND ND ND ND 

Gp Gopalpur 52 7.8 620 0.07 1 + 3 + - + ND ND ND ND ND ND 

Ts Tirerhat 

Jessore 

177 6.7 463 0.5 3 + 3 + - + ND ND ND ND ND ND 

Td Tirerhat-deep 207 6.3 103 0.4 1 + 3 + - + ND ND ND ND ND ND 

M1d Magura-deep 26 6.6 78 0.1 1 + 3 + - + ND ND ND ND ND ND 

M2s Magura 24 6.1 303 0.14 2 + 3 + + + ND ND ND ND ND ND 

Uz Uzzalpur 36 6.2 132 0.11 2 + 3 + + + ND ND ND ND ND ND 

Sm Samta 21 6.2 162 1.04 1 + 3 + - + ND ND ND ND ND ND 

Mn-40.1 Payob 

Comilla 

14 6.6 208 20.58 1 + ND ND ND ND 1 + 1 + ND ND 

Mn-40.2 Payob 21 6.3 81 14.67 1 + ND ND ND ND 1 + 1 + ND ND 

Mn-40.3 Payob 23 6.1 79 14.24 1 + ND ND ND ND 1 + 1 + ND ND 

DK-8 Daudkandi 24 6.1 237 0.06 1 + ND ND ND ND ND ND ND ND ND ND 

Total 95% 95% 92% 92% 50% 92% 100% 100% 100% 100% 100% 67% 
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4.3  Results 

4.3.1  Growth and Presence of Molecular Indicators of Arsenic Transformations 
in Enrichments  

Aerobic chemolithoautotrophic arsenite oxidizing (CAO) enrichments initiated with 
groundwater samples from twenty-two drinking water wells revealed arsenite oxidation in all 
cases, except the one from Munshiganj (Mu). Arsenite oxidation was only observed in the 
10-1 dilutions (Table 4.1). Vicious microbial growth was observed for all twelve groundwater 
samples tested for heterotrophic (HAO) growth in the presence of 2.0 mM arsenite in 10-1 to 
10-3 dilutions. However, arsenite oxidation occurred only in 50% of these enrichments (Table 
4.1). The anaerobic arsenite oxidizing enrichments initiated with groundwater samples from 
wells Mn-40.1, Mn-40.2 and Mn-40.3 all engaged in arsenite oxidation, irrespective of 
whether or not acetate was included as source of organic carbon (Table 4.1: ACHAO and 
ACAO, respectively). Arsenite oxidase (aioA) genes were amplified from all these 
chemolithoautotrophic, heterotrophic and anaerobic arsenite-oxidizing enrichments (Table 
4.1). Interestingly, the aioA gene was also detected in several aerobic heterotrophic 
enrichments that did not seem to oxidize arsenite.  

Six groundwater samples from the Satkhira district were used for initiating arsenate-
reducing enrichments. Arsenate reduction was revealed in 50% of the cases up to the 10-2 
dilution, as indicated by the formation of arsenite after 21 days of incubation (Table 4.1: 
column AsR). However, only two-thirds of the arsenate-reducing enrichments contained the 
arrA gene (Table 4.1; column labelled arrA), although 16S rRNA genes were detected.  

 

4.3.2 Characterization of Aerobic Chemolithoautotrophic Arsenite Oxidizing 
(CAO) Enrichments  

16S rRNA-gene based DGGE analysis of 19 out of the 21 the aerobic autotrophic arsenite 
oxidizing enrichments combined with sequencing of excised bands revealed considerable 
variation between the enrichments: at a 55% similarity they fell into seven different groups 
(Fig. 4.1a). A total of 36 dominant bands were sequenced. 64% of these (23 bands) were 
closely related to Betaproteobacteria, 14% to Alpha- and Gammaproteobacteria (5 bands 
each), and some 5% to Bacteroidetes (2 bands) and 1 band to an uncultured bacterium (Fig. 
4.1b). Among the Betaproteobacteria, Hydrogenophaga-related sequences were the most 
dominant group (10 bands; 28% of total), observed in as many as 8 enrichments. 

The general 16S rRNA gene-based analysis of bacterial communities revealed, several 
sequences were most closely related to genera implicated in arsenic transformations. 
Specifically, enrichments belonging to cluster 6 produced a DGGE band whose sequence 
was most closely related to arsenite-oxidizing Hydrogenophaga strains C and NT-6 (bands 
labeled 5 in enrichment NA1, 7 in T1, 13 in K1, 25 in Hn, and 30 in Td; Fig. 4.1). Bands at 
various DGGE positions in the gel contained a sequence most closely related to a sequence 
in chemolithoautotrophic arsenite-oxidizing Agrobacterium and Rhizobium genera: they were 
found in several of the enrichments belonging to clusters 2, 3 and 5 (bands numbered 10 in 
sample NA2, 1 in A1, 20 in Bp; Fig. 4.1). Other excised DGGE bands, again at different 
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locations in the DGGE gel, (i.e. band 2 in A1, 6 in T1, 28 in Ts and 4 in N1; Fig. 4.1) were 
confined to clusters 3, 6 and 7 whose sequences corresponded most closely to the arsenite-
resistant Acinetobacter. 

 

 
 

Fig. 4.1 (a) UPGMA cluster analysis of bacterial 16S rRNA gene-based DGGE profiles (30-55% 
denaturant gradient) of chemolithoautotrophic arsenite-oxidizing enrichments (CAO), using Pearson 
correlation analysis as measure of identity. The enrichment IDs refer to the location of the drinking 
water well (see Table 4.1 for details). Numbers refer to the position of excised bands. Enrichments 
were assigned to clusters on basis of >50% identity. 
 

Restriction Fragment Length Polymorphism (RFLP) analysis demonstrated also 
considerable variation in aioA gene sequences between and within the enrichments: Six 
groups could be distinguished at a 65% identity level (Fig. 4.2a). CAO enrichments derived 
from groundwater samples Mn-40.1, K1, Td, Uz, Ts, Mn-40.3, Gp, Sm and NA2 were 
subjected to cloning and sequencing. These enrichments were selected since most band 
positions visible for the other samples were covered by this set of nine enrichments. The 
phylogenetic analysis of aioA genes derived from these aerobic chemolithoautotrophic 
enrichments was conducted together with the analysis of aioA genes derived from the aerobic 
heterotrophic and anaerobic arsenite-oxidizing enrichments (see below).  

Based on an 85% identity cut-off value of amino acid sequence, a total of ten 
phylotypes was distinguished among 350 sequences (i.e. 226 clones from 
chemolithoautotrophic enrichments, 113 clones from anaerobic enrichments and 11 aioA 
amplicons directly sequenced from heterotrophic enrichments) (Fig. 4.2b, Table 4.2). 
Phylotypes 1-7 belong to Alphaproteobacteria and 8-10 belong to Betaproteobacteia.  

Sixty percent of the aioA sequences from aerobic chemolithoautotrophic enrichments 
were most closely related to Alphaproteobacteria and belonged to either phylotype 1, 5 or 7 
while the remaining 40% all belonged to the Betaproteobacteria phylotype 8, with 92-99% 
amino acid identity to AioA sequences of Acidovorax sp. strains NO-1, 75 and 
Hydrogenophaga NT-14 (Table 4.2, Fig. 4.2). The latter two organisms are known to be able  
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Fig. 4.1 (b) Phylogenetic analysis of 16S rRNA gene sequences (550 unambiguously aligned nucleic 
acid positions) retrieved from the excised DGGE bands. Sequences are indicated by enrichment ID, by 
enrichment condition CAO, by the number of the excised band as shown in (a) and by the district in 
which the well is located, or as already known strains. The tree was constructed with the neighbor-
joining method and bootstrap values (1000 replications) are indicated at the interior branches. The scale 
bar represents 2% sequence divergence.  
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Fig. 4.2 (a) UPGMA cluster analysis of RFLP profiles of arsenite oxidase genes (aioA) in twenty-one 
chemolithoautotrophic arsenite oxidizing enrichments. The enrichment ID refers to the location of the 
drinking water well, with between parentheses the district (see Table 4.1 for details). Asterisks indicate 
enrichments that were selected for preparation of clone libraries; numbered band positions refer to the 
phylotype for which sequences were cloned. Enrichments were assigned to clusters on basis of >50% 
identity.  

to use organic carbon as electron source as well as inorganic electron donors (vanden Hoven 
& Santini, 2004, Quéméneur et al., 2010). Moreover, this functional aioA-based detection of 
Hydrogenophaga sp in the enrichments from wells Td, K1, NA2 and Mn-40.3 confirmed the 
16S rRNA gene based analysis of Fig. 4.1b. The other enrichments did not show such 
similarities between their aioA and 16S rRNA gene sequences. Alphaproteobacteria and 
Betaproteobacteria related AioA sequences were nearly always found together, with the 
exception of K1: 2 to 3 of the phylotypes, were detected per enrichment (Table 4.2). The 
sequences belonging to phylotype 1 (82 clones; 36% of total) were most closely related to 
Rhodobacter sp. or a novel chemolithoautotrophic arsenite-oxidizing stain Paracoccus sp. 
SY (84-88% identity) and to AioA phylotypes identified in our previous cultivation-
independent analysis of groundwater samples (Chapter 2) (Hassan et al., 2015). Sequences 
belonging to phylotype 5 (34 clones, 15%) were most closely related to Bosea sp. strains 
WAO and S41RM2, while phylotype 7 (17 clones, 8%) appeared to be affiliated to 
Hydrogenophaga sp. CL3, and Thiobacillus sp. S1 (Table 4.2). 

Comparing the restriction profiles of clones to those of aioA genes amplified from 
enrichment DNA revealed the widespread occurrence of various phylotypes in the aerobic 
arsenite oxidizing enrichments (Fig. 4.2a). Phylotypes 1 and 8 were observed in nearly all six 
clusters (Fig. 4.2a). Phylotype 5 (most closely related to Bosea sp.) was dominant in 
enrichments belonging to clusters 3, 5 and 6.  
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Fig. 4.2 (b) Unrooted neighbor-joining trees of amino acid sequences (181 unambiguously aligned 
positions) of the Alpha- and Betaproteobacterial arsenite oxidase genes retrieved from the selected 
aerobic, anaerobic and heterotrophic enrichments differentiated in. The trees were constructed with the 
neighbor-joining method and bootstrap values (1000 replications) are indicated at the interior branches. 
The scale bar represents 5% sequence divergence. AioA sequences are accompanied by distinct closed 
symbols for various arsenite-oxidizing enrichments (circles; aerobic-chemolithoautotrophic, squares; 
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anaerobic- denitrifying chemolithoautotrophic, diamonds; anaerobic-chemoorganoheterotrophic and 
inverted triangles; aerobic-heterotrophic) along with different colors referring to the various drinking 
water wells from which the enrichments were initiated. IDs in italics with colored triangles indicate 
sequences derived directly from groundwater samples, without intermediate culturing (Hassan et al., 
2015). Each clone is represented by the respective enrichment name and an additional number to 
distinguish between different RFLP types in the same enrichment. 

 

4.3.3 Characterization of Aerobic Heterotrophic Arsenite Oxidizing (HAO) 
Enrichments  

16S rRNA gene-based DGGE analysis combined with sequencing of excised bands revealed 
considerable phylogenetic variation within and between the aerobic heterotrophic arsenite 
oxidizing enrichments (Fig. 4.3). Four different groups of enrichments could be distinguished 
at a 50% cutoff value (clusters 1-4 in Fig. 4.3a). Gammaproteobacteria (11 bands; 52% of 
total) comprised the major group among the 21 sequenced dominant bands (Fig. 4.3b), 
followed by Betaproteobacteria (8 bands; 38%) and Flavobacteria (2 bands; 10%). A major 
proportion of the Gammaproteobacteria sequences (8 bands; 73%) were most closely related 
to Acinetobacter sp. (92-100% nucleotide identity). These bands (labeled 1, 2, 3 and 4 in 
sample Vu, 14 in Td, 19 in Gp, 8 in Bp and 10 in Jn) dominated cluster 1 and 2 (Fig. 4.3a 
and 4.3b). The other Gammaproteobacteria were closely related to Pseudomonas sp. (band 
15 in M1d), Enterobacter cloacae (band labeled 12 in Jn) and Klebsiella sp. (band 13 in Ts). 
Sequences of bands labeled 5 in enrichment Mu, 7 in Bp, 9 and 11 in Jn, and 17 in M2s all 
corresponded to Betaproteobacterium Comamonas sp. (97-100% nucleotide identity). 
Flavobacteria related band sequences (6 in Bp and 26 in M2s) revealed 100% nucleotide 
similarity to Chryseobacterium sp. Some of these genera, i.e. Acinetobacter, Comomonas, 
Methylomonas, Pseudomonas and Pandorea, we also detected in heterotrophic arsenite 
oxidizing enrichments (Fig. 4.1b). 
 

 
 

Fig. 4.3 (a) UPGMA cluster analysis of bacterial 16S rRNA gene-based DGGE profiles (30-55% 
denaturant gradient) of heterotrophic arsenite oxidation enrichments of twelve groundwater samples. 
Pearson correlation analysis was used as measure of identity. The enrichment ID refers to the location 
of the drinking water well (see Table 4.1 for details). Numbers refer to the position of excised bands. 
Enrichments were assigned to clusters on the basis of 50% identity.  
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Table 4.2 Contribution (in percentages) of various phylotypes to aioA gene-based clone libraries derived from four different types of arsenite-oxidizing enrichments 
initiated with the groundwater samples from Bangladesh. The enrichment codes refer to the location of the drinking water well (see Table 4.1 for details information). 
Between parentheses is the number of clones. CAO: aerobic chemolithoautotrophic arsenite-oxidizers, ACAO: anaerobic denitrifying chemolithoautotrophic arsenite-
oxidizers, *ACHAO: anaerobic chemoorganoheterotrophic arsenite-oxidizers, and HAO: aerobic heterotrophic arsenite-oxidizers. Phylotypes 1-7 belong to 
Alphaproteobacteria and 8-10 belong to Betaproteobacteria. 

    
Enrichment ID 

Percentage 
(number) 

Types of Enrichment  Phylotypes NA2 K1 Gp Mn-40.1 Mn-40.3 Sm Ts Td Uz % (TOTAL) Most closely isolates 

Aerobic- CAO 

1 65 (20) 86 (25) 29 (6)  30 (8) 27 (6) 65 (15)  7 (2)   36 (82) Paracoccus sp. SY, 
Rhodobacter sp. 

5      14 (3) 26 (6)  86 (25)   15 (34) Bosea sp. WAO 

7  14 (4)  14 (4)    60 (9)    8 (17) Hydrogenophaga sp. CL3, 
Ancylobacter sp. OL1 

8 35 (11)  71 (15) 86 (25) 70 (19) 59 (13) 9 (2) 40 (6) 7 (2)   41 (93) Hydrogenophaga NT-14, 
Acidovorax sp. strains NO-1, 75 

Total 100 (31) 100 (29) 100 (21) 100 (29) 100 (27) 100 (22) 100 (23) 100 (15) 100 (29)   100 (226)  

Anaerobic- ACAO and 
*ACHAO 

Phylotypes Mn-40.1 Mn-40.2 Mn-40.3 % (TOTAL) Most closely isolates 

1    16 (2, 4*) 16 (6*) 32 (7, 5*)      21 (9, 15*) Paracoccus sp. SY, 
Rhodobacter sp. 

2     16 (6) 13 (5*)      10 (6, 5*) Roseovarius sp. 217, 
Polymorphum gilvum SL003 

3     10 (4*) 21 (8)      11 (4, 8*) Sinorhizobium sp. DAO10 

4     5 (2)       2 (2) Aminobacter sp. 86 
6    16 (6) 16 (6)       11 (12) Bradyrhizobium sp.  
8    38 (5, 9*) 37 (5, 9*)       25 (10, 18*) Hydrogenophaga NT-14, 

Acidovorax sp. strains NO-1, 75 
9    30 (5, 6*)  34 (4, 9*)      21 (9, 15*) Hydrogenophaga defluvii B2, 

Acinetobacter sp. WA19, 
Albidiferax ferrireducens T118 

Total    100 (37) 100 (38) 100 (38)      100 (113)  

Aerobic-HAO 

Phylotypes Vu Bp Gp Hn Jn Sm Ts Td Uz M1d M2s % (TOTAL) Most closely isolates 

5     9.1 (1)    9.1 (1) 9.1(1)  27 (3) Bosea sp. WAO 

10 9.1 (1) 9.1 (1) 9.1 (1) 9.1 (1)  9.1 (1) 9.1 (1) 9.1 (1)   9.1(1) 73 (8) Achromobacter sp. NT-10, 
Alcaligenes sp. S46 

Total            100 (11)  
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Fig. 4.3 (b) Phylogenetic analysis of 16S rRNA gene sequences retrieved from the excised DGGE 
bands. Sequences are indicated by enrichment ID (e.g. GP-HAOE-19-Sa refers to village code 
GP=Gopalpur, HAOE = Heterotrophic Arsenite Oxidizing Enrichment, 19= number of the band 
excised as in Fig. 4.3a and Sa = from Satkhira district). The tree was constructed with the neighbor-
joining method. Bootstrap values (1000 replications) are indicated at the interior branches. The scale 
bar at the bottom represents 5% sequence divergence. 
 

Each aioA sequence derived from each of aerobic heterotrophic (HAO) enrichment, 
clustered separately from those of the aerobic chemolithoautotrophic enrichments (CAO) 
initiated with the same groundwater sample, except for Uz (Table 4.2, Fig. 4.2b). Seventy-
two percent of the 11 aioA sequences retrieved from heterotrophic arsenite oxidation 
enrichments of the 12 samples (8 out of the 11, see Table 4.1), clustered together with those 
of the heterotrophic arsenite oxidizing Betaproteobacteria Achromobacter sp strain NT-10 
and Alcaligenes sp. S46 within phylotype 10 (96-99% amino acid identity). The remaining 
three sequences clustered with autotrophic arsenite oxidizing Alphaproteobacterium Bosea 
(phylotype 5; 96-98% amino acid identity) and with aioA sequences from 
chemolithoautotrophic enrichments (Fig. 4.2b). In contrast with these chemolithoautotrophic 
AioA sequences, all heterotrophic AioA sequences showed a single RFLP profile per 
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enrichment or at least profile that were virtually identical (differed by at most 20%), 
indicating very limited microbial beta diversity in this particular sequence in the HAO 
enrichments (data not shown). This is in contrast to the phylogenetic analysis of 16S rRNA 
genes which revealed diverse microbial communities within single enrichments. Although 
the heterotrophic community is diverse, they seem to possess a single AioA protein which 
then possibly catalyzes arsenite oxidation without proton-pumping mediated coupling to 
Gibbs energy transduction. The chemolithoautotrophic organisms identified by the 
enrichment on arsenite as the sole electron source, may be more diverse in their AioA 
proteins. Although all of them need to couple arsenite oxidation to Gibbs energy extraction, 
they might do this at different proton pumping stoichiometries. 

 

4.3.4 Characterization of anaerobic arsenite oxidizing enrichments (ACAO and 
ACHAO) 

The DGGE profile of 16S rRNA gene amplicons revealed several dominant bands for each 
enrichment (4 to 6 bands per profile) and considerable variation between the enrichments (9 
different banding positions in 6 profiles) (Fig. 4.4a. The presence of acetate which was taken 
to be responsible for the heterotrophy, influenced the banding profiles in DGGE analysis 
(Fig. 4.4a). A total of 13 dominant bands were sequenced: almost 80% (10 bands) were most 
closely related to Betaproteobacteria while the remaining bands corresponded to the 
Bacteroidetes/Chlorobi group (Fig. 4.4b). Among the Betaproteobacteria, several band 
sequences (bands labeled 3 in Mn-40.1 in Fig.4. 4a, band 8 in Mn-40.1 with acetate and 13 in 
Mn-40.3 with acetate) were most closely related (99-100% identity) in terms of 16S rRNA to 
anaerobic arsenite-oxidizing Dechloromonas sp. ECC1-pb1 and Azospira sp (band 4 in Mn-
40.1) (Sun et al., 2010) in the Rhodocyclaceae cluster (Fig. 4.4b). Other excised DGGE band 
sequences corresponded to the anaerobic arsenite-oxidizing bacterium Diaphorobacter sp. 
(band labeled 5 in Mn-40.1 and 9 in Mn-40.2 with acetate) in the Comamonadaceae cluster 
(Sun et al., 2009). In all this, there was little correlation with the absence or presence of 
heterotrophic conditions (acetate). 
 

 
 

Fig. 4.4 16S rRNA gene diversity of three anaerobic chemolithoautotrophic (ACAO) and 
chemoorganotrophic (ACHAO) arsenite-oxidizing enrichments. (a) UPGMA cluster analysis of 
bacterial 16S rRNA gene-based DGGE profiles (30-55% denaturant gradient). Pearson correlation 
coefficient was used as measure of homology. The enrichment ID refers to the location of the drinking 
water well (see Table 4.1 for details) and IDs labelled ‘with acetate’ indicate 
chemoorganoheterotrophic (ACHAO) arsenite-oxidizing enrichments where acetate was used as the 
heterotrophic carbon source. Numbers refer to the position of excised bands.  
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Fig. 4.4 (b) Phylogenetic analysis of 16S rRNA gene sequences retrieved from the excised DGGE 
bands. Sequences are indicated by enrichment ID, the number of the excised band as shown in (a), type 
of enrichment, and the district in which the well is located. Sequences are also accompanied by a 
colored symbol, specific for each of the six enrichments. The tree was constructed with neighbor-
joining methods and bootstrap values (1000 replications) are indicated at the interior branches. The 
scale bar represents 5% sequence divergence. 

 
Anaerobic enrichments combining with chemolithoautotrophic and 

chemoorganoheterotrophic revealed a total of 7 different AioA phylotypes among 113 clones 
(Table 4.2, Fig. 4.2b). Alphaproteobacteria-like AioA sequences covered 54% of the clones 
(61 clones) along with five different phylotypes. Phylotype 1 was overall the second most 
abundant phylotype (24 clones in total; 26% of clones) and had 96-98% amino acid identity 
to AioA of the uncultured bacterial clone N-4d42 or clone N-4d44 (retrieved from aquatic 
sediment in Japan) and 84-88% identity to Rhodobacter sp. or Paracoccus sp. SY. Phylotype 
2 was most closely related to Roseovarius sp. 217 and Polymorphum gilvum (11 clones; 10% 
of total) with 84-91% amino acid identity. The amino acid sequence of phylotype 3 and 6 (12 
clones; 21% of total clones) had 83-92% identity with AioA from the nitrate-reducing 
Sinorhizobium sp. DAO10 and Bradyrhizobium sp. respectively. Phylotype 4 was most 
closely related to Aminobacter sp. 86 (2 clones; 1.8% of total) with 87% amino acid identity. 
Forty six percent of the clones (52 clones) were most closely related to Betaproteobacterial 
AioA, comprising two phylotypes (8 and 9). Phylotype 8 was most frequently encountered 
(see Table 4.2 for overview; 28 clones, 25% of total clones) and appears closely related to 
several isolated arsenite-oxidizing bacteria: Acidovorax sp. strains NO-1, 75 (96-98% amino 
acid identity) and Hydrogenophaga NT-14 (96-97% amino acid identity). AioA sequences 
belonging to phylotype 9 (24 clones, 21% of total clones) had 96-98% amino acid identity to 
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AioA of the arsenite oxidizer Hydrogenophaga defluvii as well as with that of iron-reducing 
Albidiferax ferrireducens. We also retrieved a number AioA sequences closely related to 
phylotypes 1 and 3 from two anaerobic-chemoorganoheterotrophic enrichments (Mn-40.1 
and Mn-40.2 amended with acetate). These were clustered separately as well as distantly 
related to the AioA sequences retrieved within the same and between the enrichments. 
Notably, we did not find any link with our identified anaerobic AioA sequences 
corresponding to their 16S rRNA sequences (Fig. 4.2a and 4.4b). Overall, anaerobic AioA 
sequences revealed quite some alpha diversity but in most cases 16S rRNA did not have such 
diversity, except for Mn-40.1 (Table 4.2; Fig. 4.2b, 4.4a and 4.4b).  

 

4.3.5  Characterization of Anaerobic Arsenate Reducing Enrichments  

16S rRNA gene-based DGGE analysis of anaerobic arsenate reduction enrichments revealed 
relatively simple profiles with 2 to 3 bands per enrichment, yet diversity between 
enrichments resulting in eleven different banding positions in six profiles (Fig. 4.5a). A total 
of 14 dominant bands were sequenced. Half of these (7 bands) were most closely related to 
Betaproteobacteria, followed by Firmicutes (4 bands; 29% of total), Epsilon- (2 bands; 14%) 
and Delta-proteobacterea (1 band; 7%). Several sequences were closely related to genera 
implicated in arsenate reduction: sequences of band 1 in enrichment A1 and band 12 in K1 
were most closely (96-99% nucleotide identity) related to sequences in the arsenate reducing 
Sulfurospirillum strains NP4 and b10 (Fig. 4.5b). Band 2 in the fingerprint of enrichment A1 
showed 98% identity to Geobacter species. Several other band sequences (4 in N1, 10 in Na2 
and 7 in T1) were closely related to Fusibacter sp. The sequences of several bands were 
mostly closely related to genera that are known to contain anaerobic arsenite oxidizing 
species: bands labeled 3 in A1, 5 in N1 and 6 in NA1 revealed 93-99% identity to 
Dechloromonas sp. ECC1-pb1 (Sun et al., 2010) while the sequence of band 11 in NA2 was 
100% identical to Azonexus sp. ECC4-1. 

 

 
 
Fig 4.5 (a) UPGMA cluster analysis of bacterial 16S rRNA gene-based DGGE profiles (30-55% 
denaturant gradient) of six anaerobic arsenate reducing enrichments derived from groundwater sampled 
in Satkhira, Bangladesh. Pearson correlation analysis was used as measure of identity. The enrichment 
IDs refers to the location of the drinking water well (see Table 4.1 for details). Numbers refer to the 
position of excised bands.   
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Fig 4.5 (b) Phylogenetic analysis of 16S rRNA gene sequences retrieved from the excised DGGE 
bands. Sequences are indicated by enrichment ID, the number of the excised band as shown in (a), and 
the district in which the well is located. Sequences are also accompanied by a colored symbol, specific 
for each of the six enrichments. The tree was constructed with neighbor-joining methods and bootstrap 
values (1000 replications) are indicated at the interior branches. The scale bar represents 5% sequence 
divergence. 
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sequence identity cut-off (Fig. 4.6). The arrA sequences from the NA2 enrichment were 
closely related (92-95% nucleotide identity) to uncultured clones ArrA34, ArrA38 and 
ArrA54 (retrieved from a fixed-bed bioreactor treating synthetic groundwater containing 300 
μg/l arsenate) and identical (98-100%) to an arrA sequence detected in groundwater from the 
NA1 location (Fig. 4.6). The arrA sequences retrieved from the T1 and K1 enrichments 
clustered with Sulfurospirillum barnesii (75-80% nucleotide sequence identity) and an arrA 
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sequence detected in groundwater from NA2 location (Fig. 4.6). Only the 16S rRNA gene 
based detection of Sulfurospirillum in enrichment K1 corresponded to the results of arrA-
based analysis. 

 

 
 
Fig. 4.6 Unrooted neighbor-joining tree of partial nucleotide sequences of dissimilatory arsenate 
reductase genes (arrA) retrieved from anaerobic arsenate-reducing enrichments, initiated with 
groundwater from the Satkhira district in Bangladesh. The colored circles indicate the enrichments, 
with different colors referring to the various drinking water wells from which the enrichments were 
initiated. IDs in italics with and without colored squares indicate sequences derived directly from 
groundwater samples, without intermediate culturing (Hassan et al., 2015). The tree was constructed 
with the neighbor-joining method and bootstrap values (1000 replications) are indicated at the interior 
branches. The scale bar represents 5% sequence divergence. Each clone is represented by the respective 
enrichment name and an additional number to distinguish between different RFLP types in the same 
enrichment.  
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4.4  Discussion 

4.4.1  Microbial Diversity in Arsenite-oxidizing Enrichments 

A)  Our findings 

We undertook four different types of enrichment of the same groundwater samples. We did 
this to detect arsenic-cycling related activity in the environment where we previously 
detected potential arsenite-oxidizing microorganisms (Hassan et al., 2015). We deployed 
four enrichment conditions that may be of relevance for arsenic cycling i.e. aerobic- and 
anaerobic denitrifying-chemolithoautotrophic, aerobic- and anaerobic-heterotrophic arsenite-
oxidizing enrichments. We had hypothesized a diverse range of cultivable arsenite-oxidizing 
microorganisms to reside in arsenic-contaminated groundwaters in Bangladesh. As we had 
expected, enrichments from nearly all wells showed arsenite oxidation suggesting that 
virtually all of the investigated wells offered a potential of cultivable arsenite-oxidizing 
microorganisms. And indeed, where tested, wells were capable of activity vis-a-vis all four 
enrichment conditions we implemented. As also hypothesized, we found microorganisms 
that had not been identified as arsenite oxidizers on the basis of our previous cultivation-
independent 16S rRNA- and functional gene-based study (Chapter 2, Hassan et al., 2015). 

In this study the enrichments lasted 12 weeks in total. Strictly speaking we assayed 
only for physiological activities, not growth. Hence our conclusions are most pertinent to 
activities. Most probably however these activities related to growth of the corresponding 
organisms. The change in the microbial community observed by the 16S rRNA based and 
AioA analysis supports that such enrichment was taking place.  

Large strain diversity and new AioA phylotypes were revealed between enrichments 
from different groundwater wells for the same culturing condition, as well as for any 
culturing from a single groundwater well for different culturing conditions. As we did not 
isolate and characterize individual strains from each type of enrichment and carried out only 
a single enrichment per well, our 16S rRNA DGGE could not tell us whether within each 
well there was diversity. We also looked at the sequence of genes relevant for arsenic 
metabolism however and there we found multiple phylotypes to be enriched for the same 
well. And this was true for all wells: there is substantial diversity in arsenic metabolizing 
activity and in addition, that diverse activity is enrichable. 

In turn the phylotypes were diverse between them: although in our aerobic 
chemolithoautotrophic enrichments we found quite a large number (41%; 93 out of 226) of 
AioA phylotypes that were most closely related to Betaproteobacteria, we also found 
phylotypes that were highly divergent from these. Of course, not all the microorganisms we 
identified may be capable of chemolithoautotrophic arsenite oxidation but rather thrive on 
organic matter that is excreted by the chemolithoautotrophic arsenite oxidizers, suggesting 
more complex communities. Nevertheless, since arsenite was used as the sole electron donor 
in both the aerobic and the denitrifying chemolithoautotrophic such communities are likely to 
depend critically on arsenite oxidizing enrichment. 
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B)  Issues resolved 

Do the enriched arsenite metabolizing microorganisms simply correspond to the ones that we 
already detected in our cultivation-independent studies (Chapter 2)? The answer is 
substantially in the negative: in our aerobic chemolithoautotrophic arsenite-oxidizing 
enrichments the dominant 16S rRNA sequences were most closely related to those in several 
members of Alpha-, Beta-, and Gamma-proteobacteia, whereas our previous, cultivation-
independent, study had revealed that of the 22 samples investigated here, only few contained 
a very limited number of Alpha- and Gamma-proteobacterial 16S rRNA gene sequences. 
This answers our hypothesis that the enrichments might well differ in microbial composition 
from the microbial communities present before the enrichment: they do. 

What are these arsenite oxidizing microorganism like? Are they entirely new species, 
or are they mostly related to already acknowledged ones? The co-occurrence of Alpha-, Beta- 
and, Gamma-proteobacteria in such aerobic arsenite oxidizing enrichments had already been 
observed (Inskeep et al., 2007, Rhine et al., 2007, Fan et al., 2008, Quéméneur et al., 2008, 
Heinrich-Salmeron et al., 2011, Drewniak et al., 2012). Besides these proteobacteria, we 
further detected Flavobacteria and Bacteroidetes/Chlorobi in our aerobic-heterotrophic, 
anaerobic-chemolithoautotrophic and -chemoorganoheterotrophic arsenite-oxidizing 
enrichments. To the extent that this can be judged from 16S rRNA analyses, several strains 
of Hydrogenophaga were the most frequently encountered species in our aerobic 
chemolithoautotrophic enrichments again confirming earlier work by others (Santini et al., 
2002, vanden Hoven & Santini, 2004, Salmassi et al., 2006). These strains had also been 
evidenced in our previous cultivation-independent 16S rRNA based survey (Hassan et al., 
2015). Hydrogenophaga species are heterotrophs that can grow chemolithoautotrophically 
with hydrogen under aerobic conditions and were therefore not expected: their 
chemolithoautotrophic growth with arsenite had not yet been observed (Garcia-Dominguez et 
al., 2008), but this ability may depend on the strain: Several Hydrogenophaga strains did not 
grow with arsenite as sole source of electrons either (Salmassi et al., 2006), suggesting they 
used AioA merely to detoxify arsenite.  

In contrast to 16S rRNA gene diversity, in the same arsenite-oxidizing enrichments 
there was less news for the functional AioA phylogeny: That appeared to be confined to 
Alpha- and Betaproteobacteria, where Alphaproteobacterial aioA sequences displayed large 
variation as compared to Alphaproteobacterial sequences of 16S rRNA. Based on AioA 
phylogeny, in aerobic-, and anaerobic denitrifying-chemolithoautotrophic enrichments along 
with anaerobic-chemoorganoheterotrophic arsenite-oxidizing enrichments, the most 
encountered AioA sequences were most closely related to those in Rhodobacter sp. or 
Paracoccus sp. SY or Hydrogenophaga NT-14 or Acidovorax strains NO1, 75. We had 
found Rhodobacter and Hydrogenophaga related dominant AioA phylotypes in our previous 
cultivation-independent study too (Hassan et al., 2015). Rhodobacter species are anaerobic 
and photosynthetic with the capability of iron biomineralization (Miot et al., 2009). To date, 
the Rhodobacter sp. has not been shown to gain energy, or to be capable of growth, by using 
arsenite as the sole electron donor. Expression of the aioA gene in Rhodobacter sp. may be 
induced by arsenite spuriously (Inskeep et al., 2007) as observed in Variovorax sp. strain 
RM1. However, since Rhodobacter sequences were not observed among the 16S rRNA 
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sequences, the Rhodobacter-like AioA sequences may have been present in a different genus 
or only a small percentage of bacteria harbored this aioA gene. Recently, Zhang et al. 
identified a novel chemolithoautotrophic arsenite-oxidizing Paracoccus sp. SY, stemming 
from an arsenic contaminated paddy soil in China. The AioA sequences of the Paracoccus 
sp. in the present study were most closely related to Rhodobacter sp. (Zhang et al., 2015). 
The strain SY could derive Gibbs energy from the oxidation of arsenite to arsenate under 
both aerobic and anaerobic conditions using O2 or NO3

− as the respective electron acceptor. 
We did not find any corresponding 16S rRNA sequences closely related to Paracoccus sp. 
however, neither in aerobic nor in anaerobic-denitrifying chemolithoautotrophic enrichments. 

 
C)  Remaining unclarities  

There are considerable inconsistencies between the 16S rRNA-based classification and the 
AioA-based phylogeny. This may be due to horizontal gene transfer of aioA genes between 
prokaryotes (Yamamura & Amachi, 2014), a lack of sufficient database representation, our 
relatively shallow sequencing depth, or potential bias in the aioA or 16S rRNA primers 
(Price et al., 2013).  

Based on 16S rRNA profiling, we found a clear variation within and between the 
enrichments. Hydrogenophaga related 16S rRNA sequences were dominated by the aerobic 
chemolithoautotrophic arsenite-oxidizing enrichments. By contrast Acinetobacter and 
Comamonas genera dominated in aerobic heterotrophic arsenite-oxidizing enrichments, and 
Dechloromonas sp. ECC1-pb1 (Sun et al., 2010) anaerobic denitrifying 
chemolithoautotrophic enrichments. We also identified some less dominant 16S rRNA 
sequences in our various arsenite-oxidizing enrichments that were absent from our previous 
cultivation-independent study. They were most closely related to known aerobic- and 
anaerobic-chemolithoautotrophic and chemoorganoheterotrophic arsenite-oxidizers as well 
as to detoxifying arsenite-resistant species, such as Ralstonia sp. 22 (Quéméneur et al., 
2008), Rhizobium sp. Agrobacterium sp., BEN-5 (Santini et al., 2002), Azospira sp., 
Diaphorobacter sp. (Sun et al., 2009), Enterobacter clocae, and Klebsiella sp. (Selvi et al., 
2014). Moreover, we detected a number of genera in heterotrophic arsenite-oxidizing 
enrichments, i.e. Acinetobacter, Comomonas, Methylomonas, Pseudomonas and Pandorea 
whose 16S rRNA gene sequences overlapped with the chemolithoautotrophic arsenite-
oxidizing enrichments with our previous, direct 16S rRNA based survey (Hassan et al., 
2015). Most Acinetobacter and Comamonas species have been reported as arsenic resistant 
bacteria for which the arsenite transporter genes (arsB) have been identified (Davolos & 
Pietrangeli, 2011). Several strains of Acinetobacter and Comamonas are able to oxidize 
arsenite (Santini et al., 2002, Kinegam et al., 2008, Chitpirom et al., 2012). We found a 
number of AioA sequences (24 clones out of 350) most closely related to Acinetobacter sp. 
strain WA19 (Inskeep et al., 2007) or Hydrogenophaga defluvii strain B2.  

A clear variation and overlapping of functional aioA genes was also observed within 
and between the arsenite-oxidizing enrichments (Table 4.2, Fig. 4.2b). Water samples labeled 
Mn-40.1 and Mn-40.2 subjected to anaerobic denitrifying chemolithoautotrophic enrichment 
revealed quite some alpha diversity. Similarly, we found more variations of AioA phylotypes 
in anaerobic denitrifying-chemolithoautotrophic enrichments which covered a total of 
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maximum 7 phylotypes (3-4 phylotypes per enrichment). Whereas anaerobic 
chemoorganoheterotrophic enrichments covered 5 phylotypes (3 phylotypes per enrichment), 
aerobic chemolithoautotrophic involved 4 phylotypes (2-3 phylotypes per enrichment) and 
aerobic heterotrophic enrichments covered only 2 phylotypes (5 and 10; single phylotype per 
enrichment). These observations suggest overlap between and dominance of phylotypes 1 
and 8 in all but the aerobic heterotrophic arsenite-oxidizing enrichments. The phylotype 1 
(akin Paracoccus sp. SY) reported as facultative anaerobic chemolithoautotrophic arsenite 
oxidizers (Zhang et al., 2015) and phylotype 8 (Hydrogenophaga sp. NT14 or Acidovorax 
sp. NO1) reported as chemolithoautotrophic and heterotrophic detoxifying facultative 
anaerobes (Santini et al., 2002, vanden Hoven & Santini, 2004, Salmassi et al., 2006, Huang 
et al., 2012).  

Within the heterotrophic arsenite-oxidizing enrichment, all except one contained the 
arsenite oxidase gene (aioA). In spite of having these genes, 5 out of 11 did not show any 
arsenite oxidation (Table 4.1). These findings suggested that the expression of the aioA-like 
gene might be induced spuriously by the presence of arsenite (Inskeep et al., 2007). Some 
arsenite transforming microorganisms harbor both heterotrophic and chemolithoautotrophic 
AioA. In this way they would be able to detoxify arsenite without using it for their energetics 
when growing heterotrophically, yet use the arsenite as electron donor under autotrophic 
conditions. Heterotrophic arsenite oxidation and resistance capability have also been reported 
in Achromobacter and Alcaligenes species (Santini et al., 2002, Inskeep et al., 2007, Bachate 
et al., 2012, Sultana et al., 2012). However we could not identify any corresponding 16S 
rRNA genes from these organisms in our heterotrophic arsenite-oxidizing enrichment.  

Arsenite oxidation converts arsenite into less mobile and less toxic arsenate. Arsenite 
oxidases (Aio) are involved in autotrophic and heterotrophic arsenic oxidation under aerobic 
and anaerobic conditions (Cavalca et al., 2013). To date, the majority of the known 
chemolithoautotrophic arsenite oxidizers belong to the Alphaproteobacteria and their aioA 
sequences generally cluster separately from those of heterotrophic arsenite oxidizers in the 
Betaproteobacteria lineages (Rhine et al., 2007). Both heterotrophic and 
chemolithoautotrophic arsenite oxidizers appear to coexist in previously investigated 
groundwater samples (Chapter 2, Hassan et al., 2015) and in other studies (Inskeep et al., 
2007, Rhine et al., 2007, Fan et al., 2008, Quéméneur et al., 2008, Heinrich-Salmeron et al., 
2011, Zhang et al., 2015).  

Based on the detection of functional AioA, we identified three more new phylotypes 
(5, 7 and 10) in our current cultivation-dependent study that we could not detect in our 
previous cultivation-independent study (Hassan et al., 2015). Overall, several enrichment 
approaches confirmed considerable metabolic flexibility and adaptability at the population 
level (i.e. through selection; Fig. 4.2b and Table 4.2).  

 

4.4.2  Microbial Diversity in Arsenate-reducing Enrichments 

We also initiated anaerobic arsenate-reducing enrichments using the same groundwater 
samples as we used previously for direct molecular detection of potential arsenate-reducing 
microorganisms (Hassan et al., 2015). We hypothesized a diverse range of cultivable 
arsenate-reducing microorganisms to reside in arsenic-contaminated groundwaters in 
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Bangladesh. Microbial mediated arsenate reduction was observed in all enrichments. As also 
hypothesized, we enriched microorganisms that had not been identified as arsenate reducers 
on the basis of our previous cultivation-independent 16S rRNA- and functional arrA gene-
based study (Hassan et al., 2015). The species identified by our 16S rRNA gene based 
analyses of microbial communities in arsenate-reducing enrichments were confined to 
several members of Beta-, Epsilon-, Delta-proteobacteria and Firmicutes whereas the 
previous study of the 6 samples investigated here, had identified Beta-, Delta-, Gamma-
proteobacteria, Firmicutes and Actinobacteria related 16S rRNA gene sequences. This 
confirmed our hypothesis that enrichment would lead to a reduced diversity, yet the 
remaining diversity was substantial. 

Which organisms did we enrich then? Arsenate respiration is widespread in 
different prokaryotic groups (Escudero et al., 2013). Arsenate reducing cultivation-derived 
16S rRNA gene analysis revealed very few sequences closely related to known arsenate 
reducing species. Rather other genera that are known to contain anaerobic arsenite oxidizing 
species were found: Dechloromonas sp. ECC1-pb1 and Azonexus sp. ECC4-1 (Sun et al., 
2010). We detected only a single sequence most closely related to Geobacter sp. Virtually, 
Geobacter was observed in all the investigated groundwater samples (Chapter 2). A possible 
explanation for finding few of the expected Geobacter sp. in the current study may be that 
we used the microbial generic 16S rRNA specific primer rather than a Geobacteraceae 
specific primer. In our previous study (Hassan et al., 2015) we could only detect 
Geobacteraceae by using a Geobacteraceae specific primer. Phylogenetic analyses of 16S 
rRNA genes did reveal sequences most closely related to known arsenate reducing strains 
Sulfurospirillum b10 and NP4, but again in low abundance. Arsenate-respiring 
Sulfurospirillum might also play a role in arsenic release in South-East Asian aquifer 
sediments (Héry et al., 2008). Other sequences inside the Firmicutes phylum most closely 
related to Clostridium and Fusibacter were also in low abundance. Clostridium and 
Fusibacter sp. 3D3RP8 can reduce arsenate both under aerobic and anaerobic conditions 
(Islam et al., 2004, Fan et al., 2008, Escudero et al., 2013). Several iron reducers can 
sometimes also reduce arsenate and possess the respiratory arsenate reductase gene arrA 
(Ohtsuka et al., 2013, Kudo et al., 2014, Osborne et al., 2015). Indeed, Geobacter-related 
dissimilatory arsenate reductase (arrA) genes were abundant in several anaerobic, arsenate-
rich aquifers (Héry et al., 2010, Giloteaux et al., 2013) but we did not encounter arrA 
sequences closely related to Geobacter.  

The arsenate reductase (arrA) gene diversity was low in the enrichments 
investigated here; other studies on arsenic-rich aquifers revealed higher alpha-diversity (Song 
et al., 2009, Héry et al., 2010, Giloteaux et al., 2013, Mirza et al., 2014). Apart from 
dissimilatory reduction via ArrA, arsenate can also be reduced via ArsC, as a means to 
detoxify arsenate. However, ArsC is unable to reduce adsorbed arsenate, while ArrA can 
reduce both adsorbed and dissolved arsenate and is considered the dominant mechanism for 
arsenate reduction (Macur et al., 2004, Cavalca et al., 2013).  
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4.5  Implications for the (Im)mobilization of Arsenic 

Microbial oxidation of arsenite to arsenate represents both a potential energy conservation 
and a partial detoxification mechanism. In the former case it may couple arsenite oxidation 
by molecular oxygen or nitrate to protonmotive force and then ATP generation. It then 
enables autotrophic growth, which however requires much Gibbs energy and hence much 
arsenite oxidation to fix the carbon dioxide. Although this may be problematic for the 
organism, it should be good for humans trying to detoxify arsenic-containing groundwaters. 
In the latter case it generates the less toxic and less mobile form of arsenic merely for the 
sake of detoxification (Simeonova et al., 2004), but it may do this at a lower rate because it is 
not needed for the organism’s energetics. The latter mode of operation is therefore less 
favorable vis-a-vis bioremediation of arsenic containing groundwaters.  

These two modes of arsenite oxidation offer somewhat different potentials for the 
further development of a treatment process aiming to remove arsenic from contaminated 
drinking water in a cost-effective and eco-friendly way. The enrichments of the organisms 
we identified, confirms the possibility that they participate in the biogeochemical cycling of 
arsenic. Information obtained from our enrichment experiments also supports our hypothesis 
that arsenite-oxidizing microorganisms are widely distributed in arsenic contaminated 
aquifers in Bangladesh. This is important because the effectiveness of in situ bioremediation 
technology significantly is greatly aided by the activity of indigenous microbial communities 
at the contaminated sites; this reduces the need for bioaugmentation. For example, arsenite 
oxidase sequences most closely related to iron-oxidizing Acidovorax were frequently 
observed in the arsenite-oxidizing enrichments, indicating the potential for ferric iron 
assisted bioremediation of arsenite from groundwater in Bangladesh. Under aerobic and 
anaerobic denitrifying conditions, chemolithoautotrophic arsenite oxidizers need copious 
amounts of arsenite in order to produce some biomass, as arsenite oxidation yields little 
energy for growth, while in carbon-rich environments heterotrophs use AioA solely for 
detoxification and should thereby be expected to develop less of an arsenite removal flux. 
Therefore, the activity of chemolithoautotrophic, Alphaproteobacteria in arsenite 
remediation should be preferred over that of heterotrophic arsenite oxidizers. However the 
chemolithoautotrophs (Paracoccus sp. SY, Sinorhizobium sp. DAO10, and Dechloromonas 
sp. ECC1-pb1) we identified were also reported to be metabolically flexible and could be 
used for arsenite oxidation depending on the availability of different substrates and 
environmental conditions. Under organic carbon enriched conditions arsenite resistant 
heterotrophic strains (Hydrogenophaga, Achromobacter, Alcaligenes, Acinetobacter and 
Comamonas) might be an alternative or additive option for arsenite oxidation.  

All types of identified microorganism may also be of interest for in situ removal of 
arsenic and iron by the subsurface arsenic removal (SAR) technology developed by (van 
Halem et al., 2010). SAR was recently introduced in Bangladesh. It comprises the injection 
of oxygenated water into aquifers so as to oxidize ferrous iron abiotically and therewith 
precipitate iron oxides and co-precipitate arsenic with it (van Halem et al., 2010). The 
activity of iron-oxidizing microorganisms that also oxidize arsenite could potentially enhance 
SAR efficiency down to by achieved ex situ: the autotrophic and heterotrophic arsenite 
oxidizers we identified have been frequently applied in batch bioreactors together with 
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immobilizing minerals for removing arsenic from wastewater (Lièvremont et al., 2003, 
Simeonova et al., 2005).  

Independent of whether biological arsenic remediation from Bangladeshi groundwater 
through conversion to arsenate would be conducted in situ or ex situ, much attention should 
be paid to the anaerobic conditions. Groundwater in Bangladesh also contains a wide range 
of iron reducers (Hassan et al., 2015), which may then become active and release arsenate as 
a result of the reduction of precipitated and arsenic-adsorbing ferric (oxyhydr)oxides. The 
arsenate could be reduced to arsenite by the arsenate reducing microorganisms we found 
evidence for both in the present and in the preceding chapter.  
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Abstract 

Removal of subsurface arsenic by injection with oxygenated groundwater has been proposed 
as in situ, cost-effective technology for obtaining “safe” drinking water in areas with high 
arsenic contamination. The technology has been named “SAR” (for subsurface arsenic 
removal). The ferric iron (oxyhydr)oxides produced by oxidation of aqueous ferrous iron 
should co-precipitate with arsenic. Whilst the process is assumed to be driven by abiotic 
reactions, iron and arsenic-cycling microorganisms might enhance it. In order to examine the 
microbial community relevant for the dynamic performance of SAR in terms of its removing 
of arsenic and iron, we conducted both a cultivation-independent and a cultivation-dependent 
survey. We did this for water and sediment samples taken at 8 different time points from 
SAR wells, their storage tanks, and reference wells. We find that SAR achieved a stationary 
state after 20 cycles of operation, at which point it removed iron virtually completely from 
the water extracted from the well. Arsenic removal was less efficient; the SAR process 
reduced arsenic from 400 to 50 µg per Liter or even less but only in the first 100 Liters taken 
from the well; in the 500th Liter the arsenic was back up to 130 µg/Liter. Both DGGE 
profiling of 16S rRNA genes and NMDS (non-metric multidimensional scaling) analysis of 
16S rRNA deep sequencing data confirmed that biome-specific microbial communities 
varied over time in SAR, tank, and reference well water as well as in sediment samples. This 
included bacterial species relevant for arsenic and iron cycling. The total number of 
cultivable bacterial cells was several orders of magnitude higher in sediment samples than in 
the water samples. The small-scale running of a SAR unit as performed in this experiment 
may not have been able to stimulate the growth of the relevant metal oxidizing 
microorganisms sufficiently: It did not enhance SAR to the extent of providing more arsenic-
free as well as microbiologically-safe, drinking water. The high influx from the well’s 
environment in our experiment, acquiring additional arsenic from that environment, may 
have been one culprit, insufficient time to engage the microbes in the sediment, another. 
Potential risks of arsenite re-emergence and contamination with microbial pathogens need to 
be considered as well. Tuning of SAR to microbial activities, as well as the engagement of 
anaerobic microbial oxidation of arsenite using nitrate derived from ammonia oxidation, 
might upgrade SAR to the provision of safe drinking water. At an ambient iron content of the 
groundwater of 13 mg/L, the ratio of water extracted to water injected should thereby be 
smaller than 5, rather than the 7 or more that is usual. Because more oxygen would then be 
injected that (4 times the) Fe(II) sucked in from the well’s subsurface environment, this 
should produce the (micro)aerobic conditions in the soil. This might enable arsenite 
oxidation followed by arsenate adsorption to the precipitating iron oxides. 

 

5.1  Introduction 
Over the last two decades (since 1993), “arsenic – the deadly poison and slow hidden killer” 
has been emerging as a chronic health problem in Bangladesh. More than 60% of the 
groundwater used for drinking in Bangladesh contains arsenic at concentrations often 
significantly exceeding above the WHO guideline 10 μg/l (Jiang et al., 2012).  
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Ex situ treatment technologies have been developed to provide arsenic free safe 
drinking water to the population (Xie et al., 2016), but most of these are not affordable to the 
poor rural population of Bangladesh, due to high maintenance costs and required logistic 
care. In situ cost-effective arsenic removal technologies might be better candidates for 
implementation at rural household or small-community level (Sen Gupta et al., 2009, 
Brunsting & McBean, 2014, Freitas et al., 2014, Rahman et al., 2014). Van Halem et al. 
introduced a cost-effective technology for Subsurface Arsenic Removal (SAR) (van Halem 
et al., 2010), based on Subsurface Iron Removal (SIR) (Hallberg & Martinell, 1976, van 
Beek, 1985). The principle of SAR is the in situ removal of ferrous iron along with arsenic 
set off by the injection of oxygenated water. Groundwater is extracted from a drinking water 
well and aerated above-ground before being re-introduced into the aquifer. Under neutral pH 
conditions, aqueous ferrous iron rapidly reacts abiotically with oxygen, resulting in ferric 
iron (oxyhydr)oxides which precipitate. This precipitate provides sorption sites for binding of 
other metals and oxyanions such as arsenic, thereby removing the latter from the 
groundwater (Appelo & De Vet, 2003). In order to examine whether microorganisms 
potentially capable of arsenic- and iron- cycling, reside in the various Bangladeshi 
groundwaters, we previously sampled 24 drinking water wells from 4 districts in Bangladesh 
and conducted a cultivation-independent 16S rRNA gene-based survey (Hassan et al., 2015). 
We found arsenic- and iron- cycling microorganisms to be widely distributed. Using the 
same water samples, we also carried out cultivation-dependent molecular studies, in order to 
monitor the distribution of cultivable arsenic- and iron -cycling potential in the arsenic 
contaminated aquifers in Bangladesh Chapter 3 (Hassan et al., 2015) and Chapter 4.  

We expected that during SAR operation, both autotrophic and heterotrophic iron and 
arsenic-oxidizing and -reducing microbial communities would adapt. We hypothesized that 
metal cycling microorganisms could contribute to SAR performance either positively, i.e. by 
the oxidation of ferrous iron and arsenite, or negatively by reduction of ferric iron and 
arsenate. We expected the arsenic removal performance to improve over time, with the 
numbers of iron- and/or arsenic oxidizers increasing and numbers of coliforms remaining 
low. Accordingly, long term running of SAR should then provide metal-cycling 
microorganism with sufficient opportunity to grow and contribute to arsenic removal from 
groundwater. With respect to the negative aspects, we thought that enhanced arsenate 
reductive potential of microorganisms might constitute a threat to SAR technology that 
should be managed. 

The aims of the present study were to test these ideas by exploring the potential 
metabolic functional types of arsenic- and iron -cycling microorganisms in relation to SAR, 
as well to follow how the microbial community composition and diversity changes over time 
during SAR. A time series was examined for effects on microbiology relating to SAR 
performance and an ex situ bioremobilization of iron and arsenic experiment was performed 
with artificial medium induced by Shewanella  putrefaciens strain 6067. We report that for 
the existing mode of operation of SAR there is little adaptation of the microbiome of the 
groundwaters and that reductive release of precipitated arsenate is a theoretical concern. We 
discuss how SAR technology could be enhanced so as to make better use of the potential of 
bioremediation.  
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5.2  Materials and Methods  

5.2.1  Field Sampling and Well Operation  

The study was conducted between November 2012 and February 2013 and the field site was 
located at Muradnagar Upazila (a subdistrict of the Comilla district about 100 km southeast 
of Dhaka). Two boreholes were drilled using the manual drilling technique, "sludger" 
method: one for the SAR well and the other for the reference well, both to a depth of 
approximately 20 m and 2.5 m removed from each other. The same SAR- and reference-
wells had been used one year earlier for conducting similar types of experiment except for 
microbiology (Freitas et al., 2014). Separate lines with valves were connected to the SAR 
well for injection and extraction (see Supplementary Fig. 5.S1). The injection and extraction 
lines were connected to an aeration tank, the lid of which can be operated manually. A five 
cubic meter volume of storage tank was placed on a roof top about 5 m above the ground to 
allow for gravity injection into the aquifer using the same tube as for extraction of water. 
Shower heads and disc aerators were placed into the aeration tank to achieve high dissolved 
oxygen levels with the help of an air compressor (Freitas et al., 2014, Rahman et al., 2014). 
The SAR unit was operated in 55 consecutive cycles. Each cycle began at 9:00 a.m. local 
time, with 0.5 m3 volume of extraction from the SAR well. This was put into the rooftop tank 
and aerated for 3 hours and then injected at about 3.00 p.m., back into the aquifer through the 
same pipe. Between cycles only some 1 Liter of residual water remained in the tank. After 
extraction of the first 0.5 m3, a further volume of 3.0 m3 was extracted and discarded into a 
nearby a lake. Thereafter the pump was switched off until the next day. After injection, the 
injected water thereby stayed in the aquifer for some 18 hours before the new round of 
extraction and reinjection on the next day. Throughout the water extraction period, a small 
part of the water was led to a side tube for analysis at volume points 0.1, 0.5, 1.0, 1.5, 2.0, 
2.5, and 3.5 m3 (Supplementary Fig. 5.S1). Water was extracted from the aquifer by an 
electrical 0.37 KW pump (Gazi, Bangladesh), with an average extraction speed of 0.02 
m3/min. The water pump was powered by a 2.5 KW generator (HZ3000, HZ, China). During 
the operation, extracted or injected water passed through an online flow meter which 
indicated the extraction or injection volume respectively. Two different outlets were used for 
measuring pH, dissolved oxygen, and electrical conductivity and for collecting samples for 
both hydrochemical and biological analyses. The SAR treatment unit was operated for up to 
55 cycles at a continuous flow. Water samples were collected from the SAR before treatment 
and over time of operation, i.e. for cycles 1, 3, 5, 10, 20, 40 and 55 for molecular and 
hydrochemical analyses. For each cycle, these water samples (some 100 ml for microbiology 
and some 20 ml for hydrochemistry) were collected at different volumes (m3) of extraction 
(0.1, 0.5 [to be called V1], 1.0, 1.5 [to be called V3], 2.0, 2.5, 3.0, 3.5 from the water being 
pumped continuously from the SAR well, and similar samples from the storage tank after 
aeration. The reference well differed from the SAR well in that neither 500 Liters nor 
subsequent 3 m3 water was extracted, nor was water injected. It was operated daily by 
villagers who would take some 50 Liters per day from it. At days 1, 3, 5, 10, 20, 40 and 55, 
also we took water samples (120 ml in total) from the reference well at the same time of day 
as that we sampled the water flowing from the SAR well. The characteristics of the reference 
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well pump differed from those of the SAR well: it was a negative reciprocal pump, which 
initially was mixing air vigorously with water every time the water was extracted and 
measured. After 3 cycles, this mode of operation was adjusted by sealing up the mouth of the 
pump and then sampling from a part of the pump that was not being oxygenated. We tested 
for any significant difference of microbiological analysis among 0.5, and 1.5 m3 volumes of 
extraction. Different types of bacterial cultivation enrichment (for arsenite and ferrous iron 
oxidation, arsenate and ferric iron reduction conditions), as well as direct analysis in terms of 
heterotrophic plate count (HPC) and total coliform count were performed from the SAR- and 
reference-well water samples during pre-treatment and at cycle 55. Sediment samples were 
used for culturing and molecular analyses only at the end of treatment (after the 55th cycle). 
To compare with our SAR- and reference-wells, we also collected sediment samples from 
two different SAR wells, one of which was located 75 m far away from our primary SAR 
well and the other of which was in Singair upazila, Manikganj district, 37 km west of Dhaka 
(see Rahman et al. 2015). Two boreholes were drilled adjacent to the wells at approximately 
5 cm distance. One of these was near the SAR well and the other one near the reference well. 
Coring to collect sediment samples from boreholes was accomplished using the "sludger" 
method, a manual drilling technique: an iron pipe was repeatedly moved up and down by the 
action of a bamboo lever pivoted about a frame. A PVC tube was tagged to the end of the 
inner side of the iron pipe. After completion of augering, sediments samples collected in 
PVC tubes were removed from the iron pipe and immediately sealed at both ends of the tube 
with wax and epoxy to prevent oxidation as much as possible (von Brömssen et al., 2008) 
and transferred to the laboratory whilst maintained at 4°C. Sediment samples were stored at 
4°C in a closed chamber continuously flushed with N2. All sediment samples were opened in 
an anaerobic glove box in order to minimize oxidation. 

 

5.2.2  Hydrochemical Analysis 

All hydrochemistry samples were taken in duplicate, filtered through a 0.45 µm pore-size 
membrane filter (Whatman GmbH, Germany), collected in polystyrene tubes and transferred 
to the laboratory, where they were stored for less than 24 h at 4°C. One set of samples was 
acidified with 65% HNO3. In these, major elements and trace metals (Na, K, Ca, Mg, Fe, 
Mn, Si, As, and P) were analyzed by using inductively coupled plasma optical emission 
spectroscopy (ICP-OES, Varian 720 ES-axial; Palo Alto, CA, USA). Concentrations are 
reported in mg of the corresponding atom per Liter, i.e. should be divided by 75 (As) or 55 
(Fe) to obtain the corresponding molarities. Anion (F-, Cl-, Br-, NO2

-, NO3
- and SO4

2-) 
concentrations were determined by Ion Chromatography (Dionex DX-120 equipped with 
IonPac AS14 column, Thermo Fisher Scientific, Waltham, MA, USA). Alkalinity was 
determined at the field site by titration of 5.0 ml of sample with a diluted strong acid (H2SO4, 
0.16M) using a digital hand titrator (Hach Lange, Germany) and bromocresol greenmethyl 
red as indicator. pH (H19126, Hanna Instruments Inc., USA), electrical conductivity (EC, 
GMH 3140 Greisinger, Germany), dissolved oxygen (DO, HQ20, Hach Lange, Germany) 
and temperature (T, HQ20, Hach Lange, Germany) were monitored continuously for every 
0.1 m3 until the first 1.5 m3 had passed, and for every 0.5 m3 in volume thereafter. The pH, 
EC, DO and temperature of the reference well and the injection water (post aeration) were 
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monitored once every cycle. To track the SAR performance over time, arsenic concentrations 
were measured at the field site using a test kit (Arsenic Econo-Quick II, USA) provided by 
the department of public health engineering, Bangladesh (DPHE).  

 

5.2.3  Microbiological Analysis  

Anaerobic groundwater samples were collected in sterile serum glass bottles by letting the 
bottles overflow. Bottles with groundwater samples for microbial analyses were capped with 
small headspace and transferred to the laboratory, where they were stored for less than 24 h 
at 4°C. Approximately 100 ml of groundwater was vacuum-filtered using 45-mm-diameter, 
0.2 µm pore-size filters (Millipore, Billerica, MA, USA). Membrane filters were frozen at –
20°C until DNA isolation.  

Media and growth conditions for culture-based bacterial cell enumeration and 
enrichments of iron- and arsenic -cycling microorganisms were carried out as described in 
Chapter 3 and 4, except for the counting of the total number of cultivable bacterial cell 
(Heterotrophic Plate Counts; HPC) and total coliforms. MacConkey agar (OXOID, England) 
and nutrient agar (Sigma-Aldrich) were used for counting of total coliforms and HPCs 
respectively. A hundred microliter of unprocessed water sample and ten-fold serial dilutions 
(up to 10-3) of groundwater samples in sterile 0.85% NaCl solution were on agar plates using 
a spread plate technique. Plates were incubated at 37°C for 16-24 hours followed by cell 
counting.  

 

5.2.4  Ex situ Bio-remobilization of Iron and Arsenic  
A total of two sediment samples, one from the SAR and one from the reference well, were 
incubated in strictly anaerobic basal growth medium containing organic carbon as electron 
donor (Bonneville et al., 2006) to assay whether bio-remobilization of sediment derived iron 
and arsenic) was possible. One gram of sediment was transferred anaerobically into a serum 
vial containing 10 ml of sterile medium. A hundred microliter aliquot of Shewanella 
putrefaciens strain DSM 6067 (ATCC 8071; approximately 107 cells) containing basal 
medium without amendment of Fe(III) or As(V), was added to the sediment in triplicate. 
This was done to make the assay more robust; without Shewanella there was also activity. 
On the other hand, a triplicate set of positive controls confirmed the iron reduction activity of 
Shewanella in media amended with 50 mM of Fe(III) citrate. For hydrochemical analysis of 
iron and arsenic by ICP-OES, supernatants from every set of incubated sediment were taken 
at time 0 and after 16 weeks of incubation. All samples were stored with a final 
concentration of 0.5M HCl until hydrochemical analysis. 

 

5.2.5  DNA Extraction  

DNA was extracted using the soil DNA extraction kit (Mo Bio Laboratories Inc, Carlsbad, 
CA, USA) according to manufacturer’s instructions. DNA was stored at –20°C until required 
for molecular analysis. 
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5.2.6  16S rRNA Gene-based Profiling of Bacterial Communities  

For partial 16S rRNA gene sequences of bacteria, primer sets 357F–GC clamp and 518r (for 
PCR conditions, see Supplementary Table 2.S1; Chapter 2) were used. The PCR reaction 
was carried out in a 25-µl (total volume) mixture containing 12 µl of GoTaq (Promega; 
USA) ready Master Mix, 1 µl of each primer (0.4 µM final concentration), 8 µl of nuclease 
free water (Promega; Madison, WI, USA) and 3 µl of undiluted DNA as template (see 
Supplementary Table 2.S1; Chapter 2). PCR product was checked on 1.5% agarose gels, 
stained with ethidium bromide and visualized under UV light.  

Denaturing gradient gel electrophoresis (DGGE) was carried out using a DcodeTM 
Universal Mutation Detection System (BIO RAD Laboratories, CA, USA). PCR product was 
loaded onto a 1 mm thick 8% (w/v) polyacrylamide (ratio of acrylamide to bisacrylamide, 
37.5:1) gel containing a linear gradient of 30–55% of urea–formamide. A customized DGGE 
marker (M12) with 12 bands at different positions was used as a reference to normalize band 
positions for comparisons between gels. The running conditions were 200 V at a constant 
temperature of 60°C in 1× TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM Na-EDTA, 
pH 8.0) for 4 h. The gels were stained in 1× TAE buffer containing 1 µg/ml of ethidium 
bromide and visualized using a UV transilluminator.  

 

5.2.7  16S rDNA Amplicon Sequencing  

Before PCR amplification, DNA concentrations were measured by PicoGreen dsDNA assay. 
DNA concentrations in all samples were adjusted to an equal concentration. Triplicate PCR 
reactions were performed for each sample. After amplification, positive controls were 
checked in 1.2% agarose gel at 60 Volt over about 15 cm length for 45 minutes. All 
amplified products from the triplicate PCRs were pooled in a tube. Each twenty-five μl 
reaction consisted of 0.5 μl of Phusion Green Hot Start II High-Fidelity DNA Polymerase 
(Thermo Fisher Scientific, Sweden), 5.0 μl of 5× Phusion Green HF buffer MgCl2, 5.0 μl of 
10 μM primer mix (1:1) and 0.5 μl of 10 mM nucleotide mix. The thermal cycling protocol 
was 98oC for 30 sec, 30 cycles of 98oC for 10 sec, 55oC for 30 sec, 72oC for 30 sec and a 
final 10-min extension at 72oC. We targeted the V3-V4 region of the 16S rRNA gene; with 
primer pairs S-D-Bact-0341-b-S-17, 5’-CCTACGGGNGGCWGCAG-3 (Herlemann et al., 
2011) and V4 reverse primer S-D-Bact-0785-a-A-21, 5’-GACTACHVGGGTATCTAATCC-
3 (Muyzer et al., 1993). The primers were dual bar-coded and were compatible with Illumina 
sequencing platforms as described previously (Caporaso et al., 2011). Purified amplicons 
from each triplicate reaction were pooled together into a single library and further quantified 
using PicoGreen dsDNA assay (Invitrogen). Fifty microliter of the pooled library was run in 
a 0.9% (w/v) agarose gel and one band containing the expected ~500 bp molecule was 
excised from the gel and purified using QIAquick Gel Extraction kit (QIAGEN GmbH, 
Hilden, Germany). Amplicons from all samples were pooled in equimolar concentrations 
into one composite sample containing 41 samples (37 samples from the succession 
experiment and 4 controls), and were paired-end sequenced at the Vrije Universiteit Medical 
Center (Amsterdam, The Netherlands) on a MiSeq Desktop Sequencer with a 600-cycle 
MiSeq Reagent Kit v3 (Illumina). 



128 
Chapter	5	

 

High-throughput sequencing raw data were de-multiplexed and processed using a 
modified version of the Brazilian Microbiome Project 16S profiling analysis pipeline (Pylro 
et al., 2014). Quality trimming was done according to the following parameters: quality score 
> 30, sequence length > 285, no maximum ambiguous bases and no mismatched bases in the 
primer. Sequences belonging to different samples were de-multiplexed using bcl2fastq 
software version 1.8.4 (Illumina). Primers were trimmed using Cutadapt (Martin, 2012) and 
paired-end reads were joined using PANDAseq (Masella et al., 2012). Metadata and de-
multiplexed samples were merged using add_qiime_labels.py (Caporaso et al., 2010) and 
sequence headers were changed using bmp-Qiime2Uparse.pl (Pylro et al., 2014). UPARSE 
was used to de-replicate, discarding OTUs detected less than 4 times and to cluster OTUs at 
a 97% similarity threshold (Edgar, 2010, 2013). We filtered chimeras by reference database 
search using the UCHIME algorithm (Edgar et al., 2011) and the SSU rRNA gene SILVA 
database release 123 (Quast et al., 2013). OTU taxonomy was assigned using the UCLUST 
algorithm (Edgar, 2010) on QIIME (Caporaso et al., 2010) using SILVA compatible 
taxonomy mapping files (Quast et al., 2013) and aligned using SINA (Pruesse et al., 2012). 
Taxonomy was curated manually and refined up to genus level based on 97% similarity of 
reference sequences. We generated a BIOM file using make_otu_table.py on QIIME 
(Caporaso et al., 2010). Prior to further analysis we produced an OTU table and a taxonomy 
table using BIOM scripts (McDonald et al., 2012). The OTUs were grouped into the 
phylogenetic groups they belonged to. The total number of reads in each group was then 
added together and the percentage abundance of each phylogenetic group calculated and 
displayed in a bar graph (Fig. 5.5). By inspecting at genus or species level we attributed 
possible metabolic activities to the OUT’s and then again the relative abundances were 
reported per metabolic activity (Fig. 5.6). 

 

5.2.8  Statistical Analysis  

Quantitative analysis of DGGE profiles were performed with GelCompar II (Applied Maths, 
Belgium) (van Verseveld & Röling, 2004). Similarity values were calculated using Pearson 
correction, and visualized by unweighted pair group method with arithmetic means 
(UPGMA) cluster analysis. NMDS analysis (non-metric multidimensional scaling) of 16S 
rDNA amplicon sequences was performed based on Pearson correlation using the 
Paleontological Statistics (PAST) program, version 2.1 (Hammer et al., 2001). 

 

5.3  Results 

5.3.1  Hydrogeochemistry of Reference well, SAR well and Tank water Over time 

The background hydrochemistry in the reference well was characteristic of fresh water 
aquifer. The pH was neutral, with a mean pH of 6.9. The mean concentrations of arsenic and 

iron in the reference well were 0.27 and 12 mg/l respectively, i.e. 3.6 and 210 M. At mean 
concentrations of 0.36 g/l and 36 mg/l bicarbonate and magnesium, respectively, were more 
abundant than normally. The concentrations of the chemical species in the water extracted 
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from the reference well did not vary with time (Supplementary Table 5.S1). Hydrochemical 
analyses of water samples from the SAR well revealed that most cations and anions were 
equally abundant in the reference and the SAR well with only the initial arsenic being 30% 
higher in the SAR well (Supplementary Table 5.S1).  

Fig. 5.1 shows the effect of successive SAR cycles on the iron concentration in water 
taken from the well. The first injection of aerated water already had quiet some effect, 
reducing the iron concentration in the first 100 Liter taken from the well by more than a 
factor of 10. The explanation might be trivial however: we may simply have been retrieving 
the aerated water we had just pumped in. Still this would imply that the iron oxidized in the 
tank to ferric oxide (rust) was immobilized in the sediment of the well. This might also 
explain the iron removal from the second 400 Liter, as the volume of injected water had been 
500 Liter. Also after the second 500 Liter had been harvested from the well, there was a 
reduction in iron, from 13 to 11 milligram per Liter (Fig. 5.1), suggesting that the aerated 
water pumped into the well did lead to some extra oxidation and precipitation of iron. After 
the third cycle a total of 1.5 m3 of oxidized water had been pumped into the well, presumably 
with all its iron already having been oxidized. Again this amount of iron did not reemerge 
from the well when 3.5 m3 volume of water was pumped back out. With further cycles 
however, less of the iron disappeared and iron removal performance stabilized after around 
20 cycles, i.e. there was no further increase in performance or no decrease in iron 
concentration with further cycling. A stationary state occurred with almost all the iron 
removed by the SAR technology in that cycle coming back out. However, this iron came 
back out only in the last 2 of the 3.5 m3 harvested, suggesting that it represented a steady 
inflow of iron from the environment of the well. Provided only the first 1 m3 of the harvested 
water were used for consumption, then that water should be almost free of iron. 

 

 

Fig. 5.1 Performance of iron removal over time by SAR. (a) Iron concentrations in 7 subsequently 
extracted water volumes of 0.5 m3 each for some of the 55 subsequent SAR cycles. Each cycle was 
initiated by injecting 0.5 m3 of aerated water. Colored lines indicate iron removal performance 
increased at different cycles.   
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Fig. 5.1 (b) Iron concentration in the first 
0.5 m3 of extracted water sample from the 
SAR well, where the iron concentration 
was <0.30 mg/l (most right one) at the 20th 
cycle, to be compared to that in the 
reference well (11 mg/l) and pre-treated 
SAR well (13 mg/l) (see Supplementary 
Table 5.S1 for details hydrochemistry 
information). 

 

Arsenic removal performance was not as good as that of iron (Fig. 5.2). There was a 
large performance increase between cycle 1 and 3, but the performance increase per cycle 
quickly diminished thereafter. Also here the process became stationary after some 20 cycles. 
The lowest concentration of arsenic measured at the field site was ~50 µg/L after the first 
100 Liter of water had been extracted.  

 

 

Fig. 5.2 Performance of arsenic removal over time by SAR. Total arsenic concentration in 7 extracted 
volumes (to a total of 3.5 m3) of water per cycle, each cycle initiated by injecting 0.5 m3 of aerated 
water (as in Fig. 5.1). Colored lines indicate arsenic removal performance increased at different cycles 
within first 0.1 m3 but the concentration exceeds the WHO guideline 50 µg/l for Bangladesh standard. 

 
In water extracted from the reference well, which was subjected to cycles of extraction 

of 50 Liter but not to the injection of aerated water, there was no such decrease, neither in 
iron nor in arsenic; here only the dissolved oxygen dropped from a substantial amount 
initially which may have been due to the setting up of this well, to virtually zero: the water in 
the well was presumably replaced with anaerobic water from its environment 
(Supplementary Table 5.S1). Other ion concentrations in the SAR well were independent of 
cycling with the exception of sulfate and phosphate, which were increasing and decreasing, 
respectively, with cycling and time. Perhaps sulfide and sulfite in the groundwater was being 
oxidized to sulfate. Phosphate may have been co-precipitating with the iron-oxides. 
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Fig. 5.3 shows the relative changes of nitrate and nitrite against ammonium measured in the 
aerated injection water during successive cycles collected from the tank. We found that the 
ammonium concentration in the tank after aeration decreased gradually with every cycle until 
it leveled off at some 0.17 mM. Somewhat smaller amounts (0.04 mM) of nitrite plus nitrate 
accumulated similarly in the aeration tank. The first ten hour had a strong increase in nitrite 
which was then converted to nitrate (not shown). 

 
Fig. 5.3 Nitrate plus nitrite and 
ammonium concentrations during 
successive cycles as measured in the 
aerated injection water collected 
from the tank.  

 
 
 
 

5.3.2  Distribution and Temporal Variation of Microbial Communities  

Even though the SAR technology was designed with abiotic processes in mind, life processes 
could contribute to, or detract from, its performance. We set out to determine whether in the 
SAR well there was a diversity of microorganisms and whether within this diversity some 
might be species known to be capable of metabolic reactions relevant for iron or arsenic 
removal. We also examined if such microorganisms would amplify with time in the SAR 
well. We first used a method that looks at gross variations in microbial communities, i.e. 
DGGE profile, and subsequently refined the analysis with deep sequencing.  

Denaturing gradient gel electrophoresis (DGGE) of PCR-amplified bacterial 16S 
rRNA gene-fragments revealed a variation of microbial communities in reference well water 
samples with no steadiness achieved yet after the 40th cycle, except perhaps for a few bands. 
Likewise, microbial community fingerprints were changing in SAR well water samples over 
time and did do so differently, e.g. also in terms of the few bands that appeared to become 
constant in the reference well (Supplementary Fig. 5.S2a and S2b). Between reference-well 
and SAR-well sediment samples after 55 cycles the microbial communities also differed 
(Supplementary Fig. 5.S2c), and they differed from the corresponding water samples. 
Diversity and differences between samples was pervasive. 

When we examined whether an enrichment culture would be able to reduce the 
diversity, we observed that it was, particularly when asking for anaerobic iron reduction 
(Supplementary Fig. 5.2d). Before and after SAR the water samples were enrichable. The 
resulting prominent bands may well have corresponded to Geobacteraceae but differed 
between reference and SAR and between the first and the 55th SAR cycle.  

We extracted the DNA, amplified sequences homologous to ribosomal RNA, and then 
sequenced the result. Quality filtering recovered a total of 66,585 microbial 16S rRNA 
sequence reads for the pooled 37 barcoded DNA samples. And sure enough we found 
diversity: based on a 97% nucleotide identity cut-off, 290 OTUs were identified. Of them 36 
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OTUs ranged from 1-7% in abundance, the others being less abundant. The sequences 
obtained were attributed to 16 different phyla along with Candidate division OD1, uncultured 
bacteria, and a group of unassigned sequences.  

NMDS analysis of the amplicon sequences, for the first 500 Liter (V1) and 1500 Liter 
(V3) water samples (SAR) as well as for the 50 Liter reference-well samples, suggested that 
there were two biome specific microbial communities (one for SAR well and one for 
reference well) (Fig. 5.4). Aerated tank (TK) water samples turned up in the SAR-well 
cluster. They were distant from the reference-well cell and from the sediment samples. Over 
time the SAR community seemed to move away from the reference well to a position taken 
by the pretreatment reference well sample. The latter had been exposed to aeration during 
sampling. Because the reference pretreatment sample contained some dissolved oxygen, an 
explanation could be that this movement to the left in Fig. 5.4 is a movement from a more 
anaerobic (original) to a more aerobic (influenced by SAR-type activity) habitat (Fig. 5.4). In 
this analysis V1 and V3 samples were not much different however. These results of the 
NMDS analysis were similar to those based on DGGE profiling (not shown) of water and 
sediment samples from SAR and reference well.  

 

 
 

Fig. 5.4 Non-metric multidimensional scaling (NDMS) analysis of microbial communities in water and 
sediment samples from the corresponding reference well (green), SAR well (red) and tank (Blue). The 
analysis was of deep sequenced rRNA amplicons. Green closed diamonds refer to the water samples 
from the reference well, green open diamond to the sediment from the same reference well. Red closed 
circles (volume 1; V1), square boxes (V3) were from SAR well water samples and red open circles 
from the same well sediments. Blue closed triangles refer to tank water. Orange stars and purple sand 
clock were sediments from two different SAR wells. Numbers indicate the cycle number and ‘Pr’ refers 
to pretreatment samples.  

5

Pr

1
3

5

10
20

40

55

Pr

1

1

3

3

5

10
10

20

20
40

4055

55

Pr

1

3
5

10

20

40

55

S1

S2.

S3
S4

S5

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

Coordinate 1

-0.24

-0.16

-0.08

0

0.08

0.16

0.24

0.32

C
o

o
rd

in
at

e 
2



133	
Hydrochemical	and	microbial	dynamics	in	a	long	term	subsurface	arsenic	removal	(SAR)	unit	

 

The diversity was examined further by focusing on sediments from a set of reference 
wells. Sediments from two difference reference wells (RW-A55 and RW-C20 in Fig. 5.5) 
were highly different in their microbial community, as were samples from SAR wells after 
multiple cycles (SW-A55, SW-B20 and SW-C20). Even, when sampling a single SAR well 
at slightly different depth, we found great differences (compared SW-B20,  to SW-B´20). 

Proteobacteria were the most dominant phylum, ranging from 28 to 99% (average ± 
standard deviation over the samples = 78%±19%; Fig. 5.5) sequence abundance over all the 
investigated samples. They were followed by Firmicutes, ranging from 0 to 66% 
(10%±17%), Bacteroidetes ranging from 0 to 32% (4±6%), and Archaea ranging from 0 to 
17% (2±4%). The Proteobacteria phylum was subdivided into five different classes 
including Alpha-, Beta-, Delta-, Gamma- and Epsilon-proteobacteria, where 
Betaproteobacteria were the most dominant class (40±25%, on average) followed by 
Gammaproteobacteria (30±25%, on average) in water and sediment samples. Also at the 
family level, the most abundant OTUs relate to Moraxellaceae; Acinetobacter (7±15%), and 
Methylophilaceae; Methylotenera (7±12%), followed by Methylococcaceae; Methylomonas 
(7±16%), Rhodocyclaceae; Dechloromonas (5±11%) and Gallionellaceae (3.6±13%) were  

 

 

Fig. 5.5 Relative abundances of microbial phyla and some subgroups thereof in water samples from the 
SAR well (SW), the corresponding reference well (RW), and tank water (TK). Water samples with 
numbers indicate the cycle number except for sediments.V1 refers to samples taken at 500 Liter, V3 to 
sample taken at 1500 Liter of water flown from the well. SW-A55 to RW-C20 refer to six different 
sediment samples. The A, B, and C refer to three different SAR wells or nearby reference wells, 
numbers like 55 to the cycle, and SW and RW to SAR-well and reference-well, respectively. B’20 is a 
sample from the same well as B20 but taken at the same time from 2.5% cm greater depth. The color 
coding legend on the right has the same vertical order as the color coding in the figure body. 
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identified (not shown). The diversity was not much different between SAR and reference 
well and did not seem to increase or decrease with cycling (Fig. 5.5). The SAR well and the 
reference well did differ in microbiota: the former had much less Epsilonproteobacteria and 
more Gammaproteobacteria than the latter. A surprising finding was that whilst the 
geochemistry became stationary after some 20 cycles of well operation (see above), the 
microbiology did not: the composition of the microbiological community in the water taken 
from the well, continued to vary between cycles. 

To detect ammonia oxidizing bacteria especially in tank water, we performed PCR, 
targeting the ammonia monooxygenase (amoA) gene. The gene was present in every cycle in 
the tank (Supplementary Fig. 5.S3). The gene also showed up in the water from the reference 
well however. This finding significantly reflected the hydrochemistry in the tank water 
where ammonia oxidizing bacteria may have oxidized ammonia to nitrate.  

 

5.3.3  Potential Metabolic Phenotypes 

We next examined what the metabolic capabilities might be of the organisms we identified. 
A total of 12 different potential metabolic functional types along with potential pathogenic 
and unknown groups were associated with the reference well, the SAR well and the tank 
water over 8 different time points. These potential metabolic types indicate what the genus 
organisms belong to, might be capable of, but they do not guarantee that the particular 
organism present in our samples has that capability in its genome, nor that it expresses that 
capability should it have it. Such potential capability of geochemical cycling of arsenic, iron, 
sulfur, and nitrogen was present in the samples. Especially Gallionellaceae-related iron-
oxidizing (FeOx) and sulfide/sulfur-oxidizing (SulfOx) bacteria were frequently observed in 
the reference well (Fig. 5.6). They were virtually absent from SAR and tank water. For 
instance, the mean differences of FeOx (23±25%) and SulfOx (19±21%) metabolic types 
were higher in RW as compared to SW (V1+V3) and TK (<1% in both cases) (data now 
shown). The potential arsenic resistance prokaryotes were more abundant in SAR and tank 
samples than in reference-well samples ((Fig. 5.6). The potential anaerobic arsenite-
oxidizing metabolic types were more abundant in the SAR well as compared to TK and RW; 
their aerobic counterparts were rare. The ammonia-oxidizing (NH4Ox) metabolic types were 
virtually absent from the reference but present in at least some of the SAR well and tank 
samples. Likewise we found the denitrifying iron-oxidizing (FeNO3) functional types to be 
more abundant in SAR and TK. Potentially pathogenic microorganisms were consistent (1%, 
on average) both in RW and SAR and slightly lower in TK (<0.5%, on average). Overall the 
potential functional metabolic types identified in SAR, TK and RW were similar but with 
some potentially important differences that are paradoxical and may have important 
implications (see Discussion).  
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Fig. 5.6 Potential metabolic capabilities in the microbial communities. As in Fig. 5.5, but now profiled 
in terms of metabolic capabilities associated with the OTUs at genus level. NO2Ox refers () to nitrite 
oxidizer, NH4Ox  to ammonia oxiders, SulfRed  to Sulfate reducers, SulOx  to Sulphide 
oxidizers, FeR  to iron reducers, Potential FeOx  to potential iron oxidizers, FeOx  to 
microaerophilic iron oxidizers, Potential AsRes  potential arsenic resistant microbes, Potential 
AsRed  to potential arsenate reducers, Potential anaerobic AsOx  to potential anaerobic arsenite 
oxidizers and potential AsOx to potential aerobic arsenite oxidizers. 

 

5.3.4  Cultivatable Arsenic- and Iron-cycling Microorganisms 
We did not find any convincing effect of SAR on the number of cultivable 
chemolithoautotrophic and heterotrophic arsenite-oxidizing bacteria in the water samples 
(Table 5.1). In a dilution-to-extinction experiment we did find that the both types of 
microorganism were present and cultivatable long term. Sediment samples from both the 
SAR and the reference contained negligible numbers of cultivatable chemolithoautotrophic 
arsenite-oxidizing bacteria. Heterotrophic arsenite-oxidizing bacterial cell numbers were 
much higher in SAR sediment, i.e. some 2000 times higher than in the corresponding water 
sample. In the reference well, the number was only fourfold higher in sediment than in water. 
We did not find any significant difference in iron-oxidizing bacterial growth between pre and 
post-treatment, neither in the SAR nor in the reference-well water (Table 5.1). Iron oxidizing 
bacterial cell numbers was quite similar in SAR and reference well but a thousand-fold more 
abundant in sediment.  

There was no significant change in cultivatable arsenate-reducing bacteria over time in 
water samples, which were more abundant in sediment than in water from this long-term 
SAR well. In reference-well water samples, the number of arsenate-reducing bacteria was 
consistent over time. Iron-reducing bacteria were higher in sediment (105/g) than in water 
samples (10/ml; Table 5.1), particularly so in the SAR well.  

In order to confirm that the sediment samples in the well contained iron and arsenic in 
forms that could be re-mobilized, we incubated the sediments in vitro with added 
Shewanella. Sure enough iron then appeared after 16 weeks incubation, as did arsenite (Fig. 
5.7). 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

P
r 1 3 5 10 20 40 55 P
r

1(
V
1)

1(
V
3)

3(
V
1)

3(
V
3)

5(
V
1)

5(
V
3)

10
(V
1)

10
(V
3)

20
(V
1)

20
(V
3)

40
(V
1)

40
(V
3)

55
(V
1)

55
(V
3) P
r 1 3 5 10 20 40 55

SW
‐A
55

R
W
‐A
55

SW
‐B
'2
0

SW
‐B
20

SW
‐C
20

R
W
‐C
‐2
0

RW SW TK Sediment samples

A
b
u
n
d
an
ce
 o
f m

e
ta
b
o
li
c 
ty
p
e
s

Sample types

Others

Potential Pathogen

NO2Ox

NH4Ox

SulfRed

SulfOx

FeRed

Potential FeOx

FeNO3

FeOx

Potential AsRes

Potential AsRed (detox)

Potential anaerobic AsOx

Potential AsOx



136 
 

Table 5.1 Microorganisms engaging in arsenic and iron cycling and growing in water and sediment samples collected from SAR and reference wells. In the dilution to 
extinction experiment, cultures were screened for arsenite oxidation or arsenate reduction using a qualitative test (Fan et al., 2008): 20 µl of 0.01 M KMnO4 solution 
was added to 1 ml of medium. A pink color was taken to indicate the presence of arsenate while a clear to yellowish color suggested arsenite. Microbial growth in the 
gradient tube was identified by the formation of a discrete brownish iron oxide band, after visual comparison to the more diffused bands that typically develop due to 
chemical oxidation of ferrous iron in abiotic control tubes. Positive iron reduction (medium turning colorless) was inferred by comparison with an uninoculated control 
(no color changes) (see Fig. 3.S1, Chapter 3). ND =Not determined  

 

   Colony formation assay Dilution to extinction experiment      

Aerobic cultivation with arsenite Aerobic cultivation with arsenite Anaerobic reduction with arsenate  Fe(II) oxidation Anaerobic Fe(III) reduction 

Chemolithoautotrophic Heterotrophic Chemolithoautotrophic  Heterotrophic  Cultivation with organic carbon Microaerophilic Cultiv. with organic carbon 

   CFU/ml CFU/g CFU/ml CFU/g 10 log (Culture dilution factor) 10 log (Culture dilution factor) 
10 log (Culture dilution 

factor) 
10 log (Culture dilution 
factor) 

Sample 
code Water Sediment Water Sediment Water Sediment Water Sediment Water Sediment Water Sediment Water Sediment 

SW-Pr 60 ND 160 ND 2 
ND 3 ND 

1 ND 3 ND 1 ND 

RW-Pr 10 ND 120 ND No growth 
ND 1 ND 

1 ND 3 ND 1 ND 

SW-55 40 <5 610 1.3*106-1.6*106 2 No growth 
3 ND 

1 4 3 6 1 5 

RW-55 10 0 310 1.1*103-1.2*103 1 No growth 
1 ND 

1 1 3 6 1 2 
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Overall we found evidence for presence of potentially relevant organisms, not much 
for enrichment during SAR. 

 
 

Fig. 5.7 Ex situ bioremobilization of SAR derived sediment. (a) Remobilization of iron in and by 
sediment sampled from the reference (RW-A55) and the SAR (SW-A55) well after 55 cycles, in the 
presence of added Shewanella strain 6067. (b) Remobilization of arsenic in and by the same sediment 
samples under reducing condition. Time zero refers to 0 and end point referes to after 16 weeks of the 
assay. Shewanella strain 6067 and yeast extract were added to the incubations, which then lasted for 16 

weeks. Before the assay the sediment samples had been kept anaerobically at 4C for 1.5 y. Average 
results from three separate microcosms are plotted. The error bars are standard error of the mean from 
the three microcosms.  

 

5.3.5  Microbial Safety for Drinking water During SAR Operation 

Coliforms are the group of enteric bacteria used extensively as an indicator of water quality 
vis-à-vis public health. Accordingly, water samples were analyzed for microbial safety of 
drinking from the SAR well, the reference well and the storage tank at 8 different time 
points. The reference well was and remained free of coliform counts at a detection level of 
10 CFU/ml (Fig. 5.8), but those in the SAR well were already high pre-treatment and 
remained between 100 and 1000 CFU/ml (Fig. 5.8), possibly revealing that the SAR well had  

 
Fig. 5.8 Microbiological safety 
analyses (total coliform counts and 
heterotrophic plate counts (HPC) 
for cultivable bacteria) of extracted 
drinking water at various time 
points in reference well, SAR well 
and tank. Threshold lines indicated 
the acceptable WHO guideline for 
drinking water. RW: reference well; 
SW: SAR well; T: tank; pre: 
pretreatment; C1-C55: cycle 1- 
cycle 55.  
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been contaminated whilst setting up the injection water reinjection machinery. The plate 
counts of heterotrophic bacteria (HPCs) were again high in the SAR well throughout the 
experiment. In the reference well they started low and then increased with cycling.  

 

5.4  Discussion  

5.4.1  Hydrogeochemistry and SAR; the Abiotic Story 

The SAR well was operated for 55 daily cycles of water extraction, aeration and re-injection. 
A total of 3.5 m3 of water was extracted during each cycle. For each of the 55 cycles, the first 
extracted 0.5 m3 was used for aeration and re-injection, in order to maintain the consistency 
of removal performance as well as to avoid the risk of well-clogging (indeed, we did not find 
any evidence for plugging of the aquifer in the reaction zone). During the aeration in the 
tank, the 13 mg/L of Fe in untreated groundwater (Supplementary Table 5.S1) should have 
been fully oxidized to Fe(III). The re-injected 0.5 m3 of tank water should thereby contain 
some 0.23 mM Fe(III) [i.e. 0.11 Mole of Fe(III)] and some 0.26 mM additional dissolved O2. 
The injected 0.13 Moles of O2 should in principle suffice to oxidize a further 0.52 Moles of 
Fe(II) thereby in total potentially completely ridding 2.2+0.5=2.7 m3 water of the aquifer of 
its 0.23 mM of Fe(III): a total of 0.63 Moles of Fe(II). When we inspect Fig. 5.1, we see that 
the SAR was initially rather ineffective in iron removal but became highly efficient with 
further cycling: After the first 100 Liters of water had been extracted from the well, the water 
that was being extracted had a level of 1 mg/L of iron remaining of the 13 mg/L of the 
background, meaning that from this first 100 Liters 1.2 g (0.022 Mole) of iron had 
disappeared, presumably by the intended immobilization in the soil 20 meters below the 
well. After 500 L had been taken from the SAR well, some 5 gram of iron had been 
removed, and from the entire 3.5 m3 some 8.5 gram, in total corresponding to almost 0.15 
Mole of iron, suggesting a 25% yield (‘efficiency’) of SAR in its first cycle of operation: not 
all the injected oxygen was apparently used for iron removal. Some of it may have escaped 
from the well or have been used by other processes.  

More likely the FeOOH found it hard to precipitate for lack of already existing 
crystallization nuclei, and was pumped back out with the 3.5 m3 groundwater, passed through 
0.45 µm pore-size membrane filter and was assayed in our iron assay, which was not 
discriminate with respect to Fe(II) versus Fe(III). This efficiency increased with subsequent 
cycles. Already around cycle 20, almost 0.6 Moles of Fe per cycle was missing from the net 
3.0 m3 pumped out, obviously (0.7 Mole was the total initial content of the 3.0 m3) reflecting 
that the well’s environment itself was indeed being depleted from mobile iron at a rate of 
some 0.6 Mole per cycle, approximately equal to the 0.5 Moles expected from the oxygen 
put in: in terms of Fe removal the SAR well was then 100% efficient; , most of the oxygen 
injected into the SAR well disappeared (Supplementary Table 5.S1). A steady state was 
attained between iron inflow from the environment of the well and Fe precipitation around 
the well. Upon injection, aerated water should diffuse radially and alter the near-well 
chemistry of the aquifer. The main principle of SAR was to generate ferric (oxyhydr)oxides 
via abiotic oxidation of ferrous iron. These ferric (oxyhydr)oxides should then precipitate. 
We conclude that this concept worked: the SAR technology was able to reduce the iron 
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concentration in the water taken from the well by more than a factor of 20 and after operating 
the well for more than 3 cycles, the iron concentration in the water pumped back out was 
well below the 0.3 mg/L equivalent to 6  µM.  

The particular aim of the SAR technology is the removal of arsenic rather than iron. 
The precipitating Fe(III) oxides should provide a reactive surface to which arsenic should 
adsorb (Appelo & De Vet, 2003). Fig. 5.2 suggests that this may not have worked as well as 
hoped for. The arsenic concentration in the groundwater was some 0.38 mg/L corresponding 
to some 6.9 µM, i.e. conveniently below the 0.23 mM of initial iron. As calculated above, in 
the first cycle, the iron did not eliminate much more than 25% of the injected oxygen, so 
there should have been enough oxygen left to oxidize any arsenite. Still, only some 4 mg of 
arsenic in total was removed in the first 100 Liter of the first cycle. In the stationary state 
attained at the 20th cycle only some 0.6 g (i.e., 8 mMol) arsenic was removed per cycle (see 
above; van Halem et al., (2010) reported 2.6 mmol arsenic removal per cycle), the increase 
showing that indeed the immediate environment of the SAR pump was being depleted of 
arsenic. The arsenic concentration in the first 100 Liter drawn at each cycle had decreased 
strongly from 380 µg/L to 50 µg/L.  

In our SAR well, arsenic removal efficiency was much lower than that of iron, which 
was essentially complete: comparing the 8 mMol of arsenic removed to the ~600 mMol of 
iron removed per cycle, we conclude that the co-precipitation of the arsenic with the Fe(III) 
oxide was much less than complete. The 8% molar ratio compares well with the 8-10% 
reported by van Halem et al., (2010). Perhaps the speed of extraction was too high, with an 
average speed 0.02 m3/min and thus the contact time of arsenic with the adsorption surfaces 
was too short. This has indeed been demonstrated by Rahman et al., (2015). The adsorption 
of arsenite may have been hindered by competition with other anions present such as 
phosphate (at a more than 3-fold excess) and bicarbonate (at close to a thousand fold excess). 
In addition, some of the adsorbed arsenic may have desorbed during later extraction volumes 
in a cycle. That we did see an improvement between the first and the third cycle of arsenic 
removal, may reflect depletion of the immediate environment of the pump from the mobile 
form of arsenic. That there was little improvement after 10 cycles of operation may reflect 
that arsenic is rather mobile and continues to diffuse into the well from its environment, not 
being hindered much by oxidation to the less soluble arsenate or by binding to the Fe(III) 
oxides: The extent to which removal of arsenic is able to reduce its concentration is of course 
also limited by arsenic influx and in particular by the concentration of mobile arsenic in the 
groundwater around the well. Similar methods for arsenic removal from the drinking water 
have been implemented at field sites in Bangladesh, West Bengal, India and Mexico (Miller, 
2008, Sen Gupta et al., 2009, van Halem et al., 2010, Brunsting & McBean, 2014, Freitas et 
al., 2014, Rahman et al., 2014). They have not been quite as successful as hoped for. One 
should note however, that in many of these studies, including ours, for the purpose of our 
experimental analysis some m3s were pumped out of the well in each cycle, and this by itself 
caused much influx of arsenic from the environment. The rationale behind this was the 
acquisition of ferrous iron from the environment which, upon precipitation as ferric iron, 
should absorb arsenic. 

Our results do reveal a possible inadequacy in the design of at least our SAR set up, 
vis-à-vis arsenic removal. The 500 Liter of aerated water pumped into the well was able to 
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immobilize 0.6 mole of iron, the amount present in approximately 2.7 m3 of groundwater. 
With every cycle, we extracted more water from the well plus its environment than this 2.7 
m3, i.e. 3.5 m3. In each steady state cycle all the oxygen that was pumped into the well was 
used to immobilize and probably oxidize the Fe(II), leaving anaerobic conditions around the 
well (as confirmed by experimental measurements; Patty, L., personal communication). 
Thereby, no oxygen was left to do other things such as oxidize arsenite or stimulate the 
growth of relevant aerobic microorganisms. After all, Fe(II)/Fe(III) has an 0.2 V higher 
midpoint potential than As(III)/As(V). This suggests that one should continue to inject 0.5 
m3 of aerated water but extract perhaps only 1 m3 per cycle, leaving ample oxygen for all the 
other processes that may further bioSAR. 

The SAR technology was able to reduce the arsenic concentration in the first 100 Liter 
drawn from our well to below the WHO guideline for Bangladesh of 50 µg/Liter (10 µg/Liter 
for the rest of the world), but the next 400 Liter were already above the norm. We conclude 
not only that further improvement of the SAR technology is needed to make it suitable for 
application, but also that a successful technology might be around the corner: a further 
fourfold reduction of arsenite levels in the first 500 Liters pumped from the well, would 
suffice. Such a reduction could be brought about by enhanced oxidation and consequent 
immobilization of arsenite, by coupling iron oxidation better to arsenic precipitation, by 
increasing the amount of electron acceptor pumped into the well, or by reducing the use of 
oxidizing equivalents for other processes than arsenite oxidation. It is in all these aspects that 
microorganisms in and around the well might play a role. And it is with this in mind that we 
studied the microbiology in the well and its waters. 

 

5.4.2  The Microbiology Found in SAR 

None of the earlier studies had investigated a potential role of microbes in this arsenic 
removal efficiency of SAR except for the one by Miller (2008) which was however limited 
and thereby indecisive about potential versus actual roles of microorganisms. In order to 
overcome this limitation, we conducted both a cultivation-independent and a cultivation-
dependent microbiological study on water samples collected at various times (e.g. cycles 1, 
3, 5…55), both from a reference well (RW), and a SAR well, as well as from the 
corresponding overhead storage tank (TK) during treatment.  

The first important question was whether the microbiology of a SAR well in 
Bangladesh would be poor or rich in microbial diversity. The answer was clearly: rich. The 
DGGE profiles exhibited high diversity with a world of further variation even between 
subsequent cycles (Supplementary Fig. 5.S2). In the 16S rDNA sequencing analysis almost 
300 OTUs were identified and attributed to 16 different phyla. Proteobacteria was the most 
dominant phylum and was subdivided into five different classes including Alpha-, Beta-, 
Delta-, Gamma- and Epsilon-proteobacteria where Betaproteobacteria were the most 
dominant class.  

A second important question was whether operation of the SAR well affected the 
microbial community. Here the answer was that it did, but only subtly so. We did not see 
clear trends in the variation of the microbial communities with time, neither in RW, nor in 
SAR, nor in the tank. Different extracted volumes (V1 vs. V3) of SAR water samples were 
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investigated further with the expectation that these should be clearly different from each 
other, as the V1 should consist of water periodically being extracted and re-injected and V3 
of water sucked into the well from its environment. Our observations differed from these 
expectations: they were microbiologically much more diverse and variable than that they 
differed systematically between V1 and V3 (Fig. 5.5). There were some differences between 
the SAR and the reference well however: Although overall, we did not find significant (p 
<0.05) differences between the microbial communities in reference well versus SAR well, 
standing out over the variation within each well, except in Gammaproteobacteria and 
Epsilonproteobacteria. The latter were completely absent from the SAR well, whereas the 
former were quite abundant there.  

In our previous cultivation-independent molecular survey, we could identify only a 
few statistically significant relationships between hydrochemistry and microbial community 
composition. Relations with iron or arsenic concentration were not found; however, 
hydrochemical parameters indicative of salinity influenced the occurrence of iron-oxidizing 
Gallionellaceae and iron-reducing Geobacteraceae and Desulfuromonadaceae (Hassan et 
al., 2015). Our third question was whether a correlation between microbiology and 
hydrochemistry occurred in the present study. The geochemical differences between the 
reference and the SAR well were minimal intentionally, only leaving some hydrochemical 
differences, such as differences in oxygen, iron and arsenic levels caused by the SAR itself. 
The answer here was No: Significant correlations were not observed between microbiology 
and hydrochemistry in the present study, other than paradoxical ones; We found that Fe(II)-
oxidizing bacteria were lacking almost completely from the SAR well water, whilst they 
were present in the reference well. At the same time iron was being removed from the SAR 
well. This paradox might be resolved by considering that the iron oxidizing bacteria tend to 
be microaerophilic, the injected aerated water might be toxic to them and that most of the 
iron removal was fast and abiotic. We also found that sulfur oxidizing bacteria had 
disappeared from the SAR well, even though the sulfate level increased gradually. Cultivable 
iron cycling microbial cells were higher in abundance in sediment samples than in water 
samples of the same SAR well (Table 5.1). Heterotrophic arsenite resistant cells were also 
higher, but it is uncertain whether they were actually oxidizing the arsenite. 

There was some regularity in the population dynamics: NMDS analysis confirmed 
that the microbial communities of the water varied somewhat systematically over time in 
reference-well (RW), SAR-well, tank (TK), and sediment samples. The reference samples 
shifted back immediately from perturbed to representative of the original community which 
was being sucked in every cycle. The SAR samples moved in the opposite direction with 
each cycle, perhaps revealing that the microbial community of the well’s environment was 
adapting to the new stationary state of periodic aeration centrally and to influx from the 
environment (Fig. 5.4). Not surprisingly the tank samples clustered close to the SAR-well 
samples, something we also saw in a clustering analysis (not shown) of the DGGE data of 
Fig. 5.S2.  
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5.4.3  Metal-cycling Microbial Communities and Their Potential Role in Relation 
to SAR Effectiveness 

A)  The Sleeping Biology 

We had hypothesized that during SAR treatment, metal cycling microorganisms might 
contribute either positively (e.g. by the oxidation of ferrous iron and arsenite) or negatively 
(e.g. by reduction of ferric iron and arsenate) to SAR performance. If they engaged in either 
of these, then the microorganisms were likely to profit in terms of growth rate and enrich the 
microbial community in terms of numbers after 55 cycles of SAR operation. However, we 
did not find many more potential iron or arsenic oxidizing organisms in water extracted from 
the SAR well after 55 cycles, than extracted before the SAR operation was started (Fig. 5.6, 
Table 5.1). We confirmed that microorganisms in the water samples could convert arsenite to 
arsenate in a three weeks’ aerobic glass bottle incubation (Table 5.1) and confirmed the 
presence of the aioA gene in these enrichments and in the colony they originated from (data 
not shown). 

One possible explanation of the lack of enrichment of iron and arsenite oxidizers in 
the water extracted from the SAR well may be important, as it depends on the mode of 
operation of SAR: every cycle 3.5 m3 was removed from the well whilst only 0.5 m3 was put 
back in. Consequently, 3.0 m3 had to flow in from the well’s immediate environment on a 
daily basis, and it was largely this 3.0 m3 that was analyzed in the next cycle. Since under the 
circumstances in the well, the cell division cycles of these organisms might well range 
between 7 and 9 h (Hallbeck & Pedersen, 1990, Santini et al., 2000, Sobolev & Roden, 
2004), the water phase itself might now allow for much enrichment: Where we had expected 
numbers of chemolithoautotrophic and heterotrophic arsenic and iron oxidizers to increase 
over time in the water phase, this may not have happened because we were washing these out 
of the well all the time.  

By contrast microbial species that are naturally anchored more to the sediments may 
be subject more to enrichment under the conditions of our experiments. As evidenced by a 
dilution to extinction experiment under microaerobic conditions, in the sediment the number 
of iron oxidizing bacteria was substantial but not higher in the SAR than in the reference well 
(Table 5.1). In the same sediments, we could not detect chemolithotrophic arsenite oxidizing 
microbes that were cultivatable under aerobic conditions, either. Microorganisms were 
cultivatable heterotrophically in the presence of arsenite, but these organisms may have used 
the organic carbon for their growth energy. They appeared to be a thousand fold more 
abundant in the SAR-well sediment after 55 cycles than in the reference-well sediment. Our 
illumina sequencing analyses confirmed that few aerobic potential arsenite oxidizing bacteria 
were present in SAR nor reference well, but suggested that potential anaerobic arsenite 
oxidizers were present in the SAR well (on average 15%; see Fig. 5.6), being some 40 times 
more abundant than the aerobic chemolithoautotrophic arsenite oxidizers (<0.5%). Because 
of local limitations, we could not measure whether anaerobic arsenite oxidizing bacteria were 
cultivatable from the sediment.  
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B)  Which Microorganisms? 

Both iron and arsenate reducers were found in much larger quantities in the SAR well (post-
SAR) sediment than in the reference well sediment. This was not confirmed by amplicon 
sequencing of the samples (Fig. 5.6); humic acids may have interfered with the DNA 
extraction (Direito et al., 2012). The presence of iron and arsenate reducers may have 
influenced SAR negatively. Moreover, their presence might pose a risk when SAR is 
discontinued temporarily. Then, they might revert the SAR process, removing precipitated 
ferric iron oxides associated with arsenic and thereby causing re-emergence of the latter in 
the well water. The iron in the well sediments was available for remobilization by 
microorganisms (Fig. 5.7). 

Paradoxically Gallionellaceae-related iron-oxidizing (FeOx) bacteria observed 
frequently in the reference well (on average 24%), were much less abundant both in the SAR 
well (<1%), (in V1 and V3) and in the tank (<1%) water. Gallionella related organisms were 
not identified in comparable SAR experiments in Bangladesh and Mexico either (Miller, 
2008, van Halem et al., 2010). Most probably the Gallionella did not survive the high 
dissolved oxygen levels, as they are typical microaerophilic organisms (Hanert, 2006). The 
SAR experiment rather shifts between two extremes: a fully oxic environment during 
injection (see above) and extraction of the first 0.5 m3, and then perhaps a fully anoxic 
environment during extraction of the last of subsequent 3 m3 water volume.  

Elevated concentrations of nitrate were found during SAR in the aerated tank water 
but not in the same (SAR) water before aeration (Table 5.1). After reinjection into the well, 
this may have been  used as electron accepter by anaerobic iron oxidizers. Indeed, we found 
some nitrate reducing iron oxidizing sequences emerging in the SAR well (Fig. 5.6), The 
nitrate may derive from ammonia oxidation in the tank by ammonia oxidizing bacteria: due 
to the many paddy fields around the study well where farmers use urea fertilizer. Indeed, we 
identified ammonia monooxygenase (amoA) containing microorganisms in our tank and in 
reference well water in every cycle. The nitrate reducing iron-oxidizing microorganisms we 
detected in our SAR could help oxidize iron, but this is neither certain nor relevant, as iron 
oxidation is not a limiting factor in our 55 cycle SAR process, see above (Fig. 5.1). 

Under anoxic conditions, reduction of ferric iron or arsenate is a potential Gibbs 
energy source too, provided it can be coupled to the oxidation of organic carbon. After the 
exposure to oxygen from the injected aerated groundwater, there should be excess oxidized 
iron and some arsenate. The injected oxygen might be toxic for, and eliminate, some of the 
organisms. Diverse communities with high functional redundancy are generally more 
resistant to changes in oxygen levels (Allison & Martiny, 2008). Tolerance to oxygen varies 
among Geobacter species (Röling, 2014). Such functional redundancy in Geobacteraceae 
might allow for a quick response when environmental conditions, such as exposure to 
oxygen, change. Iron-reducing Geobacter were not observed at high frequency in the SAR 
well however (Hassan et al., 2015), although they were present throughout the experiment at 
low quantities. Shewanella sp. can reduce iron and enhance arsenic mobility both under 
aerobic and anaerobic conditions (Cummings et al., 1999, Ruebush et al., 2006, Lovley et 
al., 2011), but we did not identify them either in our SAR well. To the extent that our 
bioremobilization enrichment experiment (Table 5.1 and Fig. 5.7) mimicked the SAR well 
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itself, it suggested that once the well achieves reducing conditions, iron and arsenic reducing 
microorganisms might amplify but more slowly than to make a big difference within 55 
days. Where during SAR operation itself this might be a minor factor reducing SAR 
efficiency, it constitutes a potential threat for dissemination of iron along with arsenic into 
subsurface environments around the well, which should be anaerobic. Indeed, arsenic 
contaminated aquifers in Bangladesh abound in iron reducing Geobacteraceae, suggesting 
that a favorable reducing condition exists in all or most of them (Hassan et al., 2015, Hassan 
et al., 2015).  

A major portion of the microorganisms in our SAR and tank water were potentially 
arsenic resistant, more so than in the reference well. Various studies have shown that arsenic 
resistant organisms extrude arsenic upon aerobic arsenate reduction, but that few of them 
also convert arsenite to arsenate as a mode of detoxification. Besides, a large number of 
OTUs were related to methanotrophs. To our knowledge methanotrophs are mainly methane 
oxidizing and their role in arsenic transformation is still unknown. Some of the methanogenic 
archaea that can accelerate arsenic release in groundwater aquifers into the methanogenic 
zone, are highly resistant to arsenic (Wang et al., 2015). Biomethylation contributes 
significantly to aquifer arsenic cycling and may serve as a link between surface and 
subsurface for transforming inorganic arsenic to organic arsenic and vis-à-vis (Maguffin et 
al., 2015). In the SAR well we found an increased amount of sequences homologous to those 
of the archaea Methanosarcinales (data not shown), which have been associated with arsenic 
in groundwater in China (Wang et al., 2015).  

Apart from iron- and arsenic-cycling microorganisms, also microorganisms 
performing other redox reactions, such as sulfur-cycling, may impact arsenic and iron 
mobilization and immobilization (Huang, 2014). Sulfur-oxidizing bacteria can grow with 
free or arsenic-bound sulfur, transforming indirectly or directly arsenite and thioarsenates to 
arsenate (Fisher et al., 2007). Sulfide produced by sulfur- and sulfate-reducers can reduce 
ferric iron and arsenate, but also immobilize arsenic by the precipitation of arsenic and iron 
sulfide minerals (Burton et al., 2014, Huang, 2014). High sulfate concentrations tend to be 
associated with low arsenic (Fendorf et al., 2010). We found an increase in sulfate with SAR 
cycling (Supplementary Table 5.S1) but not in the reference well, probably evidencing the 
activity of sulfide or sulfite oxidizing bacteria. Paradoxically more of these types of bacteria 
seemed to be present in the reference well rather than in the SAR well (Fig. 5.6), but of 
course a single species could suffice for appreciable activity. 

 
C)  Alternative Electron Acceptors 

Anaerobic denitrifying iron and arsenite oxidizers could be an alternative to aerobic iron and 
arsenite oxidizers, and a promising option for bulk arsenic removal because this would not 
require oxygen injection. In our SAR well we found such microorganisms, i.e. 
Dechloromonas, Acidovorax and Paracoccus. Acidovorax and Paracoccus are known as 
facultative anaerobes (Salmassi et al., 2006, Huang et al., 2012). Similar organisms were 
identified in our previous cultivation-dependent and cultivation-independent analyses 
(Hassan et al., 2015, Hassan et al., 2015). Aerated tank water could provide molecular 
oxygen as an electron acceptor to ammonia oxidizing bacteria, causing nitrate to be produced 
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biologically. We observed such nitrate in the SAR tank after 10 cycles of operation, but 
neither in the SAR nor the reference well. The nitrate injected with the aerated water may 
have served as electron acceptor to anaerobic denitrifying arsenite and iron oxidizers once 
the oxygen had ran out. Harvey et al., (2002) showed that injection of nitrate into a 
subsurface aquifer in Bangladesh resulted in the immobilization of arsenic. The aerobic 
biological conversion of ammonia to nitrate and subsequent anaerobic reduction of the nitrate 
by microbes using arsenite of ferrous iron as electron donor might provide for a cheap 
technology for the in situ or ex situ removal of arsenic from drinking water alternative to 
SAR (see Chapter 6).  

We conclude that the sediment but not the water of the SAR well contained an 
appreciable number of arsenic and iron cycling bacteria, where the arsenite oxidizing ones 
appeared to be heterotrophs: microbial cycling of both arsenic and of iron may be occurring 
in SAR. They may not be relevant to iron oxidation and precipitation as here the abiotic 
process might dominate. They could be important however to what happens to the arsenic. 

 

5.4.4 Potential Pathogenic Microbial Contamination in SAR and Threats to 
Public Health  

We had hoped that long term running should not negatively influence microbial safety of 
extracted groundwater and that the numbers of coliforms should remain low over time, but 
we found this to be wrong: Coliforms cell numbers in the SAR well were 100 times higher 
than WHO drinking water guideline throughout the experiment, even initially. Apparently 
the well environment abounds in coliforms and these almost immediately infect the water in 
the well. The presence of coliform bacteria in aquatic environments indicates that the water 
has been contaminated with the fecal material of man or other animals and is an indicator 
that a potential health risk exists for individuals exposed to this water. At present multiple 
chemical and natural ex situ arsenic removal methods are applied to supply people with 
arsenic free water. Most of these technologies do not come with monitoring the microbial 
safety of the drinking water produced (Ahmed, 2001), but recently it has been taken into 
account. Such monitoring is a necessity in view of microbial contamination due to 
inappropriate operation or, neglect of maintenance. There is appreciable lack of public health 
awareness in the target communities. Our study showed that once the well is contaminated 
with Enterobacter possibly due to a mechanical problem during the resolution of which the 
well has been contaminated water from a pond or lake, it could be a source of pathogen 
forever. Some of these pathogenic microbes might be able to overcome repulsive 
electrostatic and hydrodynamic forces encountered around surfaces, and consequently 
increase their chances of interacting with surfaces (Beloin et al., 2008). They may also 
develop biofilms eventually protecting them from being washed away. It is no surprise that 
the microbial quality of groundwater in villages of Bangladesh is vastly preferable to that of 
surface water (Leber et al., 2011). This study showed, however, that shallow tube wells are 
not necessarily an entirely safe drinking water source as a high proportion of the water taken 
out contained detectable levels of the fecal indicator Escherichia coli. Similar findings 
detected various enteric pathogens in drinking water from various tubewell sources (Islam et 
al., 2001, van Geen et al., 2011, Ferguson et al., 2012). Hydrogeological conditions could 
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also favor high levels of fecal contamination. Poor sanitary conditions are a major source of 
fecal contamination of drinking water in Bangladesh, where most of the shallow tubewells 
are positioned either near the latrines or ponds. The reason behind Bangladesh shifting its 
drinking water supply from surface to groundwater in order to prevent child mortality caused 
by waterborne communicable diseases, is presently fading due to natural contamination of 
the groundwater with arsenic. When one reduces arsenic with any new technology including 
SAR, one should ensure that the water coming out is safe microbiologically.  

 

5.5  Conclusion 

Up to 55 cycles of operation in SAR, arsenic concentrations were above the WHO drinking 
water guideline of 10 µg/L. Except for the first 100 Liters withdrawn, they also exceeded the 
Bangladesh norm of 50 µg/L. As such, it is very unlikely that the SAR in the setup used here, 
will be able to deliver safe drinking water. We found that after some 10 cycles of operation 
the iron removal process was effective. The arsenic removal was however limited. We found 
evidence of microbial activity but mainly in the sediment, possibly because of the continuous 
removal of the mobile water phase. The organisms in the sediment might be able to enhance 
arsenic removal. As we shall discuss in Chapter 6, an operation of SAR more tuned to the 
microbial activity, with less net removal of water from the well, more time between cycles in 
order to allow for the microbial activity to occur and develop, with the engagement of more 
of the well’s sediment, and perhaps with simple bio- and chemo- augmentation as well as 
biostimulation, might well be able to bring the arsenic level down to 10 µg/L in the first 100 
Liter. For this a more detailed microbiological study, inclusive of the measurement of the 
actual activities of the organisms present and of systems ecology modeling, should be 
necessary. Laboratory column experiments mimicking SAR should serve as test cases.  
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5.6  Supplementary Information  

Supplementary Table 5.S1 Hydrochemistry of the sampled reference well, SAR well and tank water at subsequent cycles of the process. For each cycle, analyses 
were done for water sampled within the first 500 Liter had been taken from the well (the remainder of the 500 Liter was put into the storage tank for aeration). The 
zeroth cycle corresponds to the first 500 Liter taken from the well before any injection of aerated water had taken place. This water is indicated by 0-before aeration. 
After the water had been aerated in the tank, it was called 0, assayed, and re-injected into the well. The next day the first 500 Liter of water sampled was called 1 and 
analyzed as SAR cycle 1, before being aerated in the tank. Upon aeration in the tank the water was assayed again, represented by SAR tank cycle 1, and was re-
injected into the SAR well. The reference well was already in use before the experiment and its ‘cycles’ refer to samples being taken at the same moment as the 
corresponding SAR cycle samples were taken from the SAR well’s water. Concentrations are all in mg/L. DO indicates dissolved oxygen, EC electrical conductivity. 
ND is Not Determined. 
 

Sample  Cycle  pH As  Fe Mn DO NO3
- SO4

2- 
EC 

(μS/cm) 
NH4

+ HCO3
- F- Cl- Br- Na  K Ca Mg Si P 

Reference 
well 

Background 6.9 0.31 11 0.26 ND 0.06 0.08 ND ND ND 0.14 28 0.12 26 7.4 38 38 29 2 
1 6.8 0.29 11 0.26 1.12 0.02 0.07 614 ND 358 0.14 28 0.11 26 7.5 38 38 29 2 
3 6.8 0.26 11 0.26 0.8 0.02 0.06 596 ND 354 0.13 28 0.1 25 7.3 37 36 29 2 
5 6.9 0.29 16 0.29 ND 0.02 0.08 ND ND ND 0.12 28 0.14 24 7.2 37 36 30 2 

10 6.9 0.24 11 0.26 ND 0 0.04 555 ND 358 0.13 27 0.13 23 7.1 36 35 30 2 
20 6.9 0.28 15 0.3 ND 0.03 0.05 515 ND ND 0.13 28 0.14 25 7.4 38 37 30 2 
40 7 0.26 11 0.26 ND 0.02 0.06 551 ND 358 0.13 28 0.16 26 7.6 37 36 29 2 
55 6.9 0.24 11 0.27 0.36 0.11 0.16 387 ND 321 0.13 28 0.12 23 7.3 36 35 29 2 

SAR well 

0-before aeration 6.9 0.38 13 0.24 0.33 0.02 0.05 652 5.5 354 0.16 30 0.12 28 8 40 42 28 2 
1 7 0.41 6 0.17 0.55 0.01 0.03 659 5.4 356 0.16 29 0.15 28 8 40 42 26 1 
3 7.1 0.25 0.6 0.09 0.27 0.01 0.13 570 4.5 313 0.15 29 0.16 27 7. 7 32 36 25 1 
5 7 0.21 0.4 0.09 0.31 0 0.33 564 5.1 319 0.16 29 0.14 27 7.6 31 35 25 1 

10 7 0.17 0.7 0.11 ND 0 0.4 571 4.8 325 0.14 29 0.15 27 7.8 33 37 26 0.5 
20 6.9 0.2 0.3 0.11 0.2 0 0.53 469 4.3 280 0.14 28 0.13 27 7.5 29 32 25 0.3 
40 6.9 0.13 0.3 0.13 0.07 0 0.28 491 4.3 356 0.15 28 0.15 26 7.5 33 34 25 0.2 
55 6.9 0.12 0.2 0.13 0.08 0.02 0.3 509 4 319 0.13 28 0.12 26 7.6 35 36 26 0.2 

SAR tank 

0-before aeration 6.9 0.38 13 0.24 0.33 0.02 0.06 650 5.3 354 0.15 29 0.14 28 8 40 41 28 2 
0 8 0.33 3.8 0.18 8 0.04 0.11 565 5.4 354 0.15 29 0.14 28 7.8 40 40 26 0.3 
1 8.1 0.32 0.04 0.13 8.09 0.03 0.1 564 5 346 0.16 29 0.14 29 8 37 38 24 0.4 
3 8.1 0.21 0.1 0.08 8.2 0.03 0.23 529 4.5 335 0.16 29 0.11 27 7.4 30 34 23 0.6 
5 8.2 0.16 0.05 0.07 8.19 0.04 0.45 496 4.1 335 0.17 29 0.13 27 7.3 26 31 22 0.4 

10 8.2 0.11 0.03 0.07 ND 0.27 0.98 441 3.5 317 0.14 29 0.14 27 7.1 23 26 22 0.3 
20 8.3 0.79 0.06 0.08 ND 1.16 0.96 381 2.9 228 0.16 28 0.13 26 6.7 22 23 22 0.3 
40 7.5 0.78 0.03 0.11 ND 1.74 0.49 437 3 228 0.15 28 0.14 26 7.3 28 28 23 0.2 
55 7.2 0.77 0.04 0.09 8.3 2.66 0.75 361 2.1 211 0.14 29 0.15 26 7.1 27 27 24 0.2 
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Supplementary Fig. 5.S1 Scheme of small-scale running of an in situ subsurface iron and arsenic 
removal system named SAR. The well was connected with an electric motor along with extraction and 
injection tube. SAR well was continued till 55 cycles in a certain operating sequence comprising 
extraction, aeration and injection refers to one cycle per day. A small household scale injection volume 
of 0.5 m3 water was used for aeration and subsequent reinjection. A total of 3.5 m3 was extracted 
during each cycle of which the latter 3 m3 was dumped into a nearby lake. Samples for analysis were 
taken after 0.1 m3 (V0), 0.5 m3 (V1), after 1.0 m3 (V2), after 1.5 m3 (V3) etc. of water had been 
extracted. All these samples were analyzed for hydrochemistry. Only V1 and V3 were subjected to 
microbiological and molecular analyses. The first 0.5 m3 of groundwater extracted was stored in an 
overhead storage tank where it was aerated by use of an electric air compressor. Upon injection, the 
aerated water should diffuse radially and alter the near-well chemistry of the aquifer: ferric 
(oxyhydr)oxides should be generated via abiotic oxidation of ferrous iron. These ferric (oxyhydr)oxides 
should precipitate and provide a reactive surface to which ferrous iron and arsenic adsorb. As indicated, 
microorganisms could modulate the arsenic removal performance. 
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Supplementary Fig. 5.S2 DGGE (30-55% denaturant gradient) profiles of 16S rRNA gene PCR 
fragments obtained from water samples from (a) reference well, (b) SAR well (samples analyzed from 
500 Liter), (c) sediment samples (SW-A55 and RW-A55 refers to SAR- and reference- well 
respectively) after 55 cycles from reference and SAR well, and (d) an anaerobic iron-reducing 
enrichment initiated with water samples from reference well and SAR well. (a), (b), and (c) resulted 
from the generic 357F GC clamp and 518r primers (see M & M), (d) from the Geobacteraceae specific 
8f and 825r primers (see Chapter 2, Table 2.S1). Numbers indicate successive cycles number. Pr refers 
to pre-treatment. A marker (M12) consisting of a mixture of 12 different bacterial 16S rRNA gene 
fragments was used along with the samples. 

 
Supplementary Fig. 5.S3 PCR amplification of 
ammonia monooxygenase gene (amoA) identified 
from tank water samples after aeration at 
successive cycles. AmoA was also present in 
reference well water. 
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6.1  Drinking water practices and their long term effects in Bangladesh 

6.1.1  The Problem: Arsenic 

Arsenic contamination of groundwater in Bangladesh was first detected in 1993. Exposure to 
elevated concentrations of arsenic through drinking water sourced from groundwater is a 
serious public health problem in various parts of the world, particularly in South and South-
East Asia (Nickson et al., 1998, Yu et al., 2003). This arsenic contamination is thought to be 
geogenic, originated from the sediments from the upland Himalayan catchments draining 
throughout the major river basins (Ganges–Brahmaputra–Meghna) (Nickson et al., 2000, 
McArthur et al., 2001, Harvey et al., 2002), but microbial weathering of Himalayan apatite 
has recently been demonstrated, and this process can liberate arsenic (Neumann et al., 2010). 
Inadvertently, the shift in drinking water practices from the surface to the subsurface may 
herewith spell disaster for long term sufferings to the population of Bangladesh. 

 

6.1.2 Abiotic SAR: Abiotic Arsenic Removal Strategies 

SAR (subsurface arsenic removal) is an in situ arsenic removal process based on an 
extension of the Vyredox method of removing Fe as Fe(III) oxides (Hallberg & Martinell, 
1976). It does not require the addition of chemicals other than oxygen and water. The SAR 
process was designed on the basis of abiotic reactions only. It comprises the injection of 
oxygenated water into aquifers so as to oxidize ferrous iron and therewith precipitate ferric 
iron (oxyhydr)oxides and adsorb and co-precipitate arsenic (van Halem et al., 2010). 

In practice, SAR performance has been disappointing. Van Halem et al (2010) found 
that the removal of arsenic was not as tightly coupled to iron removal as anticipated. In the 
study by Freitas et al (Freitas et al., 2014) the arsenic level could not be brought below the 
WHO guideline of 10 µg/L. The process appeared compromised by interference by 
bicarbonate and phosphate with the arsenic adsorption by the iron oxides. Rahman et al 
(Rahman et al., 2015) found arsenic adsorption to be limited kinetically. 

 

6.1.3  Why Study the Microbiology of Arsenic in Bangladesh? 

Till today in Bangladesh, a wide range of studies have been conducted to identify either the 
cause or the remediation of arsenic contamination from groundwater, both with the aim of 
enabling provision of safe drinking water to the population. However, most chemical 
remediation methods are costly and not hygienic in respect to pathogenic microbial 
contamination.  

A possible alternative to these traditional methods, i.e. bioremediation, has received 
significant attention in recent times because of its potential cost effectiveness and 
environmental compatibility. Bioremediation, which involves the use of naturally occurring 
organisms, primarily microorganisms alone or in association with dead biomass/biomass 
residues, could be the best arsenic removal technology. In the context of water scarcity and 
climate change, given the expected increasing demand on groundwater sources, such 
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biological arsenic removal methods may be economically more viable as well as 
environmentally more harmless than abiotic methods (Duarte et al., 2009).  

Several microbe-assisted arsenic removal technologies have indeed been attempted, 
ranging from laboratory to field scale. These treatment methods incorporate a biological 
transformation of arsenic and subsequent adsorption by different materials such as zero-
valent iron (Wan et al., 2010), granular-activated carbon (GAC) (Mondal et al., 2008), 
manganese-oxide (Katsoyiannis et al., 2004), and activated alumina and charcoal (Mokashi 
and Paknikar 2002). Biogenic amorphous iron oxides play a major role in removing arsenite 
due to their strong capacity to adsorb or co-precipitate arsenite (Omoregie et al., 2013). In 
respect to Gallionella, specific microaerophilic iron oxidation and its role and effectiveness 
in arsenic removal from water by producing arsenic-adsorbing ferric (oxyhydr)oxides, has 
been established (Katsoyiannis & Zouboulis, 2004, Zouboulis & Katsoyiannis, 2005). 
Recently, it was shown that Citrobacter freundii strain PXL1 could remove arsenite from 
water in a sewage plant, in a process associated with iron oxidation (Li et al., 2015).  

 

6.2  Biotic SAR 

6.2.1  How Microbiology Could Contribute to SAR 

Microorganisms can transform arsenite to less toxic and less mobile arsenate forms; hence, 
microbial oxidation of arsenite has a major impact on the natural attenuation of arsenic 
pollution by decreasing its bioavailability and removing arsenic from soil or water 
environments. Abiotic SAR depends on the oxidation of Fe(II) in groundwater by cycles of 
extraction, aeration and subsequent re-injection of extracted groundwater. Arsenite and even 
more so arsenate co-precipitate with the precipitating Fe(III) oxides. The latter are 
immobilized by binding to immobile elements of the soil. The arsenate appears more liable 
to co-precipitate with newly formed Fe(III)oxides than with Fe(III)oxides already 
precipitated. Therefore a continuous operation of the SAR may be required which continues 
to draw more Fe(II) from the environment of the well. 

In principle, microorganisms could assist in many of these processes: some are able to 
oxidize ferrous iron to ferric iron. Others oxidize arsenite to arsenate. Yet others take up 
arsenate, reduce it and extrude arsenite. And yet others might help Fe(III) oxide precipitation 
by the formation of biofilms, or increase the level of Fe(II) around the well. Microorganisms 
also have the ability to amplify their own activity by growing once the conditions are 
favorable. Thereby, once a biotic SAR process would operate, it would amplify itself and 
also be robust against many types of perturbation. In addition, pre-grown microorganisms 
could be added to an already existing SAR process, in a process called bioaugmentation. Or, 
a microbial community could be added to an essentially abiotic SAR process to initiate a 
biotic SAR. 

Confining ourselves to a biotic version of the existing SAR technology, a biotic SAR 
process would have microorganism in the aeration phase that would help oxidize the Fe(II). 
It would also have both Fe(II) oxidizing and arsenite oxidizing organisms below the well. 
And around the well it might have Fe(III) reducers. 
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Therefore but also to make a link with the hydrochemistry, we conducted 
microbiological studies to identify both the existing and the potential microbial roles in 
arsenic biotransformation and mobilization in arsenic contaminated drinking water wells in 
Bangladesh. We also investigated whether the abstracted drinking water is free of Coliforms 
and other potentially pathogenic microbial contamination which can cause deadly 
gastroenteritis-related diseases. 

As we neither isolated nor characterized individual strains, not all identified 
microorganisms may be capable of iron and arsenite oxidation. Still some of the organisms 
we identified (as described in Chapters 2 - 5) could be of interest for in situ or ex situ 
bioremediation methods for arsenic.  

 

6.2.2  Understanding Needed for Biotic SAR 

In living organisms virtually all processes that occur at appreciable rates are catalyzed by 
enzymes encoded by DNA. Genomics has enabled us to examine whether genes similar to 
genes that encode such enzymes are present in isolated DNA. In metagenomics, one analyzes 
the DNA sequence of the microbiota of an entire ecosystem. (i) A first question to ask when 
determining the feasibility of biotic SAR for Bangladesh drinking water, is whether genes 
that encode processes relevant to biotic SAR, are present in Bangladesh groundwater 
metagenomes. (ii) A related question is whether organisms related to organisms that carry 
out the relevant processes reside in those groundwaters. The latter question is similar to the 
former when it is addressed by examining the metagenome. (iii) If organisms and genes are 
present, one may ask a third question, i.e. whether they are active, i.e. expressed as the 
corresponding enzymes. This then involves the incubation of samples of groundwater under 
conditions in which the enzyme and organism activities can be assayed. If they are indeed 
active, they might already contribute to the SAR that was designed to be abiotic. The 
subsequent questions asked may then be (iv) whether a SAR process in operation is already 
effective in diminishing the arsenic concentration to safe levels, (v) whether the relevant 
microbial genes and activities are present in SAR, (vi) whether they already contribute to the 
effectiveness of that SAR and (vii) whether that contribution may be enhanced.  
 

It is to these questions that the present study has attempted to provide answers. 

6.3  This work’s Findings 

6.3.1 The Natural Bangladesh Microbiota Contain Organisms and Genes that are 
Relevant for Biology-enhanced Management of Iron and Arsenic in Groundwater 

In Chapter 2, we hypothesized that the potential for iron and arsenic cycling is indeed 
widespread in arsenic-containing groundwater in Bangladesh. We performed a cultivation-
independent survey of 24 drinking water wells in several geographical regions of 
Bangladesh. We examined their microbial community structure and searched for groups of 
organisms known to be capable of the oxidation or reduction of arsenic or iron. Large 
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differences in microbial communities were observed within and between groundwater 
samples. The major bacterial community members encountered in our study comprised 
Hydrogenophaga, Acidovorax, Dechloromonas, Acinetobacter, Aminobacter, Sinorhizobium, 
Pseudomonas, Geobacter, Sideroxydans, Gallionella, methanogens, methylotrophs, and 
sulphate reducers. In addition to previously encountered species, we found sequences most 
closely related to heterotrophic iron-oxidizing Leptothrix sp., anaerobic denitrifying iron-
oxidizing bacteria and the iron-reducing genera Albidiferax, Desulfuromonas and 
Shewanella. Our molecular analyses of Chapter 2 suggest that iron- and arsenic-oxidizing 
bacteria coexist in nearly all the investigated aquifers in Bangladesh. The other side of the 
same coin, i.e. iron and arsenate reducing microorganisms, also appears to be present in these 
aquifers. We should therefore speak of a rich potential not only of ferrous iron and arsenite 
oxidation but also of ferric iron and arsenate reduction. We may call this a potential for iron 
and arsenic cycling (between these two redox forms).  

The presence of the arsenate and ferric iron reducers is in line with the presence of 
high concentrations of dissolved Fe(II) and of arsenite ions (Chapter 5) which is indicative of 
reducing conditions in aquifers in Bangladesh that should enable these organisms to engage 
in their activity. But, as biology goes, the presence of dissolved Fe(II) and arsenite is also 
consistent with the presence of ferrous iron and arsenite oxidizing microorganism, which 
would get their chance when conditions turn more oxidative. The latter may happen when 
oxygen enters the groundwater, as with the operation of a drinking water well, or when 
alternative electron acceptors such as nitrate enter, perhaps as a result of oxidation of the 
ammonia leaching from nearby agricultural fields. The oxygen levels should not become too 
high however, as then the microaerophilic Gallionellaceae would not survive. Based on our 
findings we infer that the arsenic and iron oxidizing and reducing microorganisms are 
phylogenetically quite diverse.  

We also looked for the most relevant genes, i.e. the genes for arsenite oxidation aioA 
and arsenate reduction, arrA. They were present in the aquifers we examined. Interestingly, 
the ArrA sequences identified were quite different from the sequence known from arsenate-
respiring bacteria, i.e. bacteria using arsenate as electron acceptor instead of oxygen. 
Relations between community composition on the one hand and hydrochemistry on the other 
hand were in general not evident, apart from an impact of salinity on iron-cycling 
microorganisms. This suggests that hydrochemical analysis of groundwater of wells alone 
will not suffice to establish the full biotic SAR potential of such wells. 

We conclude that indeed, the genes and organisms relevant for biotic SAR, or their 
close homologues, reside in groundwater from many locations in Bangladesh. 

 

6.3.2 Microorganisms in Bangladesh Groundwater are able to Oxidize and 
Reduce Iron and Arsenic 

Phylogenetic information cannot be used definitively to infer the potential for iron- and 
arsenic- oxidation or reduction in aquifers. Genes or organisms should not only be present 
but also able to engage in the activity. Therefore in Chapter 3 and 4, to get insight into the 
possible activities of microbial communities and potential functional groups pertinent to iron 
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and arsenic cycling, we performed cultivation-dependent molecular analyses. There we 
complemented Chapter 2 with the measurement of the activity of microaerophilic iron 
oxidizers, aerobic and anaerobic chemolithoautotrophic arsenite oxidizers, aerobic and 
anaerobic heterotrophic arsenite oxidizers and anaerobic iron- and arsenate-reducers, in the 
same water samples. We had hypothesized that a diverse range of cultivatable arsenic- and 
iron-cycling microorganisms are residing in arsenic-contaminated groundwaters in 
Bangladesh and that these would be active in those activities when provided with the 
appropriate conditions. Nearly all samples exhibited such iron- and arsenic- oxidation and 
reduction activity, validating our hypothesis. In line with this hypothesis, our bio-
remobilization experiment conducted in Chapter 5 suggests that the activities of iron and 
arsenic reducing microorganisms constitute a threat to SAR technology if the treatment 
procedure is not operated properly or if it is halted for a certain time. The cultivation 
revealed new functional groups that had not been identified as iron- and arsenic- oxidizers 
and reducers on the basis of the metagenomic analyses of Chapter 2. For instance, our 
arsenite oxidizing enrichments recovered additional AioA phylotypes in Chapter 3, including 
Paracoccus sp. SY, Bosea sp. WAO, Hydrogenophaga sp. Cl3/Thiobacillus sp. 
S1/Ancylobacter sp. OL1, and Achromobacter sp NT-10/Alcaligenes sp. S46. Arsenite 
oxidase (AioA) containing Hydrogenophaga and Acidovorax were dominant species in 24 
arsenic contaminated drinking water wells in Bangladesh. 

As discussed in Chapter 2, Gallionellaceae are well known iron oxidizers. The 
culturing approach with opposing gradients of ferrous iron and oxygen is widely used to 
enrich and isolate Gallionella species (Emerson & Floyd, 2005, ). Chapter 2 having revealed 
that 77% of the 22 samples investigated contained Gallionellaceae, the finding of Chapter 3 
was that this cultivation approach led to limited persistence of Gallionella; the 16S rRNA 
gene of Gallionella could only be detected in two out of the twenty-two 
cultivation/enrichment tubes, and only after employing a Gallionellaceae specific PCR. 
Instead, a significant number of Comamonadaceae-related 16S rRNA gene sequences were 
detected. Several Comamonadaceae (e.g. Hydrogenophaga and Acidovorax sp. and 
Rhodocyclaceae (Dechloromonas sp) engaged in iron oxidation (Chapter 3).  

AioA and ArrA co-occurred in various iron-oxidizing and -reducing cultivations. This 
suggests that the iron oxidizers and reducers were flexible metabolically in terms of 
oxidizing or reducing iron along with arsenic depending on the conditions (Chapter 3). 
Several strains of Hydrogenophaga, Acidovorax and Dechloromonas spp., are indeed 
capable of both iron (Coby et al., 2011, Carlson et al., 2013, Chakraborty & Picardal, 2013) 
and arsenite oxidation (vanden Hoven & Santini, 2004, Inskeep et al., 2007, Sun et al., 
2009). However, to our knowledge earlier studies did not investigate the presence of arsenite 
oxidase genes in iron-oxidizing cultivations, nor such flexible metabolic activity. The AioA 
sequences we identified were most closely related (>94 % amino acid identity) to those 
identified on the basis of cultivation-independent analysis of the same water samples from 
which these enrichments were derived, as identified in Chapter 2. Since they were strains 
native to Bangladeshi aquifers, they should be a good choice for use in biological arsenite 
oxidation. Acidovorax spp. have already been reported as arsenic resistant strains in other 
studies in Bangladesh (Sutton et al., 2009, Sultana et al., 2011).  
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Arsenite oxidizers identified in Chapter 4 appeared to be capable facultative anaerobes 
as well as facultative chemolithoautotrophs, which suggested they can grow and oxidize 
arsenite both under aerobic and anaerobic conditions, in the latter conditions coupling to 
nitrate reduction. Heterotrophic bacteria oxidize arsenic but use organic carbon as Gibbs 
energy source. Therefore, if more of the organic carbon is consumed by heterotrophic iron 
and arsenite oxidizers then there is less chance for dissemination of iron and arsenite into the 
environments through the activity of reducing microbes powered by the organic carbon. 

  

6.3.3  Subsurface Arsenic Removal (SAR) Technology is not yet effective 

In our SAR experiment, arsenic removal performance progressed slowly for 20 cycles after 
which it became stationary. Unfortunately, our SAR set up could not achieve arsenic 
concentrations below the WHO guideline for Bangladesh (50 µg/L), a limitation common to 
SAR applications to date (van Halem et al., 2010, Freitas et al., 2014, Rahman et al., 2015, 
Rahman et al., 2015). Rather, the concentration was constant in the successive cycles. The 
iron removal was more effective and persistent. 

One reason for the low efficiency of SAR could be the limited volume (500 L) of 
injected aerated water which had created only a small oxidation zone around the tubewell. 
This volume was selected based on the requirement that the SAR technology be small, aimed 
at household use. Success of subsurface arsenic removal is site specific (van Halem et al., 
2010). Rahman et al. (2015) found that different operational parameters including larger 
injection volume, lower pumping rate, intermittent pumping, repeated injection and 
extraction of an equal volume, all had positive effect on SAR performance (Rahman et al., 
2015). The development of SAR performance with successive cycles also depends on 
variations in injection water composition and experimental conditions. Later on, Rahman et 
al. also developed a reactive transport model which may be useful for providing minimum 
estimates of SAR performance for specific locations and for identifying locations where SAR 
performance may be effective (Rahman et al., 2015).  

Another issue is the net water volume extracted in each cycle from the well. In our 
study this was an appreciable 3 m3. We found that in the stationary state, the iron removal 
was effective, but the arsenic removal was not. Although some arsenite was being removed 
from the water, with every new cycle, 3 m3 new arsenite containing water was attracted to 
the well and the arsenite removal activity was simply not strong enough to deal with this 
influx. We conclude that the limitation in the SAR technology is not in the iron cycling but 
rather in the low efficiency of co-precipitation of the arsenic with the iron.  

Freitas et al. found that phosphate, bicarbonate and dissolved organic carbon could 
directly and indirectly hinder arsenic adsorption to a ferric dihydroxide [Fe(OH)2

+ = FeO+ in 
the anhydrous form) anion before it precipitates as rust (Fe(OH)3] and thus decrease the 
effectiveness of SAR (Freitas et al., 2014). Hydrochemical analyses of our study site 
suggested that the groundwater samples contained high phosphate (on average 3 mg/L), 
silica (27 mg/L) and bicarbonate (0.34 g/L). Since phosphate and arsenate exhibit similar 
physicochemical behavior they may compete directly for sorption sites on soil iron 
hydroxides particles (Davenport & Peryea, 1991); ferric hydroxide surfaces are known for 
their strong affinity for phosphate ions. Due to the specific binding at the ferric hydroxide 
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surface, phosphate is a strong competitor for other anions. High phosphate concentrations 
also inhibit Fe(II) oxidation and consequent Fe(III) precipitation. When H2PO4

- and HPO4
2- 

are adsorbed, the surface charge of the iron hydroxide becomes negatively charged, 
preventing in situ iron oxide hydrolysis and precipitation (Appelo & De Vet, 2003, Ciardelli 
et al., 2008, Guan et al., 2009). Also high bicarbonate concentrations might affect the 
sorption, many of the surface sites will be occupied by HCO3

- binding to goethite, 
(FeO(OH); (Harvey et al., 2002, Appelo & De Vet, 2003)). Other studies indicated that 
silicates are main competitors of arsenate for sorption sites (Meng et al., 2001, Su & Puls, 
2001, Rahman et al., 2015). 

 

6.3.4  Existing SAR Technology does not Engage the Full Microbial Potential of 
Bangladesh 

In order to examine whether the existing SAR process already depends on microbial activity, 
we first confirmed that the relevant microbes and genes that we had detected in the 
Bangladesh groundwaters (Chapter 2-4) were present in the SAR well. We did not find the 
organisms in the well water at densities anywhere near densities that could contribute 
significantly to arsenite removal. Weeks of incubation were needed for the communities to 
degrade arsenite, as compared to the daily cycling of the well (see the dilution to extinction 
experiments of Chapter 5, Table 5.1), and already a one hundredfold dilution did away with 
this activity. It may well be that under the SAR conditions microorganisms need quite some 
time to grow, or to adapt properly to the changing environment. Or, due to alterations in the 
environment of the microorganisms caused by injecting aerated water into the aquifer, 
potential iron cycling microorganism were not increased as much as we had hypothesized. 
The diurnal variation of oxygen tension may have been too rapid for them to adapt. 
Alternatively the oscillation between completely aerobic and virtually anaerobic may be 
incompatible with the functioning of both aerobic arsenite oxidizing organisms and 
anaerobic arsenite oxidizing organisms. Only facultative aerobic arsenite oxidizing 
organisms might be able to thrive under the conditions below the SAR well. The iron-
oxidizing Gallionella is a typical microaerophilic oxygen gradient organism and should not 
be expected to survive under such conditions and indeed we observe it in the reference well 
but do not find in the SAR well. A similar observation was reported for other SAR wells in 
Bangladesh and central Mexico (Miller, 2008, van Halem et al., 2010). Miller (2008) also 
reported scant evidence for iron oxidation being dominated by microbial communities in 
subsurface arsenic removal field trials. Most probably the iron-oxidizing Gallionella require 
a specific habitat (Hanert, 2006) that was not attained in these SAR experiments.  

Are the required organisms already being enriched in the existing SAR process? The 
answer to this question appears to be in the negative: The potential arsenic and iron oxidizing 
microorganisms in the well water were not increasing over time either. We did not find any 
obvious positive effect of SAR operation on the number of cultivable chemolithoautotrophic 
and heterotrophic arsenite-oxidizing bacteria in the water samples comparing post-treatment 
(cycle 55) to pre-treatment. With respect to sediment we counted bacteria capable of growing 
growth only post SAR sediment sample (at cycle 55) but these numbers were negligible as 
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well (<5 CFU/ml, Table 5.1). The numbers of heterotrophic arsenite-oxidizing bacteria were 
a bit more substantial in both the SAR well and the reference well water. In the sediment this 
number was even larger and increased by a factor thousand with SAR operation. However, 
we are not sure that under these heterotrophic conditions all the bacterial cells engaged in 
arsenite oxidation. Some or all of them might be arsenite resistant and growing on the yeast 
extract provided as Carbon source. We did not find also any significant variations of iron 
oxidizing bacterial growth between pre and post-treatment in water samples either. Our 16S 
rRNA amplicons sequencing data suggested that aerobic arsenite oxidizing bacterial species 
were rare. We only found potential evidence for three known aerobic arsenite oxidizing 
bacterial species (Bosea, Rhizobium and Bradyrhizobium). The anaerobic arsenite oxidizing 
Dechloromonas sp was also rare, at only 0.5%. Nitrate reducing iron oxidizing species were 
10 times higher (0.1%) than aerobic oxidizing groups (Acidovorax, Paracoccus and 
Aquabacterium sp). These findings suggested that the potential microbes could not maintain 
themselves much during the SAR treatment. 

As described in Chapter 2, microbial communities differ significantly between the 
investigated groundwater wells. The Bangladesh soil at a depth of 20 m might be 
hydrogeochemically and hence microbiologically heterogeneous in terms of a spatial scale of 
meters. In the SAR operation every new cycle operates on some 3 m3 of water sucked from 
the well’s environment. Such spatial heterogeneity could explain the substantial difference in 
microbial composition that we observed between the samples drawn at subsequent cycles of 
the SAR well (Figs. 5.5 and 5.6 of Chapter 5). Even beyond what we could observe, these 
communities could respond differentially to the implementation of SAR, which subsequently 
may impact SAR performance. For example, tolerance to oxygen varies among Geobacter 
species (Röling, 2014) and this could affect their survival and abundances in SAR. Diverse 
communities with high functional redundancy are often more resistant to changes (Allison & 
Martiny, 2008) and therefore this may be a good phenomenon should a biotic SAR operate 
satisfactorily. In addition, high functional redundancy in Geobacteraceae might allow for 
quick response when environmental conditions change, such as exposure to oxygen: 
robustness can come with strong adaptation (Fei, Murabito, Westerhoff, 2016). In the present 
case however, the robustness may result in a reluctance of the microbial community to 
engage in SAR. 

Bioaugmentation might not work in SAR either: the oscillation between aerobic and 
anaerobic, and the change with time of the iron and arsenic concentrations would cause 
problems to injected organisms as well. In addition, the aquifer chemistry and microbiology 
in Bangladesh is very heterogeneous (see above). Highly specialized microorganisms may 
not be capable of adapting to all the site settings. Although bioaugmentation may appear to 
be a perfect solution to contaminated soil, it can have its drawbacks. For example, the wrong 
type of bacteria can result in potentially clogged aquifers, or the remediation may be 
incomplete or unsatisfactory. The alternative, artificially recharge with inorganic chemicals 
or organic carbon sources may cause secondary pollution to the subsurface however.  

The fact that with every 24 h cycle, 3 m3 of water is run through the SAR well is itself 
a strong impediment for in situ enrichment and hence for bioremediation: assuming that the 
flow is essentially convective, any amplification of organisms resident in the relevant water 
volume below the well, is annihilated every cycle. Consequently any microbial activity 
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should depend on the microorganisms already present in the soil and not on enrichment 
thereof. There are two exceptions. One is the organisms that reside in the SAR tank and may 
adhere to its surface. They may be enriched during subsequent cycles, and perhaps this 
accounts for the substantial ammonia oxidation that we observed in the Tank when samples 
at the end of the aeration phase were analyzed (Table 5.S1, Chapter 5). The other possible 
exception is organisms attached to the sediment below the well.  

However, the enrichment was in terms of organisms growing under heterotrophic 
arsenite oxidizing conditions. These organisms may merely be resistant to the arsenic; they 
may not actually oxidize the arsenite. And even if bacteria in a sediment biofilm oxidized 
arsenite, this might be at a location remote from the precipitating iron oxides and not 
particularly effective in causing the precipitation of the arsenic. 

 

6.3.5  SAR comes with Microbiologically Defined Liabilities 

In our study we came across two microbiological liabilities of the SAR technology. One 
derives from the evidence for arsenate reducing bacteria in the SAR well, including evidence 
of enrichment thereof in the sediment as compared to reference well sediment (Table 5.1). 
We also showed that arsenic could be released from the sediment upon prolonged incubation 
under arsenate reducing conditions. A possible implication is that the arsenic that is removed 
from the SAR-well water and remains in the soil below the SAR well, constitutes a risk. 
Should the injection of the aerated water be stopped and the well utilization continued, then 
the precipitated arsenic may be remobilized and cause an increase in arsenic levels in the 
drinking water, above the normal levels. 

We had expected coliform counts to decrease with SAR operation because of the 
intake of some 3 m3 more groundwater from the deep soil environment in the SAR well than 
in normal wells such as our reference well. This should then result in a reduced risk of 
contamination of the drinking water with continued operation of the SAR well. During the 
SAR treatment we found a substantial coliform count in the water samples. We conclude that 
drinking water wells in Bangladeshi should be tested for microbiological safety (Islam et al., 
2001, Ferguson et al., 2012, Parvez et al., 2016). Apparently, persistence and even 
amplification of these possibly pathogenic microorganisms penetrating into the well or the 
pump, is substantial. 

 

6.4.  Outlooks 

6.4.1  Alternative BioSAR 

Arsenite can directly be removed in situ or ex situ from drinking water by using a number of 
chemicals including perchlorate, hypochlorite, ozone, permanganate, hydrogen peroxide, 
manganese oxides, nitrate and Fenton’s reagent (H2O2/Fe2+). However, insertion of various 
chemicals in situ to the subsurface might constitute a threat to the aquifers. Chemicals are 
costly and capable of producing secondary environmental wastes. They also tend to be 
hazardous to workers (Gonzaga et al. 2006) in both in situ and ex situ approaches. For now 



162 
Chapter	6	

 
 

we focus on nitrate. In Chapter 5, we identified microorganisms containing a functional 
ammonia monooxygenase (amoA). These organisms can oxidize ammonia and indeed the 
end product nitrate was increased inversely to residual ammonia levels in our storage tank 
water. Therefore, using aerated tank water with ammonia-oxidizing bacteria/archaea, nitrate 
could be produced biologically in this process of nitrification. This nitrate could then 
function instead of the injected chemical nitrate (above), or, more subtly perhaps as electron 
acceptor in a biological anaerobic denitrifying arsenite and iron oxidation process. This 
would make the injection of chemicals such as nitrate into the subsurface unnecessary. This 
hypothesis is supported by a field trial, conducted (Harvey et al., 2002) in Bangladesh, 
showing that injection of chemical nitrate into a subsurface aquifer in Bangladesh resulted in 
the immobilization of arsenic. In column experiments, addition of NO3

- improved 
bioremediation of oxidized arsenite on activated alumina (hydr)-oxide sediments (Sun et al., 
2010).  

Nitrification, i.e. the microbiological conversion of ammonia to nitrate, is a very cheap 
technology. It could thereby be used widely for in situ or ex situ removal of arsenic from 
drinking water if additionally anaerobic arsenite oxidizing bacteria were present. A 
complication could be the presence of organic carbon, which could favor denitrification, 
using the organic carbon as electron source and nitrate as the electron acceptor. The 
denitrifying anaerobic arsenite oxidizers we identified were most closely related to 
Sinorhizobium sp., Paracoccus sp. and Acidovorax sp. (Chapter 2, 3 and 4) however, which 
are able to grow heterotrophically and oxidize arsenite under aerobic conditions (Rhine et al., 
2006, Sun et al., 2009, Zhang et al., 2015). They should be suitable for in situ or ex situ 
removal of arsenic both aerobically and anaerobically in the presence of nitrate. 

Nitrate itself should also be a cause of concern. It is toxic for wildlife and livestock, 
and nitrification is thought to contribute to the formation photochemical smog, ground level 
ozone, acid rain, changes in species diversity, and other undesirable processes. During 
denitrification under anaerobic conditions, the greenhouse gas N2O is produced as a 
byproduct. This compound is also notable for catalyzing the breakup of ozone in the 
stratosphere (Singh & Verma, 2007). Accordingly, any use of nitrate in the subsurface may 
be possible but should be well controlled. 

 

6.4.2  Work needed for BioSAR 

Bioremediation technology may be divided into the subcategories of, e.g. intrinsic and 
engineered bioremediation (bioaugmentation). The intrinsic method is more suitable for 
remediation of soil with a low level of contaminants whilst the engineered bioremediation 
method is more favorable in highly contaminated areas (Lim et al., 2014). Under laboratory 
conditions, iron and arsenic can be oxidized and reduced biologically within a couple of 
days. Indigenous and engineered microorganisms can provide good options both for in situ 
and for ex situ arsenic removal technologies. Such microorganisms come with limitations 
however. Sometimes, they take considerable time for adaptation to the relevant environment, 
if environmental factors such as temperature, pH, substrate concentrations and O2 tension do 
not correspond to what is optimal for their growth. The bioaugmenting microbes would have 
to compete with the indigenous bacterial microflora, and this competition could become 
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tough if the native microbial cell number exceeds 108-109 per gram of soil sediment (cf. 
Table 5.1). Despite several limitations to bioremediation, it has been gaining interest if only 
because of its cost effectiveness, resilience and compatibility to the environment. Laboratory 
work should be set up that produces robust microorganisms for engineered SAR 
bioremediation. 

Since every location has its own microbial community structure, genomic diversity 
and hydrochemistry, the success of SAR may vary from location to location. Therefore, 
column experiments under laboratory conditions that mimic the variation of the conditions in 
situ for every potential SAR well should be desirable in order to obtain a more predictive 
understanding of the functioning of microbes and their geochemical interactions in the 
context of that particular SAR. This should also help understand the potential removal 
mechanisms, as well as tell about the sustainability and acceptability of SAR in field 
applications.  

To obtain a high efficiency of in situ removal of arsenic using microbes catalyzing 
arsenite oxidation by nitrate, optimal microbial growth is required. A simple kinetic (Monod 
equation) microbial model may be applied to bioremediation of arsenic both in situ and in 
column experiments (ex situ). This model can also inform about the microbial growth 
process and the optimal number of cells required for arsenic removal performance. Several 
studies have developed empirical models (Yu et al., 2003, Lim et al., 2007, Wallis et al., 
2010) which describe the microbial dynamics by quantifying microbial growth and decay for 
specific arsenite oxidizers. Microbial growth rates were assumed to depend on the 
availability of arsenite [As(III)] (electron donor) and nitrate (electron acceptor), with the 
Gibbs energy derived being used to fix carbon into organic material and to maintain the cell 
according to the following (where we slightly modify the equations written by Wallis et al.): 

 
6 NO3

 ̶ + 5 HCO3
 ̶ + 19 HAsO3

 ̶   C5H7O2N + 5 NO2
 ̶ + 2 H2O + 19 HAsO4

2 ̶ + 13 H+  (1) 

 
The mass balance of the arsenite oxidizing microbial group is as follows: 
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With microbial growth stimulated using a standard Monod kinetic growth model and a first- 
order biomass decay term: 
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Here X, CAs(III), and are the microbe, microbial arsenite and nitrate concentrations, 

respectively, which are considered constant. kdecay (with unit per hour) and Vmax are the decay 
rate constant of the biomass, and the maximum specific (i.e. in Mole per gram per hour) 
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uptake rate constant of arsenite, respectively. Y is the growth yield (gram per Mole of 
arsenite taken up) and KAs(III) and  are the Monod or Michaelis constants. Mostly either 

arsenite or nitrate and not both would be limiting, meaning that the concentration of the 
substrate that is not limiting and is far above the corresponding K, so that the corresponding 
factor in the equation disappears. More details are discussed elsewhere (Roden et al., 2004, 
Wallis et al., 2010). 

After measuring the parameters in these equations, one may be able to design 
conditions that would enable these microorganisms to remove arsenite from SAR wells that 
are provided with Fe(II) and oxygen periodically. 

 

6.4.3  Dissemination of Microbial Safety Awareness Concerning Drinking Water 
to the Low Income Rural Population 

After microbial contamination, arsenic contamination is ranked as “second among their top 
priorities in the control of drinking water quality (Ashok & Nupur, 2016). Opportunistic-
pathogenic microbial contamination which can cause instant severe to fatal diseases, is a 
major public health issue. Since none of the arsenic removal technologies provide pathogen-
free drinking water to the rural population, more consciousness of the importance of the 
microbiologically safety of drinking water should be bestowed upon the vulnerable rural 
population. Well before providing arsenic-free water to the end users, care should be taken 
that such water should be cleaned or tested properly in order to ensure that microbial 
contaminants are below the WHO guidelines. Finally, social scientists and drinking water 
supply authorities should disseminate the motto to the root level people “Drinking not only 
arsenic free but also pathogen free safety water leads to a better life”.  

 

6.4.4  Personalized Medicine, Personalized Drinking Water Safety 

There is a much increased awareness in medicine that here is a substantial difference 
between human individuals and that this should and can be taken into account when 
diagnosing disease or devising therapies (Jozefczuk et al., 2012). The most recent great 
advances have been the generation of the consensus human genome-wide metabolic map 
(Thiele et al., 2013) enabling the prediction of disease biomarkers, inborn errors of 
metabolism and that is now beginning to be used in personalized treatment. The genome 
wide metabolic map also provides a rational bridge between Nature (genes) and Nurture 
(nutrition and environment) however. It offers potential for instance in predicting how 
arsenic and other poisons affect human metabolism, heath and disease and in particular how 
this differs between individual humans. In future diagnosis therefore, not only the patient’s 
traditional medical records should be taken into account but also the level of arsenite in the 
drinking water the individual uses, much as other lifestyle and functional genomic 
information will be. It should be possible to use the genome-wide metabolic map to identify 
improved biomarkers for increased exposure to and pathological effects of arsenite in 
individuals. At present, subliminal arsenite poisoning goes undetected even though it might 
have substantial effects on the population such as decreased learning abilities and economic 



165 
General	Discussion	

 
 

performance. Using systems biology approaches to integrate microbiological, molecular, 
chemical and environmental information into a model for each individual, is likely to 
improve public health and have a huge impact in personalized medicine and personalized 
wellness management. It is likely that for a country with a young population such as 
Bangladesh, a personalized health management system like this taking into account both the 
individual’s genome and the individual’s environment, will reduce healthcare cost. 
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