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Preface

Patagonia is a vast and heterogeneous territory that extends along the southernmost
part of the Americas (approximately from 40°S to 56°S). This region occupies part
of Chilean and Argentinean territories. Argentinean Patagonia, in which this book is
focused, extends east of the Andes and south of the Colorado River, having an area
of about 790,000 km?. This region includes large extents of arid plains, forests,
mountains and glaciers, fertile valleys, and wide seashores. These ecosystems offer
a great diversity of selective environments scarcely explored that are suitable for the
bioprospection of biotechnologically relevant microorganisms.

The aim of Biology and Biotechnology of Patagonian Microorganisms is to pro-
vide readers from the academic and biotechnological communities with a concise
and clearly illustrated treatment of outstanding topics of Patagonian microbiology
and biotechnology. The investigations included in this book represent interesting
examples of the microbial world as a highly significant source of valuable technol-
ogy that can modify and boost regional economy and progress.

The book is subdivided into three parts, preceded by a geo-historical introduc-
tion to Patagonia. The first part introduces the reader to the field of environmental
microbiology, including insights into microbial communities from hydrocarbon-
and heavy metal-polluted sites and lands degraded by natural events and human
economic activities. The second part gives an overview of the biotechnological
potential of Patagonian microorganisms. Bioprospection of antimicrobials,
enzymes, and other bioactive compounds produced by extremophilic microorgan-
isms is discussed. Important aspects of Patagonian microorganism application in
biomining, winery, brewing, and aquaculture are also addressed. Moreover,
included is a discussion on antibiotic-resistant isolates. The third part of this book
describes Patagonian yeasts with biotechnological potential, particularly their
application in industrial fermentations (e.g., wine and beer industry) and food
biopreservation.



vi Preface

The editors wish to thank all the authors for their willingness to participate in this
book and for their excellent contributions. We also acknowledge the Associate
Editor Jodo Victor Pildervasser (Life Sciences, Springer-SBM), who invited us to
be editors of this book, and the Springer International Publishing AG staff for their
outstanding assistance and guidance. Finally, we extend our gratitude to the funding
sources Ministerio de Educacién y Deportes, Ministerio de Ciencia, Tecnologia e
Innovacién Productiva and CONICET, Argentina.

Puerto Madryn, Argentina Nelda Lila Olivera
Bariloche, Argentina Diego Libkind
La Plata, Argentina Edgardo Donati



Contents

1

Introducing Patagonia: An Approach from Geo-History . .........

Fernando Coronato

PartI Environmental Microbial Biotechnology

2

Molecular Biological Tools for the Assessment
of Hydrocarbon-Degrading Potential in Coastal

Environments . ............. .. . ... . ...

Mariana Lozada and Hebe M. Dionisi

Indigenous PAH-Degrading Bacteria in Qil-Polluted
Marine Sediments from Patagonia: Diversity

and Biotechnological Properties ..............................

Paula Isaac, Natalia Bourguignon, Daniela Maizel,
and Marcela A. Ferrero

Hydrocarbon Remediation by Patagonian Microbial

Comsortia . ....... ... .

Marina L. Nievas, Rosana Polifroni, Federico del Brio,
and Marcela A. Sepilveda

Assessment of Microbial Patagonian Communities

for Using in Heavy Metal Bioremediation ......................

Ana Belén Segretin, Marfa Alejandra Lima, Graciana Willis Poratti,
Maria Soffa Urbieta, Cecilia Bernardelli, Alejandra Giaveno,
and Edgardo Donati

Microbiological and Biochemical Indicators

for Assessing Soil Quality in Drylands from Patagonia. . ..........

Magali S. Marcos and Nelda Lila Olivera

vii



viii Contents

Part II Patagonian Microorganisms for Industrial
and Sanitary Applications

7 Molecular Ecology of Class 1 Integrons in Patagonia
as Model System for Understanding the Rise of Antibiotic
Resistance Isolates Around the World . .........................
Veronica Elizabeth Alvarez, Maria Paula Quiroga,
Gabriel Alejandro Castro, Marcelo Herndn Cassini,
and Daniela Centron

8 Novel Sources of Antimicrobials from Pristine and Poorly
Explored Environments. The Patagonia Microbiota Case . .........
Gonzalo V. Arnau, Mariana E. Danilovich, Leandro A. Sdnchez,
Federico Acosta, and Osvaldo Delgado

9 Bioprospecting for Bioactive Actinomycetes from Patagonia. . ... ...
Maria Soledad Vela Gurovic

10 Microorganisms from Patagonia and Antarctica
and Their Cold-Active SKkills for Using Polymeric Materials. . . ... ..
Fiorella F. Gomez, Jaime D. Babot, Gustavo A. Lovrich,
Faustino Sifieriz, and Osvaldo Delgado

11 Alkaline Proteases from Patagonian Bacteria . ...................
Nelda Lila Olivera, Martin S. Iglesias, and Cynthia Sequeiros

12 Extremophilic Patagonian Microorganisms Working
inBiomining ......... .. ... .. ..
Patricia Chiacchiarini, Laura Lavalle, Marfa Soffa Urbieta,
Ricardo Ulloa, Edgardo Donati, and Alejandra Giaveno

13 Microorganisms from Patagonian Aquatic Environments
forUseinAquaculture . ............ .. ... ... .. ... ...
Cynthia Sequeiros, Marisa E. Garcés, Melania Ferndndez,

Sergio F. Martinez Diaz, Diego Libkind, and Nelda Lila Olivera

14 Indigenous Lactic Acid Bacteria Communities Associated
with Spontaneous Malolactic Fermentations in Patagonian
Wines: Basic and Applied Aspects. .. ...........................
Danay Valdés La Hens, Barbara M. Bravo-Ferrada, Natalia S. Brizuela,
Elizabeth E. Tymczyszyn, Axel Hollmann, Lucrecia Delfederico,
and Liliana Semorile

Part III Yeast Biotechnology

15 Saccharomyces in Traditional and Industrial Fermentations
fromPatagonia .......... ... ... .. .. ...
Maria Eugenia Rodriguez, Andrea Cecilia Origone,

Melisa Gonzdlez Flores, and Christian Ariel Lopes



Contents ix

16 Wild Yeasts Selection for High-Quality Patagonian Wines. . .. ... ... 277
Silvana Marfia del Modnaco, Yolanda Leticia Curilén,
Sebastidn Mario Ezequiel Bravo, Adriana Beatriz Simes,
Viviana Andrea Carrefio, Ramona del Carmen Maturano,
and Adriana Catalina Caballero

17 Patagonian Antagonist Yeasts for Food Biopreservation ........... 301
Maria L. Villalba, Marfa C. Lutz, Soffa Lopez, Maria B. Pildain,
and Marcela P. Sangorrin

18 Biotechnologically Relevant Yeasts from Patagonian
Natural Environments ... ............ ... ... ... ... ... ...... 325
Diego Libkind, Martin Moliné, Andrea Trochine, Nicolas Bellora,
and Virginia de Garcia



Contributors

Federico Acosta Centro de Investigaciones y Trasferencia de Catamarca CITCA-
CONICET, San Fernando del Valle de Catamarca, Catamarca, Argentina

Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Catamarca
FACEN-UNCa, San Fernando del Valle de Catamarca, Catamarca, Argentina

Verénica Elizabeth Alvarez Laboratorio de Investigaciones de los Mecanismos
de Resistencia a Antibidticos, Instituto de Microbiologia y Parasitologia Médica
(IMPaM, UBA-CONICET), Facultad de Medicina, Universidad de Buenos Aires,
Ciudad Auténoma de Buenos Aires, Argentina

Gonzalo V. Arnau Planta Piloto de Procesos Industriales Microbiologicos
PROIMI-CONICET, San Miguel de Tucumdn, Tucumdn, Argentina

Jaime D. Babot Planta Piloto de Procesos Industriales Microbiologicos PROIMI-
CONICET, San Miguel de Tucumdn, Tucumdn, Argentina

Nicolas Bellora Laboratorio de Microbiologia Aplicada, Biotecnologia y
Bioinformdtica de Levaduras, Instituto Andino-Patagénico en Tecnologias
Bioldgicas y Geoambientales (IPATEC), CONICET y Universidad Nacional del
Comahue (CRUB), San Carlos de Bariloche, Argentina

Cecilia Bernardelli CINDEFI (CCT La Plata-CONICET, UNLP), Facultad de
Ciencias Exactas, Universidad Nacional de La Plata, La Plata, Argentina

Natalia Bourguignon Planta Piloto de Procesos Industriales Microbioldgicos
(PROIMI-CONICET), San Miguel de Tucumdn, Tucumdn, Argentina

Sebastian Mario Ezequiel Bravo Instituto de Investigacion y Desarrollo en
Ingenieria de Procesos, Biotecnologia y Energias Alternativas (PROBIEN), Consejo
Nacional de Investigaciones Cientificas y Técnicas de la Repiblica Argentina
(CONICET)- Universidad Nacional del Comahue, Neuquén, Provincia del Neuquén,
Argentina

Facultad de Ciencias y Tecnologia de los Alimentos, Universidad Nacional del
Comahue, Villa Regina, Provincia de Rio Negro, Argentina

xi



Xii Contributors

Barbara M. Bravo-Ferrada Laboratorio de Microbiologia Molecular, Instituto de
Microbiologia Bdsica y Aplicada, Departamento de Ciencia y Tecnologia,
Universidad Nacional de Quilmes, Bernal, Buenos Aires, Argentina

Federico del Brio Centro para el Estudio de Sistemas Marinos (CESIMAR-
CONICET), Puerto Madryn, Chubut, Argentina

Natalia S. Brizuela Laboratorio de Microbiologia Molecular, Instituto de
Microbiologia Bdsica y Aplicada, Departamento de Ciencia y Tecnologia,
Universidad Nacional de Quilmes, Bernal, Buenos Aires, Argentina

Adriana Catalina Caballero Instituto de Investigacion y Desarrollo en Ingenieria
de Procesos, Biotecnologia y Energfas Alternativas (PROBIEN), Consejo Nacional
de Investigaciones Cientificas y Técnicas de la Republica Argentina (CONICET),
Universidad Nacional del Comahue, Neuquén, Provincia del Neuquén, Argentina

Facultad de Ciencias y Tecnologia de los Alimentos, Universidad Nacional del
Comahue, Villa Regina, Provincia de Rio Negro, Argentina

Facultad de Ingenierfa, Universidad Nacional del Comahue, Neuquén, Provincia
del Neuquén, Argentina

Viviana Andrea Carrefio Facultad de Ciencias y Tecnologia de los Alimentos,
Universidad Nacional del Comahue, Villa Regina, Provincia de Rio Negro,
Argentina

Marcelo Hernan Cassini Grupo GEMA, Departamento de Ciencias Badsicas,
Universidad Nacional de Lujdn, Lujdn, Buenos Aires, Argentina

Laboratorio de Biologia del Comportamiento, IBYME, Ciudad Auténoma de
Buenos Aires, Argentina

Gabriel Alejandro Castro Hospital Regional de Ushuaia, Ushuaia, Argentina

Daniela Centrén Laboratorio de Investigaciones de los Mecanismos de Resistencia
a Antibidticos, Instituto de Microbiologia y Parasitologia Médica (IMPaM, UBA-
CONICET), Facultad de Medicina, Universidad de Buenos Aires, Ciudad Auténoma
de Buenos Aires, Argentina

Patricia Chiacchiarini PROBIEN (CONICET-UNCo), Facultad de Ingenieria,
Universidad Nacional del Comahue, Buenos Aires, Neuquén, Argentina

Fernando Coronato Patagonian Institute for the Study of Continental Ecosystems
(IPEEC-CENPAT), National Scientific and Technical Research Council (CONICET),
Argentina

Yolanda Leticia Curilén Facultad de Ciencias y Tecnologfa de los Alimentos,
Universidad Nacional del Comahue, Villa Regina, Provincia de Rio Negro,
Argentina

Mariana E. Danilovich Planta Piloto de Procesos Industriales Microbiologicos
PROIMI-CONICET, San Miguel de Tucumdn, Tucumadn, Argentina



Contributors Xiii

Lucrecia Delfederico Laboratorio de Microbiologia Molecular, Instituto de
Microbiologia Bdsica y Aplicada, Departamento de Ciencia y Tecnologia,
Universidad Nacional de Quilmes, Bernal, Buenos Aires, Argentina

Osvaldo Delgado Centro de Investigaciones y Transferencia de Catamarca
CITCA-CONICET, San Fernando del Valle de Catamarca, Catamarca, Argentina

Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Catamarca
FACEN-UNCa, San Fernando del Valle de Catamarca, Catamarca, Argentina

Sergio F. Martinez Diaz Microbiology and Molecular Biology Laboratory,
Interdisciplinary Center of Marine Science, CICIMAR-IPN, La Paz, Mexico

Hebe M. Dionisi Laboratorio de Microbiologia Ambiental, Centro para el Estudio
de Sistemas Marinos (CESIMAR, CONICET), CCT Centro Nacional Patagonico,
Puerto Madryn, Chubut, Argentina

Edgardo Donati Industrial Fermentation Research and Development Center
(CINDEFI), CONICET-UNLP, School of Science, National University of La Plata,
La Plata, Argentina

Melania Fernandez Centro para el Estudio de Sistemas Marinos (CESIMAR-
CCT CENPAT-CONICET), Puerto Madryn, Chubut, Argentina

Secretaria de Ciencia, Tecnologia e Innovacién Productiva de la Provincia de
Chubut, Rawson, Chubut, Argentina

Marcela A. Ferrero Planta Piloto de Procesos Industriales Microbioldgicos
(PROIMI-CONICET), San Miguel de Tucumdn, Tucumdn, Argentina

Facultad de Bioquimica, Quimica y Farmacia, Universidad Nacional de Tucumadn
(UNT), San Miguel de Tucumdn, Tucumdn, Argentina

Melisa Gonzalez Flores Instituto de Investigacion y Desarrollo en Ingenieria de
Procesos, Biotecnologia y Energias Alternativas (PROBIEN, Consejo Nacional de
Investigaciones Cientificas y Técnicas de la Republica Argentina—Universidad
Nacional del Comahue), Neuquén, Argentina

Marisa E. Garcés Patagonian Institute for the Study of Continental Ecosystems
(IPEEC-CENPAT), National Scientific and Technical Research Council (CONICET),
Argentina

Virginia de Garcia Laboratorio de Microbiologia Aplicada, Biotecnologia y
Bioinformdtica de Levaduras, Instituto Andino-Patagénico en Tecnologias
Bioldgicas y Geoambientales (IPATEC), CONICET y Universidad Nacional del
Comahue (CRUB), San Carlos de Bariloche, Argentina

Alejandra Giaveno PROBIEN (CONICET, UNCo), Facultad de Ingenieria,
Universidad Nacional del Comahue, Buenos Aires, Neuquén, Argentina



Xiv Contributors

Fiorella F. Gomez Planta Piloto de Procesos Industriales Microbioldgicos
PROIMI-CONICET, San Miguel de Tucumdn, Tucuman, Argentina

Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Catamarca
FACEN-UNCa, San Fernando del Valle de Catamarca, Catamarca, Argentina

Maria Soledad Vela Gurovic CERZOS UNS-CONICET CCT-Bahia Blanca,
Bahia Blanca, Argentina

Danay Valdés La Hens Laboratorio de Microbiologia Molecular, Instituto de
Microbiologia Bdsica y Aplicada, Departamento de Ciencia y Tecnologia,
Universidad Nacional de Quilmes, Bernal, Buenos Aires, Argentina

Axel Hollmann Laboratorio de Microbiologia Molecular, Instituto de
Microbiologia Bdsica y Aplicada, Departamento de Ciencia y Tecnologia,
Universidad Nacional de Quilmes, Bernal, Buenos Aires, Argentina

Laboratorio de Biointerfaces y Sistemas Biomiméticos-Universidad Nacional de

Santiago, del Estero (UNSE) y Centro de Investigaciones y Transferencia de
Santiago del Estero (CITSE)-CONICET-UNSE, Santiago del Estero, Argentina

Martin S. Iglesias Patagonian Institute for the Study of Continental Ecosystems
(IPEEC-CENPAT), National Scientific and Technical Research Council (CONICET),
Argentina

Paula Isaac Centro de Investigacion y Transferencia — Villa Marfa (CIT-UNVM)
CONICET, Cérdoba, Argentina

LauraLavalle PROBIEN (CONICET-UNCo), Facultad de Ingenieria, Universidad
Nacional del Comahue, Buenos Aires, Neuquén, Argentina

Diego Libkind Andean-Patagonian Institute for Biological and Geoenvironmental
Technologies (IPATEC), CONICET National University of Comahue, San Carlos
de Bariloche, Argentina

Maria Alejandra Lima CINDEFI (CCT La Plata-CONICET, UNLP), Facultad de
Ciencias Exactas, Universidad Nacional de La Plata, La Plata, Argentina

Christian Ariel Lopes Facultad de Ciencias Agrarias, Universidad Nacional del
Comahue, Argentina

Instituto de Investigacién y Desarrollo en Ingenieria de Procesos, Biotecnologia y
Energias Alternativas (PROBIEN, Consejo Nacional de Investigaciones Cientificas
y Técnicas de la Reptiblica Argentina—Universidad Nacional del Comahue),
Neuquén, Argentina

Sofia Lopez Centro de Investigacion y Extension Forestal Andino Patagénico
(CIEFAP), Chubut, Argentina

Gustavo A. Lovrich Centro Austral de Investigaciones Cientificas CADIC-
CONICET, Ushuaia, Tierra del Fuego, Argentina



Contributors XV

Mariana Lozada Laboratorio de Microbiologia Ambiental, Centro para el Estudio
de Sistemas Marinos (CESIMAR, CONICET), CCT Centro Nacional Patagonico,
Puerto Madryn, Chubut, Argentina

Maria C. Lutz Facultad de Ciencias Agrarias, Universidad Nacional del Comahue,
Neuquén, Argentina

Daniela Maizel Planta Piloto de Procesos Industriales Microbiol6gicos (PROIMI-
CONICET), San Miguel de Tucumdn, Tucuman, Argentina

Magali S. Marcos Patagonian Institute for the Study of Continental Ecosystems
(IPEEC-CENPAT), National Scientific and Technical Research Council (CONICET),
Argentina

Ramona del Carmen Maturano Instituto de Investigacion y Desarrollo en
Ingenieria de Procesos, Biotecnologia y Energias Alternativas (PROBIEN), Consejo
Nacional de Investigaciones Cientificas y Técnicas de la Reptblica Argentina
(CONICET)- Universidad Nacional del Comahue, Neuquén, Provincia del Neuquén,
Argentina

Martin Moliné Laboratorio de Microbiologia Aplicada, Biotecnologia y
Bioinformdtica de Levaduras, Instituto Andino-Patagénico en Tecnologias
Biologicas y Geoambientales (IPATEC), CONICET y Universidad Nacional del
Comahue (CRUB), San Carlos de Bariloche, Argentina

Silvana Maria del Moénaco Instituto de Investigacion y Desarrollo en Ingenieria
de Procesos, Biotecnologia y Energfas Alternativas (PROBIEN), Consejo Nacional
de Investigaciones Cientificas y Técnicas de la Republica Argentina (CONICET)-
Universidad Nacional del Comahue, Neuquén, Provincia del Neuquén, Argentina

Marina L. Nievas Centro para el Estudio de Sistemas Marinos (CESIMAR-
CONICET), Puerto Madryn, Chubut, Argentina

Facultad Regional Chubut, Universidad Tecnoldgica Nacional, Puerto Madryn,
Argentina

Nelda Lila Olivera Patagonian Institute for the Study of Continental Ecosystems
(IPEEC-CENPAT), National Scientific and Technical Research Council (CONICET),
Argentina

Andrea Cecilia Origone Instituto de Investigacion y Desarrollo en Ingenierfa de
Procesos, Biotecnologia y Energias Alternativas (PROBIEN, Consejo Nacional de
Investigaciones Cientificas y Técnicas de la Republica Argentina—Universidad
Nacional del Comahue), Neuquén, Argentina

Maria B. Pildain Centro de Investigacion y Extension Forestal Andino Patagénico
(CIEFAP), Chubut, Argentina



Xvi Contributors

Rosana Polifroni Centro para el Estudio de Sistemas Marinos (CESIMAR-
CONICET), Puerto Madryn, Chubut, Argentina

Graciana Willis Poratti CINDEFI (CCT La Plata-CONICET, UNLP), Facultad
de Ciencias Exactas, Universidad Nacional de La Plata, La Plata, Argentina

Maria Paula Quiroga Laboratorio de Investigaciones de los Mecanismos de
Resistencia a Antibidticos, Instituto de Microbiologia y Parasitologia Médica
(IMPaM, UBA-CONICET), Facultad de Medicina, Universidad de Buenos Aires,
Ciudad Auténoma de Buenos Aires, Argentina

Maria Eugenia Rodriguez Instituto de Investigacion y Desarrollo en Ingenieria
de Procesos, Biotecnologia y Energias Alternativas (PROBIEN, Consejo Nacional
de Investigaciones Cientificas y Técnicas de la Republica Argentina—Universidad
Nacional del Comahue), Buenos Aires, Neuquén, Argentina

Facultad de Ciencias Médicas, Universidad Nacional del Comahue, Neuquén,
Argentina

Leandro A. Sanchez Planta Piloto de Procesos Industriales Microbiologicos
PROIMI-CONICET, San Miguel de Tucumdn, Tucuman, Argentina

Marcela P. Sangorrin Instituto de Investigacion y Desarrollo en Ingenieria de
Procesos, Biotecnologia y Energias Alternativas (PROBIEN, Consejo Nacional de
Investigaciones Cientificas y Técnicas de la Repiiblica Argentina-Universidad
Nacional del Comahue), Neuquén, Argentina

Ana Belén Segretin CINDEFI (CCT La Plata-CONICET, UNLP), Facultad de
Ciencias Exactas, Universidad Nacional de La Plata, La Plata, Argentina

Liliana Semorile Laboratorio de Microbiologia Molecular, Instituto de
Microbiologia Bésica y Aplicada, Departamento de Ciencia y Tecnologia,
Universidad Nacional de Quilmes, Bernal, Buenos Aires, Argentina

Marcela A. Sepilveda Centro para el Estudio de Sistemas Marinos (CESIMAR-
CONICET), Puerto Madryn, Chubut, Argentina

Cynthia Sequeiros Centro para el Estudio de Sistemas Marinos (CESIMAR-CCT
CENPAT-CONICET), Puerto Madryn, Chubut, Argentina

Adriana Beatriz Simes Facultad de Ciencias y Tecnologia de los Alimentos,
Universidad Nacional del Comahue, Villa Regina, Provincia de Rio Negro,
Argentina

Faustino Sifieriz Planta Piloto de Procesos Industriales Microbiologicos PROIMI-
CONICET, San Miguel de Tucumdn, Tucumadn, Argentina

Andrea Trochine Laboratorio de Microbiologia Aplicada, Biotecnologia y
Bioinformdtica de Levaduras, Instituto Andino-Patagénico en Tecnologias
Bioldgicas y Geoambientales (IPATEC), CONICET y Universidad Nacional del
Comahue (CRUB), San Carlos de Bariloche, Argentina



Contributors xvii

Elizabeth E. Tymczyszyn Laboratorio de Microbiologia Molecular, Instituto de
Microbiologia Bésica y Aplicada, Departamento de Ciencia y Tecnologia,
Universidad Nacional de Quilmes, Bernal, Buenos Aires, Argentina

Ricardo Ulloa PROBIEN (CONICET-UNCo), Facultad de Ingenierfa, Universidad
Nacional del Comahue, Buenos Aires, Neuquén, Argentina

Maria Sofia Urbieta CINDEFI (CCT La Plata-CONICET, UNLP), Facultad de
Ciencias Exactas, Universidad Nacional de La Plata, La Plata, Argentina

Maria L. Villalba Instituto de Investigacién y Desarrollo en Ingenieria de
Procesos, Biotecnologia y Energias Alternativas (PROBIEN, Consejo Nacional de
Investigaciones Cientificas y Técnicas de la Repiiblica Argentina-Universidad
Nacional del Comahue), Neuquén, Argentina



Chapter 1
Introducing Patagonia: An Approach
from Geo-History

Fernando Coronato

Abstract The uniqueness of Patagonia stems not only from its remote location on
the world map but from several other geographic factors briefly discussed on this
chapter, starting from some climatic features and sharp contrasts not found any-
where else. The last glaciation caused drainage deviations that complicated interna-
tional boundary delimitation, which, in turn, hastened expansionism based on sheep
farming of not always suitable lands. Widespread desertification is the major eco-
logical consequence of this unwise process, developed at the expense of Native
Patagonian peoples, some of whom have completely disappeared. From a terrestrial
point of view, Patagonia is a geographic cul-de-sac, so aboriginal cultures were
materially rudimentary; on the other hand, to seafarers Patagonia was on the inter-
oceanic route and was a dangerous coast to be left behind as soon as possible. The
unavoidable contact was dramatically contrasting and not always peaceful. With
very low demographic density, and despite isolated cases of ecological mismanage-
ment, the region still keeps an aura of pristine nature, enhanced by distance and
legend. This chapter may seem incongruent in this volume, but it aims to place the
readers in the wider scope of Patagonian geo-history, the human environment in
which the research presented here was carried out.

1.1 Climate and Physical Environment

Patagonia, the southernmost region of the Americas, extends approximately from
40°S, where the width of the continent is about 1000 km, and gradually narrows
southward until disappearing in Cape Horn at 56°S (Fig. 1.1). Less than 900 km
separate this point from the northernmost tip of the Antarctic Peninsula, but the
Drake Passage is wide enough to sensibly warm the Antarctic air masses that may
reach South America, and in such a way, Patagonian winters are much milder than
those at equivalent latitudes in North America. These maritime polar air masses can

F. Coronato, Ph.D. (<)
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Fig. 1.1 Main physical features and political boundaries of bi-national Patagonia

reach Patagonia during the whole year, so they are one main cause for the relatively
low thermal level in southern Patagonia (Weischet 1985).

Because of its latitude Patagonia is fully located in the belt of the west winds,
which here are put in motion by the interplay between the permanent high-pressure
cells on the South Atlantic and Southeast Pacific (centered about on 30°S) and the
subpolar trough at 60°S. The seasonal N-S shift of the high cells is quite notice-
able although the sub-Antarctic low belt hardly changes its position. Thus, the
pressure gradient increases in summer, when the anticyclones move southward,
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and consequently wind speed is higher during that season. Moreover, as no other
continental landmass stands in the way of the westerlies at these latitudes, wind
speed may be particularly high in most of Patagonia. At the time of sailing ships,
seamen referred to this latitudinal belt as “the roaring forties” and “the screaming
fifties.” Assertions such as “In few parts of the world is the climate of the region
and its life so determined by a single meteorological element, as is the climate of
Patagonia by the constancy and strength of the wind” (Prohaska 1976) seem well
justified and, beyond any statement, wind strength indications are numerous in
Patagonia, such as wind erosion, leeward-sided trees, and architectonic details.

One of the main consequences of such winds is the cooling effect and the per-
ceived systematic reduction of the temperature. Because (as already stated), wind
speed is higher in the warm season, the wind cooling effect is greater in this season
too, and thus, there is an apparent shrinking in the annual range of temperature and
so the climate is perceived as being cooler (and more maritime) than it actually is.
Considering Patagonia as a whole, Coronato (1993) calculated that average wind
cooling effect is 4.2 °C in annual figures. Yet, the major consequence of the over-
whelming prevalent west winds is the abrupt contrast between windward, well-
watered, and forested western Patagonia and the leeward, rain-shadowed, dry steppe
eastward in the Andes that covers plateaus and peneplains until the Atlantic shores.
Although south of 40°S the Andes rarely exceed 3000 m height, the mountain range
intersects the westerly flux perpendicularly, blocking the disturbances embedded in
it and producing orographic precipitations over the Pacific flank. On the western
side of the Andes of Patagonia rainfall may be as much as 20 times greater than on
the eastern flank, where moreover subsidence leads to arid and highly evaporative
conditions (Garreaud et al. 2013). This effect creates a marked climatic contrast that
entails one of the sharper vegetation gradients in the world (Endlichter and Santana
1988; Warren and Sugden 1993). Any W-E transect crossing over the Andes from
the Pacific shore to the eastern foothills (no more than 200-300 km) starts in a wet
temperate forest, grades into Alpine forests and grasslands, changing again into
moderate continental forests, to merge finally into an arid environment that spans
further hundreds of kilometers to the Atlantic (Bailey 1996). The vegetation gradi-
ent is clearly visible in the glacial lakes of the eastern side, whose fjord-like western
shores deeply penetrate between snow-capped mountains, covered by a humid and
cool forest, whereas the distal eastern end, in pebbled wide beaches on morainic
hills, is surrounded by xerophytes and active sand dunes.

If precipitation amounts change dramatically at both sides of the Andes (10:1 on
average), rainfall seasonality and cloudiness and temperature regime do not, or change
much less markedly. As the poleward movement of the subtropical high-pressure cells
is clearly manifested in South America until about 40°S, summers are usually sunnier
and drier in the northern half of Patagonia (i.e., 45°—46°S). This Mediterranean-like
climate is fully expressed in northwestern Patagonia, as a marginal area of the truly
Mediterranean climate that reigns over Central Chile. On the other side, in northeast-
ern Patagonia, although keeping the same annual distribution, the scarcity of rainfall
allows only considering this climate as an arid-degraded Mediterranean (Le Houérou
2004). Further east, on the Atlantic Coast north of 45°S, summer drought may be less
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marked because of sporadic irruptions of oceanic air masses and consequent rainfall,
in the (few) occasions when South Atlantic anticyclonic circulation prevails over the
Pacific air masses that have dried crossing the Andes.

In contrast, in the southern half of Patagonia, the westerly flux is not counter-
acted at any season and thus rainfall is more evenly distributed throughout the year.
Eventually, cloudiness and precipitation values are greater in summer south of 50°S,
which is indicative of the subpolar pattern of this regime (Prohaska 1976). The
Patagonian case of the unfettered westerlies impacting transversally on the N-S--
oriented mountain range is a textbook example of the mechanic effect of deviation
of the original flux into a roughly anticyclonic circulation as described by Flohn
(1969). Such deviation entails a much higher frequency of SW winds leeward, that
is, in Argentine stations, compared to windward (Chilean) stations, where NW
winds prevail (Carrasco et al. 1998).

As already mentioned briefly, the Andes are far from affecting the cloudiness and
temperature regimes in the same degree they affect wind and precipitation. For
instance, the annual isonephs of sky cover show a roughly latitudinal pattern whose
values range from 50 % in northern Patagonia to 70 % in the south, with a noticeable
decrease toward inland (Prohaska 1976). No marked differences in sky cover are
recorded at both sides of the mountains, but instead, differences in the type of cloud-
iness are indeed observable. Mostly, the middle and high cloudiness recorded in
eastern Patagonia as far as the Atlantic Coast is only residual cloudiness generated
by the orographic uplift of the wet Pacific air and the consequent precipitation.

Regarding the temperature pattern, although the Andean cordillera restricts the
inland extent of oceanic influences, it is evident that some differences exist between
western and eastern Patagonia beyond the rainfall amount. However, it cannot be
said that leeward Patagonia has a definite continental climate because temperature
range between summer and winter remains rather restricted (12 °C on average in
eastern Patagonia). In fact, there is disagreement among authors about the
continentality-oceanity of the Patagonian climate: although for some it is “definitely
maritime” (Walter and Box 1983), for others “it has distinct continental features”
(Mensching and Akhtar 1995). According to Miller (1976) the attenuation of its
continental characteristics stems on the narrowness of the continent, which is obvi-
ously a hindrance to the formation of continental air masses (Taljaard 1969).
Besides, it is clear that although the Atlantic and Pacific Oceans are not too far away
from each other in Patagonia, the influence of the former is almost negligible
because of the prevailing westerly winds.

As already stated, the longitudinal extent of Patagonia exceeds 15° in latitude,
that is, more than 1600 km in the N-S direction. In Europe, it would be equivalent
to the distance between Madrid and Edinburgh (an equivalence not merely geomet-
ric but also environmental), which, most obviously, entails noticeable differences in
the incoming solar radiation. It ranges from an annual average of slightly above
180 W m~2 (annual average) in the north (Neuquén, 39°S) to only 100 W m~2 in
Tierra del Fuego (Ushuaia, 55°S) (Paruelo et al. 1998a, b) or even less in the outer
islands on the Pacific shore. According to the increasing latitude, the ratio between
summer and winter incoming solar radiation augments from 4:1 at Neuquén, to 13:1
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at Ushuaia, yet the temperature follows an opposite pattern because of the narrow-
ing of the continental mass. The mean annual temperature range varies from 16 °C
in the north to 8 °C in the south, and it can be as low as 4 °C in the most exposed
islands of the west coast, a “hyper-oceanic” area (Tuhkanen 1992). The extreme
temperatures also reflect the widening of the continent northward. Maxima of 38 °C
are reached almost every summer in north Patagonia, and peaks of 35 °C are far
from uncommon inland and were recorded as south as 46°S. In Tierra del Fuego the
maximum temperature does not exceed 30 °C, and it does not even reach 20 °C in
the hyper-oceanic islands. On the other hand, minimum temperatures of —30 °C
were recorded in the central plateaus as north as 41°S whereas in the extreme south
they seldom drop below —20 °C (SMN 1960). Along the Pacific Coast at sea level,
absolute minima never are lower than —10 °C (Zamora and Santana 1979).

Year-to-year variation of the temperature is not the same in all Patagonia, but two
main areas of isofluctuation were detected: north and south (Coronato and Bisigato
1998). Thus, the main factor of divergence in this matter is not the Andean Cordillera,
which acts as a secondary-level factor, but latitude. The two meteorological stations
that best correlate with the isofluctuative areas are Trelew (43°S) and Rio Gallegos
(51°S), both on the Atlantic Coast.

Regarding long-term changes, a clear warming has been reported in most of
Patagonia since 1950 (Villalba et al. 2003; Vincent et al. 2005). On average, the
annual mean temperature increased 0.4 °C in the whole region, although the rising of
the maxima was between 0.5 ° and 1 °C and that of the minima 0.4-0.8 °C, depend-
ing on the area. This trend is also evidenced by a decline in the number of cold days
and an augmentation of warm days since 1960 (Rusticucci and Barrucand 2004).

Whether a definite trend is observable in temperature, that is not the case with
precipitation. No significant changes were observed in the past 50 years in most of
Patagonia; also, year-to-year variability overrides long-term changes throughout the
region. Notwithstanding, different models project up to 10 % less rainfall within the
near future scenarios, especially in northern Patagonian Andes (Masiokas et al.
2008). This possibility is important in terms of hydrological ecosystem services
because the major river basins of Eastern Patagonia have their headwaters in that
mountain range.

From everything explained up to this point, the point emerges why eastern
Patagonia fits badly in a global climatic classification. Elsewhere, the eastern side of
a continent in equivalent latitudes would present a cold temperate climate, rather
continental and with a moderate annual rainfall amount (a Cfb or Dfb climate in
Koppen’s classification). Instead, eastern Patagonia exhibits a temperate dry climate
with moderate annual temperature range (a BSk climate or even a BWk in drier areas).
The uniqueness of the eastern Patagonian climatic pattern is reinforced by the (also
very rare) sharp contrast with western Patagonia, which displays a strongly oceanic
climate (no doubt a Cfc climate), a little colder than its counterparts elsewhere in the
world, especially because of the lack of real summer heat (Weischet 1985).

All in all, it can be said that the Andean Range is the main geographic feature of
Patagonia even if the eastern tablelands have a totally opposite landscape and are
quite far away.
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1.2 A Geographic Approach

The influence of the Andes in the climate of Patagonia has been repeatedly pointed
out already. However, its importance goes far beyond the climate, because the
mountain range is both the continental watershed and, in many areas, the interna-
tional boundary between Argentina and Chile. In the turn of the nineteenth century,
when the border between the two nations was being demarcated, a problem arose
because the line of high peaks does not always match the divortium aquarum, that
is, the continental divide. These anomalies result from drainage diversions during
postglacial times, which, in turn, stem from the intensive modeling of glacier action
during the Pleistocene. Several hydrographic basins of the Pacific slope have their
headwaters in the morainic systems frankly east of the main range, and thus this line
was claimed by Chile as being the boundary. In contrast, the Argentinean claim fol-
lowed the line of summits of the main range, very close to the Pacific shores. The
controversial boundary was eventually settled in 1902 by the arbitration of Edward
VII, the King of England, and it resulted in a mixture of partial (mostly intermedi-
ate) solutions, amidst which a plebiscite among pioneer settlers was also taken into
account. In such a way, Andean lakes that empty into the Atlantic belong exclu-
sively to Argentina while lakes that drain into the Pacific are split in two. This rule
is not satisfied in the refereed area, where some Pacific draining lakes, such as
Futalaufquen, were entirely given to Argentina.

Regardless of the international boundary, the total surface area of bi-national
Patagonia is around 1,000,000 km?. The figure is approximate because of the poorly
defined north border on the Chilean side, where only a part of the administrative
Region X (Los Lagos) is considered as Patagonia without question. Chilean Patagonia
also includes Regions XI and XII (Aysén and Magallanes, respectively), a total of
260,000 km?. On the other side, east of the Andes, the northern frontier of Patagonia
is clearly demarcated by the Colorado River, which crosses Argentinean territory
from the Andes to the Atlantic. The portion of Argentina south of the Colorado River,
that is, Argentinean Patagonia, has an area of 790,000 km? and includes the provinces
of Tierra del Fuego, Santa Cruz, Chubut, Rio Negro, and Neuquén, as well as a single
county of Buenos Aires province (Fig. 1.1). The total population for the whole bi-
national region is a little less than 2.5 million inhabitants, of which 2.1 million are in
Argentina and 0.3 million in Chile (censuses of 2010 and 2012, respectively).
Although demographic density remains very low, the region exhibits at present a
rapid demographic growth, mainly because of migrations from the core of the respec-
tive countries. Suffice it to say that demographic density reached 1 inhabitant/km? as
late as the late 1970s. Although the Patagonian population is overwhelmingly urban,
it is clear that human impact on most of the territory is really yet very small and the
whole region has an aura of pristine and well-preserved nature (even if this is not true
in some spots). National parks and national reserves and protected areas currently
occupy almost 90,000 km? of the whole of Patagonia, or 8.7 % of the regional terri-
tory. When provincial reserves or lesser categories are considered, almost 10 % the
proportion of the entire region has some protection status.
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Despite quite a good level of protection, natural ecosystems in vast areas of
Patagonia face a major threat, desertification, which seems to be the direct conse-
quence of the unwise application of a sedentary pastoral system conceived in wetter
and more productive rangelands. Indeed, owing to the scarcity of precipitation, the
Patagonian steppes have a modest aboveground net primary productivity, roughly
ranging from 350 kg ha™! year™! in the driest areas to 900 kg ha™' year™' in the best
rangelands in the foothills of the Andes (Paruelo et al. 1998b). Patagonian range-
lands were among the last such lands in the world to be devoted to animal hus-
bandry. Commercial sheep farming in the area started only 100-120 years ago and
boomed until the 1930 world crash, triggering the hasty colonization of grasslands
of diverse productivity, corseted in closed paddocks. Thus, less than a century after
the beginning of pastoral colonization, much of the steppes of Patagonia were trans-
formed into desert-like areas, especially in its central and eastern parts (i.e., the
regions less favored by rainfall), to the point that sheep grazing became unsustain-
able and has ceased on many ranches that are now abandoned (between one third
and two thirds of them, depending on the area). However, some farms manage to
survive with a carrying capacity as low as one sheep for each 8—12 ha.

Along with widespread desertification, natural hazards such as droughts or heavy
snowfall coupled to the vagaries of economic policies have always made sheep
farming in Patagonia an uncertain activity. Consequently, sheep gradually lost
ground as the leading socioeconomic activity as compared with oil and gas produc-
tion, fishing, and lately, tourism. The situation worsened during the last quarter of
the twentieth century to the point that, at present, the farm contribution to regional
GDP is less than 4 %. However, no other activity can ensure the (sparse) occupation
of the whole region, and owing to its pioneer character, sheep farming still plays an
important part in the Patagonian identity.

Widespread sheep farming and the omnipresent scarcity of rainfall have created a
quite monotonous landscape everywhere in East Patagonia. However, this uniformity
conceals a wide variety of geologic features because the Patagonian substratum is far
from being uniform. Besides the Andean cordillera, already mentioned, four fifths of
the territory is mainly molded on sedimentary and volcanic rocks of Mesozoic and
Cenozoic age, forming a mosaic of plateaus, hills, and closed basins. In some areas
Paleozoic rocks or even the crystalline basement also appear. Despite the heterogene-
ity of the bedrock substratum, the geology of Patagonia can be summarized as two
main outcrops of the Patagonian Craton, namely, the North Patagonian Massif and
the Deseado Massif further south (Coronato et al. 2008) (Fig. 1.1). Both ancient mas-
sifs are flanked by sedimentary basins, the Neuquén Basin in the far north of
Patagonia, the San Jorge Basin, separating the two massifs, and the Magellan Basin
in the far south (Fig. 1.1): this gives a distribution pattern of B-M-B-M-B where B are
the basins and M the massifs. All the five large structures are backed by the Andean
Range, indeed the spine of Patagonia. As elsewhere in the world, massifs are rich in
metal ores whereas the basins are good oil and gas producers. In fact, once sheep
farming waned, hydrocarbons have become the main source of wealth in Patagonia
during the past 60 years, whereas metal mining is currently thriving and it is often
considered as a threat to natural conservancy, one of the regional paramount values.
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In Patagonia, natural conservancy also concerns the marine coasts and adjacent
waters, especially because of the richness and diversity of coastal wildlife and
marine mammals, such as seals, fur seals, and sea lions (Otaria sp.) or phocids
(Mirounga sp.), as well as right whales (Eubalaena australis) and killer whales
(Orcinus orca). Both the Pacific and the Atlantic waters adjacent to Patagonia are
rather cold owing to the flow of sub-Antarctic waters carried either by the early
stages of the Humboldt Current on the Chilean shores or by the Malvinas (Falklands)
Current on the Atlantic, beyond the very wide Patagonian continental shelf. Even
the shallow waters on the shelf are quite cold because the west wind blowing from
the mainland generates upwelling situations most of the time. Thus, the Patagonian
Atlantic is a productive fishery, more exploited by overseas fleets rather than
regional ones. There are few fishing ports in Patagonia, perhaps because there is
little natural anchorage in these straight and wide open coasts.

Nor has agriculture has ever been very important in Patagonia because of the
want of irrigable lands (and population as well). Just in the foothills of the Andes
crops may grow without watering, but woodlands and mountains restrict the extent
of arable land; however, Andean wheat was successful during the first decades of
the twentieth century. In eastern Patagonia, farmlands are restricted to riparian oases
in the main rivers: the Colorado, Negro, and Chubut. Further south, the shortness of
the growing season becomes a limiting factor, so commercial agriculture is not
really developed.

1.3 A Glance at History

Europeans first saw Patagonia from the Atlantic coastline: solitary, arid, and windy.
From AD 1520, when discoverer Magellan gave those inhospitable shores the name
of “Patagonia,” the term identified the vast plains of the American southern end,
whose cliffy and waterless coasts were inaccessible. Moreover, fierce and tall nomad
natives, the “giant” Patagonians, deterred any attempt for Europeans to settle in. It
was only in the nineteenth century that the concept of Patagonia included the
Southern Andes and the Pacific Coast. Also, it was only in the second half of the
nineteenth century when alien people first succeeded in permanently settling in the
region south of 40°S: this happened on the east coast, a Chilean penitentiary settle-
ment in the Straits of Magellan (53°S) in 1843, and a Welsh Colony, under the
Argentine flag, in Chubut (43°S) in 1865. Thus, in 1832-1833, by the time Charles
Darwin explored Patagonia on his initial trip, no nonnative population existed any-
where south of the Negro River.

Inner Patagonia remained unexplored until as late as 1870, when the English
explorer George Musters accompanied an Indian crew in their annual south-north
migration: his book, “At home with the Patagonians” (London, 1871), is a master-
piece in regional ethnology. Shortly after, once Argentina and Chile achieved inter-
nal organization, Patagonia came under dispute by the two young republics. Sheep
farming was the tool that both governments employed to occupy huge extents of
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land (not always suitable for such goals) in a sort of expansionist race. The fast
growth of sheep flocks was done at the expense of several thousands of Native
American victims, who were killed, reduced to servitude, or scattered on the mar-
gins of the national “new order.” In this way Patagonia was “freed,” ready for its
occupation by settlers of European ancestry, pioneers coming from the Falklands,
Buenos Aires, or central Chile, for the greater benefit of British, Flemish, or German
wool companies (Coronato 2010).

In agreement with the austere and only slightly productive natural environment
already described, Native Patagonians never have been numerous. The most
accepted figures are around 10,000 people for the entire region south of 40°S at the
time of the beginning of colonization by the mid-nineteenth century. The aboriginal
populations of the steppes were all hunters-gatherers, nomadic tribes that followed
the guanaco (Lama guanicoe) herds, which were then their livelihood. It was these
people whom the first Spaniards seamen named “Patagones,” and the name of their
country followed. The Patagones (also called Tehuelche) themselves distinguished
two groups among them: the Aoniken, in the south, and the Guenaken, in the north.
Once they got horses, after the contact with Europeans, Aoniken and Guenaken
moved freely in the entire region, as far north as Buenos Aires. An isolated group of
the same culture inhabited in the plains of the island of Tierra del Fuego, the Selknam,
but they never had horses and the rich plains where they dwelled were fiercely and
quickly occupied by sheep farming companies in the late decade of the nineteenth
century. Thus, the fate of the Selknam was especially tragic, and constitutes one of
the most shameful chapters in Patagonian history (Coronato and Tourrand 2010).

In the jagged coastline of the Pacific, where overland displacements are practi-
cally impossible, a few thousands of coastal nomadic canoeists dwelled in the fjords
and archipelagoes. From north to south they were the Chonos, Alakaluf, and Yahgan,
although with few differences among them. These peoples were almost isolated
from each other because of the difficulty of crossing some stretches of open water
imposed by the geography. However, because of their location on the inter-oceanic
route, they were openly exposed to contact with Europeans, always in extremely
unequal conditions. Darwin was horrified to see their primitivism, and at the same
time, aboard the same ship, the HMS Beagle, three Yahgan having spent 3 years
(1830-1833) in England were repatriated to their homeland after an amazing anthro-
pological experiment of cultural transplant performed by Captain Robert Fitz-Roy.

In another kind of cultural transplant, evangelization, some Christian missions
were established during the second half of the nineteenth century, first by Anglicans
(Patagonian Missionary Society) based on the Falklands and later by Catholics
(Salesian priests). Despite the good intentions of the clergymen, compulsory seden-
tary life added to crowded dormitories were lethal to these people used to outdoor
and free displacements (Casali et al. 2006).

Needless to say, all these Native Patagonian peoples hardly survived to “civiliza-
tion,” either by an agonic cultural decline, introduced epidemics, or open military
campaigns against them, as occurred in the so-called “Conquest of the Desert” in
Argentina (1879-1884), or the cynically named “Pacification of Araucania” in
Chile at the same period. Even if Araucania is not in Patagonia, its people
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(Araucanians or Mapuche) was a strong “First Nation” that deeply influenced
Native Patagonians, and their rebellious spirit is still active in Northwest Patagonia.

Even nowadays Patagonia remains a peripheral region, scarcely populated and
lately incorporated to the respective national identities, and for which full integra-
tion to their national spaces is still in progress. It can be said that Patagonia is
defined as a geographic space by the deep feeling of regional belonging of its inhab-
itants, linked by a common history and sharing a feeling of aloofness regarding the
national cores. Perhaps, because of the uttermost position of Patagonia in the world
map, the region bears a strong mythic charge that largely supports its identity. It is
easily understood that this converse Ultima Thule plays the same psychological
meaning, and—as in Darwin’s times—is still chosen as the goal of initiatory trips.
If the book “In Patagonia” by Bruce Chatwin (1977) is not a mere book of travel
literature but anything deeper, the present volume, concerned with Patagonian
microorganisms, might be something more than biotechnology.
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Chapter 2

Molecular Biological Tools for the Assessment
of Hydrocarbon-Degrading Potential

in Coastal Environments

Mariana Lozada and Hebe M. Dionisi

Abstract This chapter includes the advances achieved so far in the design and
implementation of molecular biological tools (MBTs) for the assessment of
hydrocarbon-degrading potential in microbial communities from coastal environ-
ments of Patagonia. A brief introduction on the role of hydrocarbon-degrading bac-
teria in marine environments follows the basic concepts of MBTs, methods, and
applications. The review then focuses on studies performed on the Patagonian coast
to identify functional biomarker genes associated with hydrocarbon biodegradation,
with emphasis on polycyclic aromatic hydrocarbons (PAHs): (a) advances on deter-
mining the identity, abundance, and biogeographic distribution of dioxygenase gene
variants from known obligate PAH-degrading marine bacteria as well as yet uncul-
tured microorganisms; (b) testing of selected variants in experimental systems; and
(c) results of recent metagenomic analyses revealing the genetic context and PAH-
degrading capabilities of uncultured microorganisms from Patagonia carrying an
ecologically relevant biomarker gene. Alkane biodegradation biomarker genes are
also covered, as well as analyses based on phylogenetic biomarker genes. Obligate
and specialized hydrocarbon degraders are identified in microbial communities
from Patagonia by culture-independent approaches based on the 16S rRNA gene.
Last, the design and testing of a community-level ecological indicator based on
high-throughput sequencing of the 16S rRNA gene and perspectives on the use of
MBTs in coastal regions of Argentinean Patagonia are discussed.
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2.1 Molecular Biological Tools

Microorganisms have a key role in the fate of environmental pollutants, mainly
participating in their removal through the use of these compounds as carbon and
energy sources (Jeon and Madsen 2013). The assimilation of these compounds
leads to a rapid increase in the abundance of these populations and higher biodegra-
dation rates. Therefore, information of the presence, abundance, or activity of
pollutant-degrading microbial populations in a polluted site could aid in decision
making at each stage of the remediation process, as a complement of contaminant
concentrations and geochemistry of the site (Lebron et al. 2011). By increasing the
efficiency and predictability of the biodegradation process, this information could
reduce the time and costs of bioremediation and accelerate the adoption of these
technologies. Because it is impossible or difficult to culture most of the environ-
mental microorganisms, traditional culture-dependent methods are not able to pro-
vide this information accurately and rapidly. Molecular biological tools (MBTs)
targeting pollutant-degrading microorganisms, often used to increase our under-
standing of pollutant biodegradation processes, can also be adapted to develop
novel tools for environmental site management (Interstate Technology and
Regulatory Council Environmental Molecular Diagnostics 2011).

The MBTs target biomolecules of microbial populations that participate in pol-
lutant biodegradation processes, such as nucleic acids, proteins, or lipids (Table 2.1).
Each of these biomolecules will provide a different type of information, such as
revealing the presence of microbial populations with degrading potential [e.g., poly-
merase chain reaction (PCR), fingerprinting methods such as denaturing gradient
gel electrophoresis (DGGE), terminal restriction fragment length polymorphism
(tRFLP), clone library construction and sequencing], assessing the abundance of key
microorganisms, and monitoring population growth [quantitative PCR (qPCR), next-
generation sequencing-based fingerprinting such as pyrotags or I-tags, microarrays],
providing evidence of pollutant biodegradation (SIP), or estimating the activity of
specific microbial populations (RT-qPCR). As the microorganisms involved in the

Table 2.1 Molecular biological tools, the biological molecules on which they are based, and the
type of information they provide

Molecule
Information DNA RNA Protein Substrate
Presence PCR, clone libraries, FISH
fingerprinting
Abundance qPCR, NGS*fingerprinting, | FISH
microarrays
Activity RT-qPCR, Enzymatic
CARD-FISH | activity
Degradation process SIP

“Next-generation sequencing
bStable isotope probing
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biodegradation process could vary among sites, even for the same type of environ-
ment (Lozada et al. 2014b), an in-depth knowledge of the system is required for
the development of molecular diagnostic tools that can provide accurate informa-
tion in bioremediation applications. In spite of the challenges for the development
and implementation of MBTs, these tools are increasingly being used in multiple
cleanup sites in various countries (Interstate Technology and Regulatory Council
Environmental Molecular Diagnostics 2013), particularly when a limited number
of pollutants and microorganism types are involved, such as the anaerobic biodeg-
radation of chlorinated solvents (Lebron et al. 2011). The biodegradation of hydro-
carbon pollutants in coastal environments represents one of the most challenging
scenarios. It involves the presence of multiple chemical structures, varying with the
contamination source, as well as dynamic environmental conditions that influence
the structure and function of the involved microbial communities.

2.2 Biodegradation of Hydrocarbons in Marine Environments

Although hydrocarbons are energy-rich compounds, their use requires the activa-
tion of a highly stable molecule. The most energetically efficient way to capture
this energy is by its oxidation with molecular oxygen (Austin and Callaghan 2013).
Aerobic hydrocarbon degradation initiates via enzymatic complexes, which include
a terminal oxygenase and accompanying enzymes forming an electron transport
chain (Peng et al. 2008; Rojo 2009). Marine microorganisms have been exposed to
hydrocarbons during millions of years, such as in natural oil seeps. As a consequence,
the capability of hydrocarbon biodegradation has been acquired rather frequently
through evolution, and hydrocarbon-degrading microorganisms are widespread in
nature (Prince et al. 2010). In the marine environment, important bacterial groups par-
ticipating in hydrocarbon biodegradation are members of the Gammaproteobacteria
(e.g., Pseudomonas, Alteromonas, Neptunomonas, Marinobacter, Alcanivorax,
Cycloclasticus) (Vila et al. 2015), the Alphaproteobacteria (the sphingomonads)
(Kertesz and Kawasaki 2010, the Roseobacter clade (Kim and Kwon 2010), and
the Actinobacteria (Rhodococcus, Mycobacterium, Nocardioides) (Vila et al.
2015). Of special interest is a group of marine microorganisms that have special-
ized exclusively in the utilization of hydrocarbons, or almost exclusively, named
obligate hydrocarbonoclastic bacteria (OHCB): these are represented mainly by
members of the Gammaproteobacteria class (Yakimov et al. 2007). Examples are
Cycloclasticus, which degrades polycyclic aromatic hydrocarbons, and Alcanivorax
and Oleispira, which feed on alkanes. Oil-degrading microorganisms can be a small
proportion of the bacterial community. However, when these compounds are avail-
able in the environment, these populations grow at their expense increasing their
number, which allows their monitoring through space and time, if appropriate
tools are used (Head et al. 2006). Moreover, these populations can be stimulated to
increase biodegradation rates in the natural environment, which are often too slow
to prevent damage to vulnerable ecosystems and human health (Lozada et al. 2014a;
Ron and Rosenberg 2014).
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When released to the marine environment, oil suffers a number of abiotic and
biotic processes that are collectively called weathering, and include spreading,
evaporation, photooxidation, emulsification, dissolution, sedimentation, adsorp-
tion, and biodegradation (McGenity et al. 2012). Among these processes, biodeg-
radation is a major mechanism of hydrocarbon removal from the marine
environment. Hydrocarbons vary in their biodegradability, as a result of differences
in their physicochemical properties such as their solubility, hydrophobicity, and
capacity to adsorb to matrices, which affect their bioavailability for microorgan-
isms (McGenity et al. 2012). Bacteria have evolved strategies for efficient uptake
of hydrocarbons, such as the modification of cell membranes and the release of
biosurfactants (Harms et al. 2010). In addition, the presence of nitrogen and phos-
phorus nutrients in sufficient amounts is a key factor affecting the rate of biodegra-
dation in natural conditions (Ron and Rosenberg 2014). Oxygen is another key
factor driving this process. In contrast to seawater, which is mainly aerobic, sedi-
ments are aerobic only on their surface and become rapidly anoxic with depth,
giving rise to steep redox gradients. Therefore, aerobic biodegradation processes
only occur in the sediment surface, while in deeper layers anaerobic processes are
predominant, coupled to nitrate, iron, and/or sulfate reduction (Acosta-Gonzdlez
et al. 2013). The latter are less understood at the molecular level than aerobic pro-
cesses, specially for PAHs (Estelmann et al. 2015). In fact, sediments constitute a
complex matrix in which diverse and spatially structured microbial communities
take part in biotic and abiotic interactions that ultimately affect the biodegradation
process (Cravo-Laureau and Duran 2014).

Although individual hydrocarbon-degrading strains typically exhibit the ability
to degrade only a limited number of hydrocarbons, a natural microbial community
can display an important biodegradation potential through synthrophy (cross-
feeding), making these communities a suitable target for the depuration of the com-
plex mixture present in oil (McGenity et al. 2012). Moreover, in coastal sediments
cells are more concentrated than in open waters, increasing the probability and com-
plexity of their interactions (McGenity et al. 2012). The use of culture-independent
approaches targeting phylogenetic (e.g., 16S rRNA gene) and/or functional (e.g.,
hydrocarbon-activating oxygenases) marker genes, has allowed the characterization
of hydrocarbon-degrading communities in various marine environments. The cata-
strophic spill resulting from the Deepwater Horizon blowout in 2010 provided a
unsought opportunity for the scientific community to develop multidisciplinary
analysis tools, including chemical and environmental analyses coupled to targeted-
gene surveys, metagenomics, and meta transcriptomics. This development has
resulted in unprecedented knowledge regarding the response of marine microbial
communities to oil input and their potential for remediation (Kimes et al. 2014).
Future perspectives involve systems biology, which includes multiple-level assess-
ment of microbial communities and the environmental factors controlling mass
fluxes across its members (Roling and van Bodegom 2014). This knowledge will
aid in gaining predictability on these systems and advance into the application of
knowledge-based bioremediation tools (de Lorenzo 2008).
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2.3 Hydrocarbon-Degrading Bacteria
on the Patagonian Coast

A series of studies have shown the presence of hydrocarbon pollution in several
sites along the Patagonian coast, as a result of oil extraction and transportation
activities, as well as port and vessel operations (Commendatore et al. 2000, 2012).
Increasing our understanding of hydrocarbon biodegradation processes in the
coastal environments of Patagonia, and in particular the identification of the micro-
bial populations that are key for these processes, is essential for the design of MBTs
specific for this region. A series of culture-independent approaches were used to
characterize hydrocarbon-degrading bacteria in sediments from coastal environ-
ments of Patagonia (Lozada et al. 2008, 2014b; Marcos et al. 2009, 2012; Dionisi
et al. 2011; Guibert et al. 2012, 2016; Loviso et al. 2015). These studies considered
both spatial and temporal variations that could occur in these populations. PCR-
based approaches targeted both functional and phylogenetic biomarker genes,
which revealed the identity of hydrocarbon-degrading bacterial populations, as well
as their abundance and biogeographic distribution. In addition, metagenomic
approaches allowed the analysis of genome fragments from some of these microor-
ganisms, exposing their particular adaptations to pollutant biodegradation (Loviso
et al. 2015; Guibert et al. 2016).

2.3.1 Polycyclic Aromatic Hydrocarbons (PAHs)

PAHs constitute the compounds of most concern among the components of crude oil
or petroleum refined products due to their toxic and carcinogenic properties as well as
their accumulation and persistence in the environment (Rojo-Nieto and Perales 2015).
Various PAHs were identified in intertidal sediments of Patagonia, often exceeding
the levels recommended for this matrix (Marcos et al. 2012). The biomarker gene
most commonly used for the detection of bacterial populations with the potential to
degrade PAHs encodes the large subunit of the terminal component of class A ring-
hydroxylating oxygenases (RHOs) (Chakraborty et al. 2012). Using primer sets with
different specificities, we amplified fragments of these genes from sediment DNA and
cloned these amplification products to construct PCR clone libraries. This analysis
revealed a high PAH-degrading potential in the sediments of polluted sites, as 25
distinct RHO o-subunit gene variants (sharing <80 % identity at the amino acid level)
were detected in the PCR clone libraries (Lozada et al. 2008; Marcos et al. 2009;
Dionisi et al. 2011; Loviso et al. 2015). Remarkably, 22 of the gene variants shared
low or moderate identity values with previously identified genes. Most of the novel
gene variants were only identified in sediments of South Patagonia, where they were
found to be very abundant, outnumbering archetypical genes such as nahAc and
phnAc (Marcos et al. 2012). These results suggest a biogeographic distribution of
these populations restricted to cold environments, which was confirmed for some of
these variants by the use of qPCR analyses (Fig. 2.1). In contrast, one of the gene
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Fig. 2.1 Map of the Patagonian coast showing the distribution of hydrocarbon-degrading micro-
organisms and related gene variants, as identified using different approaches. A, B, C, D, T novel
RHO a-subunit gene variants quantified by qPCR in the sediments, phnAl gene variant described
in the obligate PAH-degrader Cycloclasticus spp.

variants identified in the sediments, named gene variant T, was found to have a distri-
bution extending at least to North and South Patagonia (Loviso et al. 2015). The rela-
tive abundance of this gene was high in chronically polluted sediments, and further
increased in experimental systems after PAH exposure in sediments of both regions.
Archetypical marine PAH-degrading bacteria belonging to the genus Cycloclasticus
were also identified in coastal sediments of North and South Patagonia, and their
abundance in polluted sediments correlated with low molecular weight PAH concen-
trations (Marcos et al. 2012). These populations also increased their abundance after
PAH exposure in experimental systems (Loviso et al. 2015). Overall, these results
suggest that both Cycloclasticus and the uncultured populations carrying the gene
variant T could be among the key players for PAH biodegradation in the coastal envi-
ronments of Patagonia.
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PCR-based approaches are useful for the recovery of biomarker genes from
microbial populations associated to specific metabolic processes. However, as this
approach can only recover fragments of the targeted genes, the complete sequence
of these genes and their genomic context are lost. Furthermore, it is very difficult to
infer the potential host of the identified gene fragments, which precludes linking the
structure with the function of the microbial community. Metagenomic libraries, the
cloning of fragments of environmental DNA into appropriate vectors, can provide
this type of information. We constructed a metagenomic library from chronically
polluted sediments retrieved near an oil jetty in Ushuaia Bay, in South Patagonia
(Loviso et al. 2015). The screening of the library with a broad specificity primer set
previously used to construct PCR clone libraries allowed the identification of a
fosmid clone (M117) containing a 37-kb fragment with a gene almost identical to
gene variant T. This fragment could only be affiliated to the Proteobacteria phylum,
as it is highly divergent from the genome sequences of currently described strains.
Besides this gene, this metagenomic fragment contained five additional RHO
a-subunit sequences, which indicates the high aromatic hydrocarbon-degrading
potential of this microorganism (Loviso et al. 2015). These sequences shared low
identity values at the protein level (19.4-42.5 %), and were most closely related to
sequences identified in Cycloclasticus strains. Five of these genes had a codirec-
tional B-subunit sequence, characteristic of RHOs with a o8, hetero-multimeric
structure (Chakraborty et al. 2012). Several highly specialized PAH-degrading
microorganisms, such as Cycloclasticus strains, carry multiple genes coding for o-
and P-subunits of RHOs (Lai et al. 2012; Cui et al. 2013). The analysis of the phy-
logenetic relationship of the identified metagenomic sequences with o-subunit
sequences identified in complete genomes from three Cycloclasticus strains
(Cycloclasticus sp. P1, Cycloclasticus pugetii PS-1, and Cycloclasticus zancles
7-ME) showed that the metagenomic sequences were clearly divergent from dioxy-
genases from these highly specialized organisms, also identified in coastal sedi-
ments of Patagonia (Fig. 2.2). Three of the oxygenases contained in the metagenomic
fragment were classified as class A RHOs, which include enzymes that catalyze the
dioxygenation of PAHs (Loviso et al. 2015). The modeling of the three-dimensional
structures of these enzymes suggested that this microorganism could degrade high
molecular weight PAHs, as two of these modeled proteins presented a catalytic
pocket able to accommodate large PAH molecules. In particular, the catalytic cavity
dimensions of one of the proteins (modeled from sequence M117-38; Fig. 2.2) were
comparable with the ones from NidAB from Mycobacterium vanbaalenii PYR-1,
which presents pyrene as the preferential substrate (Kweon et al. 2010).

Overall, these analyses showed the presence of a large diversity of microorgan-
isms with PAH-degrading potential in chronically polluted sediments of Patagonia,
and allowed the identification of genes from key bacterial populations that could be
used as targets for field assessment. In particular, two of the designed qPCR assays,
targeting gene variants T (from an uncultured proteobacterium: Loviso et al. 2015)
and phnAl gene (from Cycloclasticus spp.: Marcos et al. 2012) are promising MBTs
that could next be validated in a large-scale field study.
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2.3.2 Aliphatic Hydrocarbons

Although not as toxic as aromatic hydrocarbons, alkanes are a major component of
crude oil (Head et al. 2006). Their low water solubility and poor reactivity, and their
tendency to accumulate on sediments, constitute a challenge for their effective
removal (Rojo 2009). Various microbial strategies, however, have evolved to access
these compounds, even the longer molecules that are solid at room temperature
(paraffins) (Wentzel et al. 2007). In addition to genes coding PAH-degrading
enzymes, we have analyzed the functional biomarker gene a/kB, which codes for
the initial oxygenase of aliphatic hydrocarbons (alkane-1-monooxygenase). AlkB is
an integral-membrane non-heme di-iron monooxygenase, which hydroxylates the
alkane molecule in the terminal position. It requires two electron transport proteins,
a rubredoxin and a rubredoxin reductase. AlkB family enzymes are highly extended
among oil-degrading bacteria (van Beilen and Funhoff 2007). Using a PCR-based
method with a broad-specificity primer set targeting conserved regions of the gene,
we could uncover a remarkable diversity of AlkB sequences in South Patagonian
sediments (Guibert et al. 2012). The majority of the sequences were found to be
related to uncultured microorganisms from cold marine sediments or soils from
high-latitude regions, suggesting a major role of temperature in the selection of
bacterial populations with this capability. The analysis of experimental systems
constructed from these sediments and amended with crude oil showed the specific
enrichment of various alkB variants, related to genes described in members of the
Gammaproteobacteria and Actinobacteria. The majority of these variants were also
detected in the corresponding environmental samples, highlighting their ecological
relevance (Guibert et al. 2012). A complementary approach involving large-scale
sequencing of 16S rRNA gene amplicons also allowed the identification of various
genera that could not be targeted by the functional gene approach. For example, the
obligate oil-degrading genus Oleispira, probably psychrophilic Oleispira antarc-
tica, was detected in South Patagonian sediments by this method (Guibert et al.
2012). More recently, the analysis of a metagenomic shotgun sequencing dataset
involving more than 6000 putative AlkB sequences from subtidal sediments from
this site evidenced that AlkB diversity could be more than one order of magnitude
higher than estimated by PCR-based methods (Guibert et al. 2016). The AlkB
sequences identified by metagenomics exhibited high phylogenetic diversity,

<
<

Fig. 2.2 Phylogenetic tree of RHO a-subunit sequences identified in fosmid M117 and in
Cycloclasticus spp. genomes. The neighbor-joining tree includes metagenomic (in gray) and
genomic deduced amino acid sequences. Sequence number within each genome (NCBI number-
ing) and strain name (in brackets) is indicated in each case. RHO classification according to the
scheme proposed by Chakraborty et al. (2012) is indicated on the right. The phylogenetic tree was
built with Mega 6 (Tamura et al. 2013) using the Jones-Taylor-Thornton (JTT) substitution model.
Bootstrap values were calculated as percentage of 1000 repetitions, with only values >50 % indi-
cated in the figure (black circles, >75 %; white circles, 5075 %). Bar represents inferred amino
acid changes per position
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spanning the whole AlkB phylogenetic tree known up to date. Furthermore, com-
pletely novel sequences only moderately related to putative AlkBs from genomes of
Bacteroidetes and Alphaproteobacteria were found in high abundance. Not all these
enzymes have been characterized, and to date, the role of these bacterial groups in
aliphatic hydrocarbon biodegradation has been largely underestimated. In the same
work, the previously mentioned metagenomic library was also analyzed to search
for alkB genes using a molecular approach. This analysis rendered two fosmid
clones containing genomic fragments from uncultured bacteria belonging to the
phylum Planctomycetes, allowing the description for the first time of alkane-
degrading potential in members of this group (Guibert et al. 2016). These results
highlight the power of metagenomic approaches for uncovering new potential fea-
tures of microbial communities, as they are not as dependent on previous knowl-
edge as the PCR-based methods. However, it must be noted that this approach still
presents challenges related to functional annotation of metagenomic sequences as a
result of the still-remaining knowledge gaps (Temperton and Giovannoni 2012).

2.3.3 Ecological Index of Hydrocarbon Exposure

When we identify microorganisms based on a phylogenetically informative gene
(e.g., 16S rRNA gene), we normally infer their metabolic capabilities by searching
the characteristics reported for the genus or species in the scientific literature. This
type of inference is performed either advertently or inadvertently. Moreover, when
we analyze the taxonomic composition of a microbial community, we draw conclu-
sions about its metabolic capabilities and the potential processes occurring in the
analyzed environment. For example, the presence of genera known to harbor
sulfate-reducing strains is evidence that this process is probably occurring. An
example of this inference carried out in a systematic manner is the picrust program,
a software that predicts the metagenome of a microbial community based on the
information obtained with the phylogenetic marker gene 16S rRNA (Langille et al.
2013). As it relies upon the existing information of microbial genomes for the pre-
diction, the method is specially effective when the microbial community contains
genera for which many sequenced genomes are available (e.g., the human microbi-
ome) (Langille et al. 2013).

In the marine environment, hydrocarbonoclastic bacteria such as Alcanivorax
were detected through their phylogenetic marker genes, allowing the inference of
hydrocarbon-degrading processes following a pollution event (Kostka et al. 2011).
This detection was possible because of the narrow substrate preferences of these
microorganisms, which allowed the rapid linking of phylogenetic information to
function. Interestingly, there are a number of well-described genera, which can be
easily detected with community-level approaches, known to carry out biodegrada-
tion of hydrocarbons in the marine environment, allowing the monitoring of the
whole process at the microbiological level (Dubinsky et al. 2013). Based on the fact
that, in theory, these genera would normally be present at low abundances but that
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will increase with pollution if optimal conditions are met (Head et al. 2006), they
can constitute good indicators of the environmental state of a certain site. We there-
fore developed an ecological indicator, the Ecological Index of Hydrocarbon
Exposure (EIHE), which is defined as the sum of the relative abundances (propor-
tion with respect to total community members) of potential hydrocarbon-degrading
genera in a certain sample (Lozada et al. 2014b). This index involves an arbitrary
list of genera harboring hydrocarbon-degrading strains normally encountered asso-
ciated with biodegradation in the marine environment (Lozada et al. 2014b). A high
EIHE value would be evidence of a previous exposure to pollutants, whereas a low
value would be typical of a non-impacted site. Moreover, the variation of the index
could be followed in polluted sites to monitor the growth of the populations in the
presence of environmental constraints, for example, nutrient limitations. The esti-
mation of the abundances should be ideally performed by high coverage techniques
such as large-scale sequencing of 16S rRNA gene amplicons, which allow the rapid
identification of a number of genera in relatively low abundance in the context of a
diverse community, a condition that is found, for example, in sediments (Lozada
et al. 2014b). The taxonomic information derived from the bioinformatic analysis of
sequences is extracted automatically and processed to calculate the EIHE (Lozada
et al. 2014b) (Fig. 2.3). A strength of this approach is that different populations of
degrading bacteria arising in different environments or conditions can be detected,
thus contributing to the index value (Fig. 2.3). This indicator has the potential to be
utilized as a MBT, as it relies on standardized procedures during the whole process
and has the possibility of high-throughput analysis of various samples.

The preliminary evaluation of this tool was performed in samples from the
Patagonian coast, as well as in public sequence datasets from other oil-exposed
marine samples, including sediments and seawater from experimental systems and
field studies. In all cases, the EIHE was significantly higher in oiled than in unpol-
luted samples (Lozada et al. 2014b). Moreover, in sediment samples from acute
pollution events such as the Deepwater Horizon spill, the EIHE index reached a
value of approximately 30, which means that 30 % of the bacterial community was
composed of potential hydrocarbon degraders; for a nearly non-impacted site, val-
ues remained as low as 2 (Lozada et al. 2014b). Our results suggest that this ecologi-
cal indicator could be a promising tool for environmental diagnostics in marine
systems. The next steps involve its assessment at field scale, in samples from the
Patagonian coast subjected to chronic oil pollution.

2.4 Perspectives on the Use of MBTs in the Patagonian
Coastal Region

The identified functional biomarker genes probably do not represent the complete
diversity of hydrocarbon-degrading bacteria present in this region, as methodologi-
cal challenges still limit the access to all the microorganisms present in an environ-
mental sample. Through the use of multiple approaches, we identified potential key



COMMUNITY 1 COMMUNITY 2 COMMUNITY 3
POLLUTED, SITE 1 POLLUTED, SITE 2 UNPOLLUTED

S - v
y 4 X
®® > .
® ® ' @
e ©® y

-
L
l—“\_.

-

Ly r
DNA extraction,
v

16S rRNA gene amplification

large-scale amplicon sequencing

sequence processing,
taxonomic assignment

matching to EIHE list
(A,B,C,D,E, not x, y, z)

EIHE index calculation
\ A ) Q
EIHE, = (3A+2B+C)N, > EIHE, = (C + 2D + EJN, . EIHE, = CIN,

Fig. 2.3 Schematic representation of the Ecological Index of Hydrocarbon Exposure (EIHE)
index concept and method. Three different samples are analyzed: two from different polluted sites,
and an unpolluted sample. In the samples, the microbial communities are composed of hydrocar-
bon degraders (A to E) and non-degraders (x to z), of different types and abundances according to
the history and environmental state of the site. The DNA is extracted, a hypervariable region of the
phylogenetic marker gene (16S rRNA) is amplified with conserved primers and subjected to large-
scale sequencing, and sequences are processed through bioinformatic methods, and taxonomically
assigned to the lowest possible level relying on public databases for this gene. The taxonomic
assignment of each sample is matched against the “EIHE” list to extract the abundances of poten-
tial hydrocarbon-degrading genera. The abundances are summed and expressed as proportion of
the total bacterial community (total sequences, N), which is the EIHE value. Note that the indi-
vidual genera contributing to EIHE may vary in different polluted samples
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members of hydrocarbon biodegradation processes, which allowed the design of
MBTs able to detect these microbial populations, estimate their abundance, and
evaluate changes as a result of pollution events or the use of bioremediation tech-
nologies. The next steps are the validation of these tools and the development of
standardized guidelines for their application in polluted sites. We envision the use
of these tools to generate baseline information on hydrocarbon exposure in marine
environments before offshore oil exploitation, as well as to evaluate hydrocarbon-
degrading potential and the dynamics of key bacterial populations during natural
attenuation of chronically polluted sites or after an accidental spill. There is also a
need to increase the awareness in stakeholders such as government agencies and
companies operating ports and oil terminals on the Patagonian coast on the avail-
ability of these tools. Many highly vulnerable environments can be threatened with
an oil spill similar to that which occurred in Cordova Cove in December 2008,
which affected 4 km of the coastline of an inlet used for recreation and for artisanal
fisheries. Although enhanced bioremediation is not an alternative currently consid-
ered in these accidents, a more active evaluation of natural biodegradation pro-
cesses and eventually the implementation of these technologies are necessary to
limit the damage to human populations and environmental health in coastal envi-
ronments of Patagonia.
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Chapter 3

Indigenous PAH-Degrading Bacteria in Oil-
Polluted Marine Sediments from Patagonia:
Diversity and Biotechnological Properties

Paula Isaac, Natalia Bourguignon, Daniela Maizel, and Marcela A. Ferrero

Abstract The diversity of indigenous bacteria recovered from polluted sediment
samples from several coasts of Patagonia is described in this chapter. Selective
enrichment cultures supplemented with naphthalene, phenanthrene, and pyrene
allowed isolation of bacteria with the capability to degrade polycyclic aromatic
hydrocarbons (PAHs). Bacterial communities of different composition (analyzed by
denaturing gradient gel electrophoresis, DGGE) showed changes along with enrich-
ment culture conditions. The ability of isolates to grow and remove different low
and high molecular weight PAHs was demonstrated by detection of the residual
substrate by HPLC. The presence and differential expression of naphthalene and
catechol dioxygenase genes in several isolates suggest biodegradation potential in
these sediments. Successful bacterial isolation with the ability to degrade PAH in
pure and mixed cultures allows discussing the possibility to study and to further
consider strategies to increase the intrinsic bioremediation opportunities on polluted
coasts of Patagonia. Other biotechnological properties are also considered in this
chapter, such as biosurfactant production and other biotransformations.
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3.1 Diversity of Indigenous PAH-Degrading Bacteria
and Their Biodegradation Capabilities

Extending south of 40°S latitude, the Patagonian coast holds an exceptional biodi-
versity, sustaining one of the most productive marine ecosystems (Olson and
Dinerstein 2002). However, the occurrence of coastal or marine pollution is a per-
manent risk because of daily oil transportation. Anthropogenic hydrocarbons have
been detected in sediments at several locations along the Patagonian coast
(Commendatore et al. 2000; Esteves et al. 2006), and high levels of polycyclic aro-
matic hydrocarbons (PAHs) were found in marine mammals, mainly as the result of
intensive oil exploitation and transportation (Barragdn Muiioz et al. 2003). The
characterization of indigenous hydrocarbon-degrading microbial populations is
therefore necessary for a better understanding of natural biodegradation processes
in this vulnerable ecosystem and for the successful application of bioremediation
technologies (Lozada et al. 2008).

Surficial intertidal sediment samples were collected at 12 different locations
along the coastline of Patagonia, Argentina. Seven different intertidal marine sedi-
ments along the Patagonian coast of Argentina were analyzed for their intrinsic capa-
bility for degrading polycyclic aromatic hydrocarbons (PAHs). Three of the sampling
sites (north to south: MP, RW, and CR) are situated along the eastern coast of
Patagonia, at the Chubut Province, next to the Atlantic Ocean. In contrast, the five
remaining sites (west to east: CS, EM, OR, and OL) are located on the south coast of
the Big Island of Tierra del Fuego, next to the Beagle Channel (Lozada et al. 2008).

PAH concentrations as well as sampling procedures were as previously described
(Lozada et al. 2008; Marcos et al. 2012). Enrichment cultures were set up for 15
days in minimal medium supplemented with naphthalene or phenantrene as a sole
carbon and energy source using coastal sediment as inoculum (Isaac et al. 2013).
The total DNA of each naphthalene- or phenantrene-enriched bacterial population
was extracted, and all 14 samples were analyzed by a combination of polymerase
chain reaction (PCR) and denaturing gradient gel electrophoresis (DGGE) (Fig. 3.1).

Analyzing the populations based on the rDNA 16S-DGGE band profiles, we
noted that they were not clustered according to the seven sites sampled along
Patagonia. Instead, two clusters were fixed depending only on the hydrocarbon used
as carbon and energy source (phenantrene or naphthalene). Cluster 1 was composed
of all the phenantrene-growing populations and only two naphthalene-enriched
samples, and cluster 2 included all the other naphthalene-growing populations.

Within cluster 1, we found three informative clades (Fig. 3.1b). Clade I is the
most important and contained the phenantrene-growing samples from Chubut
(Comodoro Rivadavia, Piedrabuena, Rawson, Caleta Sara). Clade II grouped two
Tierra del Fuego samples (Olivia and Orion), and clade III included the two
naphthalene-enriched populations of this cluster.

The majority of the bands were reamplified and sequenced to determine the phy-
logenetic status of the populations. Regarding DGGE sequence analysis, the
bacterial community developed in enrichment cultures from different sediments
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Fig. 3.1 a Image of denaturing gradient gel electrophoresis (DGGE) of bacterial community
developed in each enrichment culture supplemented with naphthalene or phenanthrene. b Ward’s
dendrogram of rDNA 168 of the populations. Cophenetic correlation=0.856

was mainly composed of Gammaproteobacteria. Approximately 25% of bands
recovered resulted in operational taxonomic units (OTUs) with 100 % identity to
Cycloclasticus sp., and these were found in samples of all the seven sites studied.
Even though Cycloclasticus is a versatile PAH-degrading bacterium and many
sequences were found by culture-independent methods, isolates were not found at
these coasts. OTUs related to Pseudomonas (bands 1, 2, 7) were found only in
populations grouped in cluster 2; sequences related to Vibrio and Shewanella were
found principally in cluster 1. Photobacterium (bands 10 and 11) was present in all
the naphthalene enrichment cultures, and OTUs related to Pseudolateromonas were
excised from phenantrene-growing populations (band 17).

Nutrient amounts in the surrounding marine environments, especially those
based on nitrogen and phosphorus, are deficient to support some microbial growth
requirements, and even more after an oil spill, which is associated with an increase
in the hydrocarbon level in water (Harayama et al. 2004). Microbial communities
present in PAH-contaminated soils are generally enriched by the microorganisms
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that are able to use them as a carbon and energy source (Koutny et al. 2003).
However, the microbial communities often include marine microorganisms surviv-
ing in cell debris or intermediaries in PAH metabolism.

DGGE fingerprinting is useful to analyze the population dynamics in different
environments (Kao et al. 2010), because it allows direct determination of changes in
band profiles and correlation with changes in the bacteria community (Fromin et al.
2002): these have been reported to be relatively rapid methods of community analy-
sis by comparing fingerprinting profiles (Konopka et al. 1999; Nakatsu et al. 2000).
Also, the identification of key organisms in pollutant biodegradation is important to
evaluate and develop bioremediation strategies in situ whose effectiveness could be
evaluated by DGGE (Harayama et al. 2004; Molina et al. 2009; Rios et al. 2010;
Simarro et al. 2012).

Bacteria populations recovered from selective enrichment cultures supplemented
with PAH and those from polluted sediment were monitored by DGGE and their
members were identified by sequencing of bands. These bacteria probably were in
low proportion in the original sediment and their growth was stimulated by the
selective enrichment procedure in the laboratory. This observation represents an
important point in this study because indigenous bacteria with catabolic capabilities
to degrade PAH could be stimulated in situ to increase the number of cells and thus
the degradation activity in the native microbial community living on contaminated
Patagonian coasts.

For isolation procedures, Pseudomonas and gram-positive Actinobacteria strains
were isolated from enrichment cultures from all oil-polluted marine sediments and
selected according to their capability to grow with crystals of naphthalene or phen-
anthrene on solid media. These bacteria can grow on media supplemented with
naphthalene, phenanthrene, and pyrene as the sole carbon source under aerobic con-
ditions, indicating that those bacteria have the potential to degrade PAH under those
conditions.

Some morphological and physiological features of the isolates allowed their pre-
liminary characterization. Sequence analysis of the 16S rRNA gene of the isolates
P26, N3, and N12 allowed determining their relationship with the genus
Pseudomonas (P. monteilii P26, Pseudomonas sp. N3, P. xanthomarina N12), and
P7, P18, H19, F27, HT1A, HT2B, and HT3N showed the closest relationship with
the Actinobacteria phylum (Arthrobacter sp. P7, Rhodococcus sp. P18, Gordonia
sp. H19, Rhodococcus sp. F27, Arthrobacter sp. HT1A, Arthrobacter sp. HT2B,
Rhodococcus sp. HT3N) (Isaac et al. 2013, 2015).

Pseudomonas monteilii P26 and P. xanthomarina N12 were able to remove
100% of naphthalene and 65% and 43% of phenanthrene, respectively;
Pseudomonas sp. N3 removed 100% of both PAHs. Furthermore, although
Actinobacteria strains were not able to remove naphthalene and phenanthrene effi-
ciently, some of them were able to remove up to 19 % of pyrene in 21 days. P18,
H19, and F27 Actinobacteria strains showed higher pyrene removal from the culture
medium, but only if other carbon and energy sources were available. Cometabolic
degradation may occur in strains that cannot use PAH as their source of carbon and
energy but can effectively degrade them (Zhou et al. 2008) (Fig. 3.2).
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Fig. 3.2 Removal of polycyclic aromatic hydrocarbons (PAHs) of pyrene by strains in pure cul-
ture. Pyrene removal was determined after 21 days of incubation. Strains: P. monteilii P26, P.
stutzeri N3, P. xanthomarina N12, Arthrobacter sp. P7, Rhodococcus sp. P18, Gordonia sp. H19,
Rhodococcus sp. F27, Arthrobacter sp. HT1A, Arthrobacter sp. HT2B, Rhodococcus sp. HT3N.
Hydrocarbon abiotic loss was considered in all cases. Values are average of triplicate samples

In the environment, however, it is probable that PAH produces different effects on
the microbiological properties of contaminated marine sediments, inhibiting their bio-
degradation in situ. In addition, the ability to degrade these chemicals in the environ-
ment may be provided through the action of many organisms acting in concert (Ghazali
et al. 2004; Gonzalez et al. 2011), and frequently microorganisms may act synergisti-
cally to degrade aromatic compounds in the biodegradation of complex hydrocarbon
mixtures (Trzesicka-Mlynarz and Ward 1995; Kanaly and Harayama 2000).

On the other hand, the effectiveness of hydrocarbon degradation usually requires
the addition of surface-active compounds (Gonzalez et al. 2011). Biodegradation of
PAHs is often limited by their low bioavailability (low aqueous solubility and high
sorption to soil particles), which affects the removal rate in a two-liquid-phase sys-
tem, including substrate uptake and efflux (Cerniglia 1984). To overcome the low
aqueous solubility of phenanthrene, the strains might produce extracellular polymeric
substances that promote the availability and uptake of the hydrophobic compounds.

In this context, to increase the apparent PAH solubility, different approaches such
as addition of synthetic surfactants or biosurfactants help the biodegradation pro-
cesses. However, these compounds usually are toxic for microorganisms (Sartoros
et al. 2005). The relative toxicity, low biodegradability, and low efficiency at low
concentrations of synthetic surfactants reduce their application in contaminated sites
(Desai and Banat 1997). Bacteria that produce extracellular surfactants are desirable
because they enhance droplet formation and “pseudo-solubilization” during hydro-
carbon degradation by stabilizing water-in-oil or oil-in-water emulsions and by
reducing limitations from substrate mass transport (Ron and Rosenberg 2001).
Bioemulsifying activity increases the bioavailability of oils (strongly hydrophobic)
by providing access of microorganisms to such compounds for degradation.
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Table 3.1 Bioemulsifier Samples ELl: 24 h ES

prosiuction by individual Water 0.00 0.00

strains
JPP 0.00 0.00
Tween 20 66.82 79.72
P26 21.85 50.21
Ni12 0.00 0.00
N3 27.14 54.41
P7 12.82 100.00
P18 0.00 0.00
F27 0.00 0.00
H19 0.00 0.00
HT1A 0.00 0.00
HT2B 0.00 0.00
HT3N 0.00 0.00

Emulsification Index at 24 h (EI-24 h) and
Emulsion Stability (ES) were determined
in all strains. Values are presented as per-
centage of triplicate samples. Tween 20
was used as positive control

Bioemulsifying activity was detected in Pseudomonas monteilii P26, and
Pseudomonas sp. N3 supernatants produced stable and compact emulsions, accord-
ing to the emulsification index at 24 h (EI-24) (Table 3.1). The emulsifying activity
and removal capabilities demonstrated by both microorganisms make these
Pseudomonas strains promising candidates for use in bioremediation protocols.

3.2 Defined Mixed Cultures Would Greatly Improve
the Removal Efficiency of PAHs

PAHs are found in nature as a complex heterogeneous mixture, wherein each com-
pound has the ability to influence another, affecting their bioavailability and increas-
ing difficulties for degradation by microorganisms (Marsili 2000; Chavez et al.
2004). In a real event of oil contamination, usually low molecular weight (LMW)
PAHsS such as naphthalene and phenanthrene are easily degradable, but high molec-
ular weight (HMW) PAHs are very difficult to degrade (Commendatore et al. 2000).

Even though a large number of bacteria capable of degrading a wide range of PAHs
have been isolated from contaminated sites (Mrozik 2003; Janbandhu and Fulekar
2011; Zhong et al. 2011), not many genera have been reported be able to degrade both
LMW and HMW polycyclic hydrocarbons (Song et al. 2011). Some recent studies
have employed the individual degradation capabilities of different bacterial genera to
define mixed cultures with cooperative interactions to improve the efficiency of deg-
radation on a mixture of PAHs used as substrate (Mrozik 2003; Chavez et al. 2004;
Janbandhu and Fulekar 2011; Zhong et al. 2011; Mikeskov4 et al. 2012).
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Recent work concerning pollutant biodegradation by mixed cultures has been
reviewed (Senthilvelan et al. 2014), and their application for degradation of a wide
range of contaminants show the mixed culture as the better strategy in all assayed
conditions (Barsing et al. 2011; Jin et al. 2012). Regarding PAH biodegradation, a
consortium of Pseudomonas putida, Flavobacterium sp., and Pseudomonas aerugi-
nosa showed higher removal of less water soluble PAHs than strains in pure culture
(Trzesicka-Mlynarz and Ward 1995), and Janbandhu and Fulekar (2011) tested a
microbial consortium with interesting phenanthrene and other PAH degradation
capabilities. At the same time, Arun and Eyini (2011), Gonzalez et al. (2011), and
Simarro et al. (2012) reported the use of mixed cultures as an alternative strategy for
PAH remediation.

To improve the degradation process of a mix of PAHs, 16 combinations of bacte-
rial strains previously evaluated according to LMW and HMW PAHs removal capa-
bilities in liquid media were assayed. The aim of these experiments was to improve
the degradation process of a mix of PAHs by enhancing individual biodegradation
performances after the formulation of a defined mixed culture in which synergistic
activity would be observed. These combinations of Pseudomonas and Actinomycetes
strains allowed formulating a defined mixed culture able to efficiently degrade a
mix of LMW and HMW PAHs in JPP medium.

PAH removal performance was evaluated according to the efficiency (E%) (Isaac
et al. 2015). To compare the PAH-degrading performance of defined mixed cultures
versus pure cultures, relative removal activity (observed/expected, E %) was deter-
mined according to a modification of the data analysis technique described by
Fuentes et al. (2011). The observed E% values of each mixed culture were com-
pared with the expected removal activity, calculated as the average of the E% of
each individual strain forming the complex biological system (Table 3.2).

All mixed cultures assayed showed maximum E% values for naphthalene degrada-
tion, in accordance with expected results. Also, all consortia evaluated reached 100 %
efficiency in phenanthrene degradation, increasing in most cases the expected value

Table 3.2 Removal of polycyclic aromatic hydrocarbons (PAHs) by defined mixed cultures

Mixed Pyr E% Relative activity
culture Isolates Expected Observed Observed/expected
Cl P26/P18 19.87+2.02 41.43+10.03 2.0848

C2 P26/F27 8.97+1.36 24.27+2.17 2.77QABCDEFGH

C3 P26/H19 5.87+0.79 25.26+1.40 4 29ABCDEFG

C4 N3/P18 19.88+2.02 25.87+12.81 1.3(ABCDEFG

C5 N3/F27 8.97+1.36 29.79+4.45 3.32ABCDEF

C6 N3/H19 5.87+0.79 13.93+1.02 2.37FGHI

C13 P26/N3/P18/F27 14.42+1.69 22.52+3.59 1.56CPEFGH!

Cl4 P26/N3/P18/H19 12.87+1.41 25.61+6.09 1.98ABCDEFG

C15 P26/N3/H19/F27 7.42+1.08 4191+1.54 5.644

Expected values were calculated as an average of removal capabilities of strains in pure culture.
Means that do not share a letter are significantly different. Pyr pyrene



38 P. Isaac et al.

calculated from the individual performance. Pyrene removal values by mixed cultures
of two strains were higher than those obtained with the corresponding pure cultures.
Combinations of P. monteilii P26/Rhodococcus sp. P18 (C1) showed pyrene removal
value of 41 %, whereas P. monteilii P26 showed no pyrene removal capability when
grown in pure culture. Interestingly, C3 (P. monteilii P26/Gordonia sp. H19) removed
25 % of pyrene, improving the expected performance more than fourfold. Maximum
removal of the mix of hydrocarbons by a mixture of three strains was obtained in a
defined mixed culture of P. monteilii P26/Rhodococcus sp. P18/Rhodococcus sp. F27
(C7) capable of degrading nearly 39 % of pyrene from the culture medium.

A mixed culture of P. monteilii P26, Pseudomonas sp. N3, Gordonia sp. H19,
and Rhodococcus sp. F27 (C15) showed the highest pyrene biodegradation activity
with removal values close to 42 %, almost six times higher than removal values
obtained with these strains in pure culture, whose removal did not exceed 9%
(Table 3.2).

Given these results, the capacity of removal of C15 mixed culture against a wide
range of PAHs was evaluated. A mixture of six polyaromatic hydrocarbons of low
and high molecular weight was used, differing in the amount (25 rings) and molec-
ular geometry of the aromatic rings (naphthalene, biphenyl, acenaphthene, phenan-
threne, fluoranthene, pyrene).

The C15 culture showed an interesting ability to degrade PAHs of two and three
rings (naphthalene, biphenyl, acenaphthene, phenanthrene), removing 100%
thereof. It also showed 34 % and 25 % removal of high molecular weight hydrocar-
bons pyrene and fluoranthene, respectively (Fig. 3.3).

Removal rates of naphthalene, phenantrene, and pyrene by C15 mixed culture
were compared with those obtained with pure cultures. It could be observed that the
removal rate of naphthalene by the mixed culture C15 (1.047 mg 1=' h™!) was signifi-
cantly lower than the value reached by the pure culture of Pseudomonas sp. P26
(2.563 mg I"! h™"). The removal rate of phenanthrene by C15 showed similar values
compared to that obtained by the more efficient phenantrene-degrading bacteria in

1 250
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Fig. 3.3 Removal of a complex mixture of PAHs by the mixed culture C15. The study was per-
formed in triplicate
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pure culture, in this case Pseudomonas sp. N3 (0.495 mg 1=' h™!). On the other hand,
the calculated pyrene removal rate value was 64 % greater than the maximum value
obtained in a pure culture of Rhodococcus sp. P18, and effective removal of pyrene
was substantially improved: P. monteilii P26, Pseudomonas sp. N3, Gordonia sp.
H19, and Rhodococcus sp. F27 (C15) showed the highest pyrene biodegradation
activity with removal values close to 42 %, almost sixfold higher than removal val-
ues obtained with these strains in pure culture, whose removal did not exceed 9 %.

Certainly the C15 defined microbial consortium showed greater removal effi-
ciency of a mixture of naphthalene, phenanthrene, and pyrene than individual strains.
Also, it was capable of removing a mix of PAHs consisting of naphthalene, biphe-
nyl, acenaphthene, phenanthrene, fluoranthene, and pyrene at the same proportion.

Many such mixed cultures obtained results in the degradation of different com-
pounds plus hydrocarbons such as dyes, phenols, pesticides, etc. (Khehra et al.
2005; Arun and Eyini 2011; Ghanem et al. 2011; Hamitouche et al. 2011; Pino and
Penuela 2011). This improvement in efficiency could be explained as the result of
the potential obtained by combining different enzymes and metabolic pathways.
However, researchers should pay special attention to the development and optimi-
zation of mixed culture, because the culture must be able to survive and also remain
biologically active throughout the degradation process (Mikeskov4 et al. 2012).

With respect to metabolic cooperation, a simple combination of microorganisms
based on growth inhibition assays is not a sufficient tool to verify that the system
power formulated the capacity because of interspecies interactions of the microorgan-
isms (Seneviratne et al. 2008). We could not specifically determine the type of interac-
tion that occurs between individual Patagonian strains in C15 defined mixed culture.

Because intermediary metabolites of pyrene degradation could be substrates for
the enzymes of the degradation pathways of simpler aromatic compounds in
Pseudomonas (Moscoso et al. 2012), the end result is a significant and interesting
acceleration of the complete process of degradation. In this manner, we could rea-
sonably argue that even though Pseudomonas strains seem to have a metabolic
pathway to initiate the degradation of pyrene, their enzymes may accelerate the pro-
cess when the actinomycetes have reached a certain degree of degradation of pyrene.

In that process, in the first stage, the polyaromatic hydrocarbons of low molecular
weight (naphthalene and phenanthrene) are degraded by Pseudomonas strains, and
active metabolism tends to be elevated. These strains release bioactive compounds
(emulsifier/surfactant) in the culture medium and make available all its enzymatic
machinery to assist pyrene degradation initiated by actinomycetes strains. Thus, a
consortium that effectively improves the individual capacities of degradation and
increases the potential of microorganisms for use in biotechnology for bioremedia-
tion of sites contaminated with polycyclic aromatic hydrocarbons is obtained.
However, other complementary tests are needed to support this hypothesis.

This study contributes to the knowledge of the indigenous microbiota present in
marine sediments off the Patagonian coast and its potential for bioremediation of
polycyclic aromatic hydrocarbons, the main components of oil and its derivatives.
The use of oil-contaminated sediments allowed the isolation of bacteria capable of
degrading native PAHs of low and high molecular weight; the selective enrichment
process was fundamental to this isolation.
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Chapter 4
Hydrocarbon Remediation by Patagonian
Microbial Consortia

Marina L. Nievas, Rosana Polifroni, Federico del Brio,
and Marcela A. Sepilveda

Abstract Among the technologies for recovering hydrocarbon-polluted sites,
bioremediation is particularly interesting for wastewater and residue treatment. In
this chapter, we first introduce hydrocarbon bioremediation focusing on the hydro-
carbon biodegradation capabilities of microorganisms of the marine environment.
Then, the context of petroleum hydrocarbons in the Argentinean Patagonia coast is
depicted, and recent advances in bioprospection of hydrocarbon-degrading micro-
organisms from polluted sediments are reviewed. Finally, we discuss bilge waste
bioremediation by Patagonian autochthonous microbial consortium as a treatment
alternative. In particular focusing on the extent of hydrocarbon biodegradation, bio-
remediation trials at different experimental scales and bilge waste microbial com-
munity members are reviewed.

4.1 Introduction

Hydrocarbon pollution is widespread in the marine environment, causing serious
environmental problems by catastrophic oil spills, such as those of the Deepwater
Horizon, Prestige, or Exxon Valdez accidents (NRC 2003; Head et al. 2006; Diez
et al. 2007; Camilli et al. 2010). Further, chronic pollution caused by the massive
usage of petroleum-derived products, of which part reaches the environment as a
sum of small-sized but frequent spills, is significant in the sea (NRC 2003; Head
etal. 2006). Microorganisms have a key role in the biogeochemistry cycle of organic

M.L. Nievas (<)
Centro para el Estudio de Sistemas Marinos (CESIMAR-CONICET),
Blvd. Brown 2915, Puerto Madryn, Chubut, Argentina

Facultad Regional Chubut, Universidad Tecnolégica Nacional,
Av. del Trabajo 1536, Puerto Madryn, Argentina
e-mail: nievas@cenpat-conicet.gob.ar

R. Polifroni ¢ F. del Brio * M.A. Sepilveda
Centro para el Estudio de Sistemas Marinos (CESIMAR-CONICET),
Blvd. Brown 2915, Puerto Madryn, Chubut, Argentina

© Springer International Publishing Switzerland 2016 43
N.L. Olivera et al. (eds.), Biology and Biotechnology of Patagonian
Microorganisms, DOI 10.1007/978-3-319-42801-7_4


mailto:nievas@cenpat-conicet.gob.ar

44 M.L. Nievas et al.

matter in the biosphere (Kaiser and Attrill 2011). Biodegradation involves the
breakdown of organic compounds carried out by the metabolic activity of organ-
isms, the role of microorganisms being dominant. Despite their toxicity, most
organic pollutants undergo biodegradation by specialized microorganisms, either
through biotransformation into less complex metabolites or through mineralization
into innocuous compounds (McGenity et al. 2012). Hydrocarbon biodegradation
occurs naturally within a variety of environments, in aerobic and anaerobic condi-
tions (McGenity et al. 2012; Cravo-Laureau and Duran 2014). Moreover, microbial
biodegradation is believed to be the most important hydrocarbon cleanup process in
the aquatic environment (NRC 2003; Head et al. 2006).

In addition to the relevance of biodegradation at the environmental level, this
natural process is the basis of bioremediation, a technology aiming to increase the
extent and the rate-limiting steps of biodegradation by modifying the environ-
mental factors affecting pollutant microbial transformations. Environmental res-
toration by microbial-based processes has become a global bioremediation
industry. Hydrocarbon remediation is actually a competitive technology for
recovering impacted environments and also for wastewater and residue treatment
(USEPA 2000; Zhu et al. 2001; Khan et al. 2004). Hence, optimizing hydrocarbon
bioremediation processes in a variety of environmental conditions is a relevant
research topic.

The metabolic capabilities of microorganisms have a central role in bioremedia-
tion. Thus, the bioprospection of hydrocarbon-degrading microorganisms in sites
with selective pressure such as hydrocarbon pollution and the assessment of its
biodegradation potential is one of the main tools not only to broaden our bioreme-
diation knowledge background but also to expand the biotechnological applications.
We present here the recent advances of the bioprospection of hydrocarbon-degrading
microorganisms from marine hydrocarbon-impacted sites of Argentinean Patagonia.
First, we introduce the bioremediation issues of petroleum composition, the meta-
bolic capabilities of hydrocarbon-degrading microorganisms, and biodegradation
by microbial consortia. Then, we focus on bioprospection of hydrocarbon-degrading
microorganisms in marine sediments, and finally, we discuss bilge waste bioreme-
diation by a Patagonian autochthonous microbial consortium as a treatment
alternative.

4.2 Hydrocarbon Bioremediation in the Marine
Environment

4.2.1 Petroleum Hydrocarbons

Petroleum, a naturally occurring substance, is one of the most complex mixtures
known (Rodgers et al. 2005). It is mainly composed of hydrocarbons with minor
proportions of oxygen, sulfur, and nitrogen heteroatom-containing compounds,
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with the presence of metals such as nickel, vanadium, iron, and copper, and other
trace elements (Speight 2011). Four major groups of compounds are recognized in
petroleum, when it is fractioned by solubility in different solvents with solid-
phase absorbents: saturates or aliphatics (comprising linear, branched, and cyclic
alkanes), aromatics [comprising BTEXs, monoaromatics, and polycyclic aromatic
hydrocarbons (PAHs)], resins (or polar fraction), and asphalthenes, defined as the
crude oil portion insoluble in n-heptane or n-pentane (Speight 2011). The com-
plex composition of petroleum precludes the isolation and identification of all its
individual constituents; nevertheless, conservative estimations indicate that the
number of chemically distinct species in crude oil may be greater than 50,000
(Rodgers et al. 2005).

Many petroleum-derived products are manufactured by means of oil refining,
from light distillates (e.g., solvents, jet fuels, and naphtha for planes and cars),
medium distillates (such as diesel oil, with widespread use in transportation, agri-
culture, and industry), and heavy products (e.g., lubricant oils, bunker fuel destined
for shipping combustibles, and industrial usages), coke, and asphalt (Speight 2011).
Although oil-derived products contain only a fraction of the original crude oil,
according to the manufacturing processes which they undergo, the composition is
still complex. For example, a straight-run diesel fuel has more than 30,000 indi-
vidual different compounds (Vendeuvre et al. 2007). Moreover, a broad variety of
additives are usually added to petroleum products to enhance its properties (Auffret
et al. 2009; Rizvi 2009). During their use, petroleum-derived products undergo
physicochemical changes, mainly decomposition and oxidation (Rizvi 2009). From
a bioremediation perspective, oil hydrocarbons, additives, and their decomposition/
oxidation products are the target substrates to be biodegraded in spills of hydrocar-
bon wastes or wastewater.

4.2.2 Hydrocarbon-Degrading Metabolic Capabilities
of Microorganisms

Because petroleum is naturally occurring, many microorganisms have evolved with
the ability to utilize its constituents as sources of carbon and energy (Prince et al.
2010). Besides oil seeps entering naturally into the oceans, biosynthesis of some
hydrocarbons is carried out by organisms such as bacteria, plants, and phytoplank-
ton (Damsté et al. 2004; Ladygina et al. 2006). Thus, low levels of such compounds
are distributed in the biosphere, being able to subtend hydrocarbon-degrading
microorganisms in most environmental compartments. Consequently, it is not sur-
prisingly that hydrocarbon-degrading microorganisms are found to be ubiquitous.
In the marine environment, more than 175 genera of Bacteria, as well as some mem-
bers of Archaea and Eukarya, have been described as hydrocarbon degraders (Head
et al. 2006; Prince et al. 2010; Rojo 2010; McGenity et al. 2012). Predominantly,
hydrocarbon-degrading bacteria belong to the phyla Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria (Prince et al. 2010).
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Among bacteria, two groups may be distinguished from the aspect of hydro-
carbon metabolism. First are those that are strict hydrocarbonoclastics, which uti-
lize almost exclusively a narrow range of hydrocarbons as carbon sources. For
example, members of the genera Alcanivorax, Marinobacter, Thalassolituus,
Oleiphilus, and Oleispira are strict alkane degraders, whereas Cycloclasticus is
an aromatic hydrocarbon degrader (Harayama et al. 2004; Yakimov et al. 2007).
These microorganisms are believed to be important in the biodegradation of hydro-
carbons in the marine environment (McKew et al. 2007; Yakimov et al. 2007).
Another group of diverse generalist microorganisms has a more versatile metabo-
lism, utilizing hydrocarbons as one of its carbon and energy sources. Members
of the genera Marinobacter, Pseudomonas, Rhodococcus, Vibrio, Marinomonas,
and Pseudoalteromonas, among many others, are found in the generalist group
(Harayama et al. 2004; Prince et al. 2010).

The metabolic pathways of hydrocarbon microbial degradation are well estab-
lished for many microorganisms. A distinguishable feature of hydrocarbon-
degrading microorganisms is the presence of key catabolic enzymes involved in the
activation of alkane and aromatic hydrocarbons, identified as the most critical step
of hydrocarbon catabolism (Habe and Omori 2003; Pérez-Pantoja et al. 2010; Rojo
2010). Thus, once activated by the aerobic insertion of oxygen or anaerobic addition
of succinate, for example, hydrocarbons enter the inherent biochemistry of living
organisms and are readily oxidized to carbon dioxide and water (Prince et al. 2010).
Most frequently, the aerobic degradation of n-alkanes starts with the oxidation of a
terminal or subterminal methyl group with subsequent transformation to primary or
secondary alcohol, with further oxidation to the corresponding aldehyde or ketone,
and finally conversion into fatty acids. Then, fatty acids are metabolized to acetyl
coA by p-oxidation (Rojo 2010). This pathway is catalyzed by a broad range of
monooxygenase enzymes. AlkB-like enzymes are widely distributed in a-, -, and
y-Proteobacteria and the Actinomicetales (van Beilen et al. 2003; van Beilen and
Funhoff 2007); cytochrome P450 enzymes of the CYP153 family have been identi-
fied in many genera, including Sphingomonas, Rhodococcus, Marinobacter,
Halomonas, and Alcanivorax (Sabirova et al. 2006; van Beilen et al. 2006; Wang
et al. 2010). AlkB-like and cytochrome P450 CYP153 enzymes have specificity in
the alkane range (e.g., medium-chain-length alkanes, C5-C16; or long-chain-length
alkanes, >C12). In addition, methane monooxygenases (pMMO) are found in
microorganisms that are able to degrade short and volatile alkanes aerobically (C1-
C4) (McDonald et al. 2006) and genes encoding enzymes responsible for degrada-
tion of alkanes longer than Cl15 (e.g., almA in Acinetobacter sp. and ladA in
Geobacillus thermodenitrificans NG80-2) (Wentzel et al. 2007; Li et al. 2008).
Many bacterial strains contain only one alkane hydroxylase system; however, it is
rather common to find strains that contain more than one of such systems, which
seems to give them selective advantages (van Beilen et al. 2006; Rojo 2010; Wang
et al. 2010). Regarding aromatic hydrocarbons, the enzymes involved in the aerobic
aromatic degradation are oxygenases that catalyze the initial hydroxylation and ring
cleavage of PAHs and the intermediates metabolites into a few central intermediate
compounds such as catechols, protocatechuates, gentisates, and (hydroxy)benzo-
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quinols. Further, these compounds are oxidized by extradiol and intradiol cleavage,
funneling into the Krebs cycle (Pérez-Pantoja et al. 2010). The PAH oxygenase
prototype is the naphthalene dioxygenase encoded by the nahAaAbAcAd gene of
Pseudomonas putida G7, which is able to degrade naphthalene, anthracene, and
phenanthrene through the catechol meta-cleavage pathway into pyruvate and acet-
aldehyde. Similar PAH-degrading genes have been described in many strains
(Abbasian et al. 2015). The aerobic and anaerobic aliphatic and aromatic hydrocar-
bon catabolic pathways have been reviewed in recent articles (Kanaly and Harayama
2000, 2010; Habe and Omori 2003; Pérez-Pantoja et al. 2010; Rojo 2010; Abbasian
et al. 2015).

4.2.3 Biodegradation of Complex Substrates by Microbial
Communities

Biodegradation of petroleum-derived hydrocarbons, both under environmental con-
ditions such as oil spills, or in man-made scenarios, such as wastewater treatment
plants, is an extremely complex process. Here, a multicomponent substrate, con-
taining thousands of individual compounds, is metabolized by microbial communi-
ties, with multiple coexisting microbial species having specific hydrocarbon
capabilities. Altogether, multiple parallel and interrelated biochemical reactions
occur simultaneously, also constrained by physical and chemical variables such as
oxygen and nutrient availability, temperature, and mixing conditions (Réling et al.
2004; Garcia-Blanco et al. 2007; Shokrollahzadeh et al. 2008; Ibarbalz et al. 2013).
Thus, bioremediation processes are site dependent and also difficult to predict pre-
cisely (Roling et al. 2004; Gertler et al. 2012).

Hydrocarbon-degrading microorganisms are usually present in nature in very
low numbers. However, a pollution event, such as an oil spill or a periodic oily
wastewater discharge, induces a relatively rapidly growth of hydrocarbon-degrading
microorganisms, becoming dominant during the first period after contamination
(Harayama et al. 2004). Then, physical, chemical and biochemical changes take
place, being relevant dissolution, photooxidation, emulsification, dispersion, and
biodegradation (NRC 2003; Stout and Wang 2007; Gong et al. 2014). A succes-
sion of hydrocarbon-degrading specialist microorganisms during natural biodegra-
dation processes, termed natural attenuation, has been observed as a general trait.
Thus, at first aliphatic hydrocarbon degraders seem to be dominant, for example,
members of the genus Alcanivorax, and then the abundance of aromatics hydrocar-
bon degraders increases, such as Cycloclasticus or members of a-Proteobacteria
(Head et al. 2006; McGenity et al. 2012; Rodriguez-R et al. 2015). These changes
are generally consistent with the type of hydrocarbons that remained available for
biodegradation.
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Multispecies microbial communities are essential for the successful biodegrada-
tion of complex petroleum derivates, not only because a broad pool of hydrocarbon
enzymatic capabilities is needed, but also because positive interaction may be car-
ried out by other members of the microbial community, not necessarily hydrocarbon
degraders (McGenity et al. 2012). Some examples of such interspecies positive rela-
tionships are cooperative hydrocarbon consumption, co-metabolism of the more
recalcitrant hydrocarbons (for example, benzo[a]pyrene), provision of nutrients,
and biosurfactant or bioemulsifier production becoming hydrocarbons available to
the water phase (Kanaly and Harayama 2000; Head et al. 2006; Musat et al. 2010;
McGenity et al. 2012).

4.3 Hydrocarbon Remediation by Patagonian
Microorganisms

4.3.1 Petroleum Hydrocarbons in Coastal Patagonia

The sea and coastal zones are particularly sensitive environments subjected to
hydrocarbon exposure as a global trend (NRC 2003; Lucas and MacGregor 2006;
Diez et al. 2007; Er-Raioui et al. 2009; Gong et al. 2014; Rodriguez-R et al. 2015),
the Patagonian coast not being an exception. Argentinean Patagonian region, the
east-southernmost zone of South America, is limited at the east with the South
Atlantic Ocean with more than 3,000 km of coastline (from 39°42’S to 55°S). The
region includes a vast semiarid coastal zone where two petroleum basins are actu-
ally exploited, extending onshore and offshore: the Golfo San Jorge Basin (44°—
47°S, near 170,000 km?) (Sylwan 2001) and the Austral Basin (46°30'-54°30'S in
NNW-SSE direction, near 170,000 km?), which continues the offshore edging
Malvinas Basin (Rossello et al. 2008). The former, located in central Patagonia, is
actually the most productive zone from Argentina, which has been exploited for
more than a century. The complete oil production from the onshore Golfo San Jorge
Basin, nearly 15 billion cubic meters (m?) in 2014 (MMyERA 2016), is tanker-
transported by sea from two oil terminals named Caleta Cordova (45°46'23"S,
67°19'25"W) and Caleta Olivia (46°25'32"S; 67°28'42"W). Offshore oil and gas
are produced in Austral Basin, where the Rio Cullen, San Sebastian, and Punta
Loyola oil terminals are located. The maritime transportation route from the Austral
and Golfo San Jorge basins parallels the coast of Argentinean Patagonia from south
Argentine to the north with crude oil, returning with refined products, also by sea
shipping. Some crude oil spill episodes have taken place on the Argentinean
Patagonian coast, the most recent being a release of nearly 300 m? in Caleta Cordova
in 2007 (Mercopress 2007). Even though minor, these quite frequent episodes con-
tribute to chronically pollute certain zones, particularly those in the surroundings of
crude oil terminals.
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The region also possesses many ports, where commercial and fishery activities
take place. The use of fossil fuels as well as the generation of hydrocarbons wastes
(i.e., bilge wastes) from shipping activities are reported as a diffuse source of hydro-
carbon pollution in the marine environment (NRC 2003; Kostianoy et al. 2005;
Lucas and MacGregor 2006; Er-Raioui et al. 2009). Although the Argentinean
Patagonian coast is a relatively nonpolluted region, periodic hydrocarbon pollution
has been described, generally associated with port activities and petroleum exploita-
tion zones (Commendatore et al. 2000, 2012, 2015; Commendatore and Esteves
2004, 2007; Esteves et al. 2006; Massara Paletto et al. 2008). Therefore, bioreme-
diation technologies for the marine environment in the Argentinean Patagonia are
attractive subjects for petroleum operators, governmental environmental decision
makers, and harbour hydrocarbon-waste managers.

4.3.2 Bioprospection of Hydrocarbon-Degrading
Microorganisms from Argentinean Patagonia Coastal
Sediments

The Argentinean Patagonia maritime zone holds numerous niches for bioprospect-
ing microorganisms, with potential biotechnological application adapted to the par-
ticularly harsh marine environment (Dionisi et al. 2012). Economic activities
developed in Patagonia such as offshore oil exploitation, maritime oil transporta-
tion, fishing, marine transport, and port activities may result in hydrocarbon spill-
ages that negatively affect coasts and waters, converting this region into an attractive
reservoir of microorganisms from less explored sites with a certain history of hydro-
carbon pollution. Marine sediments usually act as a sink for hydrophobic pollutants,
which adsorb on organic matter as well as in sediment fine particles, exposing
autochthonous microbial communities to a chemical selection pressure (Gong et al.
2014). Coastal marine sediments constitute particular ecosystems, specially inter-
tidal zones where environmental conditions are daily modified according to tide
level, for example, with drastic changes in redox condition, irradiation, and water
availability, that in turn drive microbial degradation processes (Garcia-Blanco et al.
2007; Cravo-Laureau and Duran 2014; Rodriguez-R et al. 2015). Moreover, micro-
organisms in sediments are much more concentrated than in the water column, usu-
ally forming biofilms, subjected to changing gradients of nutrients and oxygen
(McGenity et al. 2012). Consequently, a great biodiversity of microorganisms is
found in coastal sediments with potential for bioremediation.

Recently, the Patagonian Austral Interjurisdictional Marine Coastal Park located
in the north zone of the San Jorge Gulf (44°50—45°11'S, 65°32'-66°42"W), the
first marine park in Argentine, was designated a Biosphere Reserve in the frame of
the Man and Biosphere Program of UNESCO (Jun 2015). This zone is character-
ized by a great biodiversity of organisms and microenvironments. However, a
petroleum hydrocarbon accumulation zone was described in this Park, in Faro
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Aristizabal (Commendatore et al. 2000). Here, Olivera and coworkers (2009) sur-
veyed marine sediments, searching for hydrocarbon-degrading microorganisms
with biosurfactant-producing capabilities. Isolation was performed in a marine
medium using crude oil with and without nutrient addition and on phenanthrene
with nutrient addition, as carbon sources. These authors recovered 96 different
morphological strains. Among them, 17 strains evidenced surface tension reduc-
tion and 8 showed emulsifying activities; all were recovered in media with nutrient
amendment. Further characterization of the most promising strains based on the
16S rRNA gene sequence associated them with Alcanivorax borkumensis SK2T
(similarities of 98.9 % and 99.6 %), Alcanivorax venustensis 1ISO4T (similarities of
98.9% and 99.6 %), Cobetia marina ATCC25374", Halomonas salaria M277
(98.6 % similarity), and Pseudomonas putida (100 % similarity). Except for one
strain related to Cobetia marina that only grew on phenanthrene-supplemented
medium, all the strains were able to use hydrocarbons from bilge wastes and
n-hexadecane to grow. A. borkumensis is a cosmopolitan marine bacterium that
blooms in oil-contaminated areas, where it can constitute up to 80 % of the bacte-
rial population (Golyshin et al. 2003; Roling et al. 2004). Alcanivorax strains were
dominant in microcosms containing coastal waters from the Mediterranean Sea,
crude oil, and nutrients (Cappello et al. 2007; Gertler et al. 2012). In addition,
Alcanivorax strains were found in similar experiments with water from the Pacific
Ocean in East Asia (Harayama et al. 2004) and in surface seawater in a survey in
the Atlantic Ocean from Kingston to Cape Town (13°09'N-34°06'S) (Wang et al.
2010). The success of A. borkumensis in becoming dominant is believed to be
underlain by its multiple alkane catabolism. This species has two AlkB-like alkane
hydroxylases and three cytochrome P450-dependant alkane monooxygenases with
different alkane specificity (Rojo 2010). To our knowledge, isolation of Alcanivorax
strains from the South Atlantic Ocean at the mid-Patagonian coast was reported for
the first time by Olivera and coworkers. The strain Alcanivorax sp. PA2, closely
related to A. borkumensis, shows high hydrophobicity (~80 %) during the exponen-
tial growth phase on hydrocarbons. PA2 hydrophobicity decreases from the expo-
nential to the stationary growth phase; it also produces a bioemulsifier and is able
to form biofilms (Olivera et al. 2009; Sepiilveda et al. 2012). Also, it was isolated
associated to another strain, P. putida, forming a naturally occurring consortium.
As expected, Alcanivorax sp. PA2 exhibited some of the characteristic traits
reported for A. borkumensis. On the Argentinean Patagonia coast, the genus
Alcanivorax was recently detected by culture-independent methods in hydrocar-
bon-polluted sediments of Ushuaia Bay (54°48'S, 68°18'W) and Caleta Cordova
(45°4623"S, 67°19'25"W) (Lozada et al. 2014; Guibert et al. 2016). This fact, in
addition to isolation of Alcanivorax strains in the north zone of the San Jorge Gulf,
suggest that this species may be widely distributed along the Atlantic Patagonian
coast. The reported isolate Alcanivorax PA2 and related strains confirm the pres-
ence of this cosmopolitan species for the first time in Patagonia, reinforcing its
broad distribution in the temperate marine environment and its presence in South
Atlantic coasts.
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4.3.3 Bilge Waste Bioremediation by Patagonian
Autochthonous Microbial Communities

The chemical complexity of wastes from hydrocarbon-derived products requires
microbial communities with broad enzymatic capabilities for bioremediation pro-
cesses to be successful in in situ and ex situ scenarios. Hence, depending on the
hydrocarbon waste composition and its physical characteristics, particular micro-
bial communities and process operation conditions for bioremediation are needed.
In that frame, in Argentinean Patagonia, the autochthonous microorganisms of bilge
waste have been studied extensively in Puerto Madryn Harbour, aiming to provide
information about hydrocarbon waste treatment and remediation of such wastes in
the marine environment. Those studies focused on (1) the characterization of bilge
waste, (2) the biodegradation performance of the bilge waste microbial community
of the different classes of hydrocarbons present in bilge wastes assessed at various
experimental scales, and (3) the characterization of members of the autochthonous
microbial community.

4.3.3.1 Oily Wastes from Ships

Bilge wastes or bilge waters are oily wastes resulting from normal ship operations.
All types of conveyors, from artisanal fishing vessels or sport boats to large fishing
and cargo ships, cruises, and oil tankers, generate bilge wastes (IMO 2004; USEPA
2008). Such wastes consist of a mixture of water, oily fluids, lubricants, cleaning
fluids, and other similar wastes that accumulate in the bilge, the lowest part of the
vessel. These liquid streams get into the bilge from a variety of sources including
the main and auxiliary engines, boilers, evaporators and related auxiliary systems
and other mechanical and operational sources found throughout the machinery
spaces of vessels (USEPA 2008). They also contain seawater entering the ship by
infiltration. Thus, bilge wastes have an extremely variable composition, mostly
depending on the age, type, and size of the ship, and the type of fuel, lubricants, and
related hydrocarbon products used in the ship, as much as on the operation criteria
of the ship’s company owner and the crew. Bilge wastes need to be downloaded
from ships as a requirement for navigation security.

Marine hydrocarbon pollution from ships is a longstanding global problem.
Bilge wastes are regulated by the International Maritime Organization (IMO) agree-
ment “International Convention for the Prevention of Pollution from Ships
(MARPOL 73/78)” (IMO 2004). This treaty requires that the Party States ensure to
provide ship waste reception facilities in ports, and also legislates national direc-
tives and regulations for vessels flying their flags to complain to MARPOL. Regarding
bilge waste, onboard oil-waste separation systems are required for ships >400 gross
tonnes, and only water with less than 15 ppm of hydrocarbon content is allowed to
be0 discharged; otherwise, bilge wastes are required to be retained onboard for
subsequent discharge on port reception facilities. MARPOL governs in international
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Fig. 4.1 Bilge wastes in ports. a Fishing ships at Patagonian ports, Argentina. (Photograph by
Diego Gonzélez Zevallos.) b Accidental bilge waste spill at Puerto Madryn, Argentinean Patagonia

waters, so for ship navigation in the country’s territorial waters and economic exclu-
sive zone (12 and 200 nautical miles from the shoreline, respectively) the country
laws apply (Lin et al. 2007). In Argentina, National Regulations adopted the same
restrictions as MARPOL and also declared Special Protection Zones, most of them
located in Patagonia, where any type of discharge is banned (PNA 1998). Despite
regulations, illegal discharge is a quite common problem, and accidental bilge waste
spills near shore may also pollute the water column and sediments (Fig. 4.1). The
characteristics of the chemicals from both the aqueous and oily phases from bilge
wastes confer hazardous waste status in these wastes (CEU 2006).
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Fig. 4.2 Bilge waste oily phase (BWOP) from Puerto Madryn’s bilge wastes, Argentinean
Patagonia. a Total hydrocarbons gas chromatography-flame ionization detector (GC-FID) profile.
b Aromatic hydrocarbon fraction GC-FID profile

4.3.3.2 Bilge Wastes at Puerto Madryn, Golfo Nuevo, Argentinean
Patagonia

Onshore dumping pools were used as reception facilities for bilge wastes in Puerto
Madryn city (42°46'S, 65°02'W) for about 10 years, accumulating large amounts of
wastes downloaded from ships. These ponds operate as open storage tanks, where
the phases of bilge wastes were separated by gravity. The composition of the accu-
mulated residue reflected approximately an average of the physicochemical proper-
ties of bilge waste downloaded at the port (Nievas 2006). Puerto Madryn’s harbour
operates principally with fishing ships, typically smaller than 100 m length, mostly
fishing in the Patagonian region, in addition to cargo ships and cruise ships (Fig. 4.1).

The bilge waste oily phase (BWOP), even after it is gravity decanted, contains
some water in form of emulsion (Karakulski et al. 1998); thus, its resulting hydro-
carbon content is quite variable. In a general trend, bilge waste from Puerto Madryn
ports showed similar hydrocarbon content with time, when it was characterized by
gas chromatography (GC) (Fig. 4.2a, b). Typical oil-derived product GC profiles in
the range of n-Cq to n-C;, were found (Mordn et al. 2000; Olivera et al. 2003; Nievas
et al. 2005, 2006). Depending on time, bilge waste showed unimodal and bimodal
unresolved complex mixtures (UCM), in agreement with a mix of fuel and lubricant
oils (Morén et al. 2000; Nievas et al. 2006). In the aromatic hydrocarbon fraction,
parent and alkylated derivative PAHs with 2 to 4 rings were found; this fraction thus
represents a minor proportion of the total hydrocarbon mass, usually less than 15 %
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by weight (Olivera et al. 2003; Nievas et al. 2006). Typically, when the
gravity-separated oily phase of bilge waste (density, 888 kg m™= at 15 °C) undergoes
further centrifugation, three phases may be identified: light oil (density, 862 kg m™
at 15 °C), sludge oil, and a minor amount of water phase (Fig. 4.2c) (Nievas 2006).
The BWOP had an 86 % wt of total organic carbon on a dry basis, according to the
many hydrocarbon-derived products. Further, BWOP had typical carbonaceous
deposits described for exhaust lubricant oils quantified as insoluble matter in
n-hexane (2.1 wt%) and in toluene (1.6 wt%) (Fig. 4.2d) (Nievas 2006; Rizvi 2009).
The kinematic viscosity of the BWOP (~20 mm? s™" at 40 °C) was at least two times
greater than those of marine fuel distillates, and nearly five times higher than those
of medium diesel or fuel distillates, indicating a significant content of waste lubri-
cant oil (Nievas et al. 2006). Notably, total hydrocarbons (TH), considered as the
sum of aliphatic and aromatic hydrocarbons, although measured with different
methodology, represent only a part of the total mass of the BWOP. For example,
Olivera et al. (2003) reported that around 30 % of BWOP (wet basis) was consti-
tuted by aliphatic and aromatic hydrocarbons. Nievas and coworkers found that the
total hydrocarbon fraction of BWOP was approximately 30 % [on a wet basis; this
increases to 46 % when correcting by water content (Nievas et al. 2006), 39 % (wet
basis; Nievas et al. 2005), and 4656 % (Nievas et al. 2008a)]. These facts mean that
polar compounds of bilge waste account for the remaining mass. The “no-
hydrocarbon” portion of bilge waste may be composed of lubricant additives, which
may represent up to 15 % of lubricant oils, polar compounds of fuel, and lubricants
(Haus et al. 2001), and degradation products of lubricants and fuel produced during
their lifetime use (Rizvi 2009).

4.3.3.3 Bilge Waste Biodegradation by Microbial Consortium

Biological treatment, within other technologies such as physically or chemically
improved separation (Ghidossi et al. 2009; Rincén and La Motta 2014; Bilgili et al.
2016), chemical oxidation (Portela et al. 2003; Cazoir et al. 2012), and thermal
destruction (Oneng et al. 2012), may be applied to manage bilge wastewater (Olivera
et al. 2003; Nievas et al. 2006, 2008a, b; Sun et al. 2009, 2010; Mancini et al. 2012).
Bioremediation treatments of hydrocarbon-impacted matrices have less environ-
mental impact, and are generally cheaper and also less energy consuming than other
processes, but usually they require longer treatment times and some compounds
may remain recalcitrant for certain treatments (USEPA 2000; Khan et al. 2004;
Fakhru’l-Razi et al. 2009, 2010; Reddy et al. 2011). Hence, waste biological treat-
ments need to achieve a large extent of biodegradation in times as short as possible
to be competitive. A classical approach to enhance hydrocarbon biodegradation is
the addition of a surfactant or dispersant to overcome the low solubility of these
compounds, making them available to microorganisms that develop in the aqueous
phase. Biosurfactants are biodegradable and less toxic in environmental applica-
tions than synthetic surfactants and thus are preferred for bioremediation (Makkar
and Rockne 2003; Olivera and Nievas 2010; Cappello et al. 2011; Rocha e Silva
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et al. 2014). Biosurfactants or bioemulsifiers can lower the water surface tension or
oil-water interfacial tension, increasing the hydrocarbon apparent solubility and the
surface interfacial area of oil-water systems by means of stabilizing emulsions (Ron
and Rosenberg 2002; Olivera and Nievas 2010). Many types of biosurfactant are
known; among them, surfactin is well characterized (Peypoux et al. 1999; Mordn
et al. 2002; Schaller et al. 2004). This lipopeptide low molecular weight biosurfac-
tant, produced by Bacillus subtilis strains, is able to decrease the water surface ten-
sion to less than 30 N m™ at concentrations greater then its critical micelle
concentration (CMC) (Olivera and Nievas 2010). Olivera et al. (2000) and Moran
et al. (2000) first studied the effect of surfactin addition and bioaugmentation on
bilge waste hydrocarbon remediation (Table 4.1). The biosurfactant used was pro-
duced by a Bacillus subtilis strain, isolated from hydrocarbon-polluted sediments
from Argentinean Patagonia (Mordn et al. 2000). Surfactin added at supra-CMC
concentration was able to enhance the biodegradation of the aliphatic and aromatic
fractions of the BWOP when the native bilge waste microbial community was used
as inoculum. Bilge waste degradation was also studied in microcosm aquaria simu-
lating accumulation pond conditions for the bilge waste aqueous phase, which could
be treated in situ (Olivera et al. 2000) (Table 4.1). Interestingly, in outdoor experi-
ments surfactin crude extract added at sub-CMC level stimulated biodegradation of
bilge waste hydrocarbons (Table 4.1) (Olivera et al. 2000). The same extent of bio-
degradation (<10 % hydrocarbon remaining) was reached in 10 days with biosurfac-
tant, in comparison with control or bioaugmented experiments that required 20 days
to reach similar hydrocarbon reduction levels. No preferential degradation of hydro-
carbon was produced by the surfactin addition, nor was significant enhancement by
bioaugmentation. The latter demonstrates that the native microbial consortium of
bilge waste of the control treatment, added by the nonsterile oily phase, had ade-
quate metabolic versatility to degrade the aliphatic and aromatic hydrocarbons, very
similar to those of the enriched inoculum.

In addition, the native microbial communities from Puerto Madryn bilge wastes
dumping pools harbor biosurfactant or bioemulsifier producer members. For exam-
ple, we reported bioemulsifier production by the native microbial community of
bilge wastes, in the early stationary growth phase, that concomitantly happened
with the medium acidification during biodegradation of bilge wastes (Nievas et al.
2005). Two treatments for neutralizing the medium were tested, by intermittent
addition of alkali and by buffering. For both, an enhancement in biodegradation
occurs in comparison with a no controlled-pH treatment, which undergoes a pH
decrease from 7.8 to 5.5 keeping constant at this value from day 6. Further, cells,
supernatant, and the hydrocarbon phase of these cultures were assessed for emulsi-
fication activity. Some biosurfactants are produced by hydrocarbon-degrading
microorganisms in an extracellular form, for example, surfactin in Bacillus subtilis
or thamnolipids in Pseudomonas sp. (Ron and Rosenberg 2002; Soberén-Chdvez
et al. 2005; Nitschke and Pastore 2006), whereas other surfactans/emulsifiers are
produced bonded to the cell wall, for example, a glucose-lipid in Alkanivorax bor-
kumensis and emulsan in Acinetobacter calcoaceticus (Abraham et al. 1998; Ron
and Rosenberg 2002). In bilge waste hydrocarbon biodegradation assays, the bio-
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Fig. 4.3 Effect of pH on emulsification activity (E24%) of an emulsifier produced by the autoch-
thonous microbial community of bilge waste (Nievas et al. 2005). E24% performed with a disper-
sion of the hydrocarbon phase of a 10-day culture, diluted 1:1 (v/v) in buffer solution of different
pH. a Oily phase from a biodegradation assay without external modification of medium pH. b Oily
phase from a biodegradation assay with intermittent alkali neutralization. ¢ Oily phase from a
biodegradation assay with 10 mM TRIS, pH 7.8

emulsifier was found associated to the oily phase. Moreover, the pH of the culture
medium affected the emulsifier activity, being optimal for the range of 6.5-7.5
(Fig. 4.3) (Nievas et al. 2005). This observation means that enhanced biodegrada-
tion could be in part attributed to a better emulsification. Taking into account that
the same microbial inoculum was used for all experiments and no significant differ-
ences were found in microbial biomass (assessed by microbial count), the enhance-
ment in biodegradation could be better explained in terms of hydrocarbon
accessibility to microorganisms than on the intrinsic metabolic capabilities of the
microbial consortium. Thus, this study established neutral pH as the optimal condi-
tion to carry out bilge waste biodegradation.

The autochthonous microbial community showed a high biodegradation extent
of aliphatic and aromatic hydrocarbons of bilge wastes. In outdoor aquaria experi-
ments hydrocarbon reduction, assessing the composition of the oily phase, was
97 % and 94 % for the aliphatic and aromatic fractions in treatment with the native
inoculum, whereas in a bioaugmented treatment reduction was near 98 % and
95 %, respectively, after 20 days. For the biosurfactant-added treatment, nearly
93 % reduction of the initial content for both hydrocarbon fractions was obtained
in 10 days (Table 4.1) (Olivera et al. 2000). In the 80-1 bioreactor batch experiment
amendment with biosurfactant, 83 % and 76 % reduction for total aliphatic and
total aromatic hydrocarbons of the initial content (5 % v/v BWOP) was found in 17
days (Table 4.1) (Olivera et al. 2000). Reduction in hydrocarbons in these experi-
ments accounts for biodegradation and evaporation. Also, measurements were per-
formed in the oily phase, which prevents closing a mass balance. Although some
dilution of hydrocarbons in polar metabolites in the oily phase could exist, the high
hydrocarbon diminutions are clear evidence of the potential of the autochthonous
consortium to be applied in bioremediation of bilge wastes. Further, when biore-
mediation was assessed in 2-1 batch bioreactors at 1 % v/v BWOP initial concen-
tration without external surfactant added, reduction of the total mass in the reactor
of the aliphatic and aromatic hydrocarbons and total n-hexane extractable were
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nearly 92 %, 99 %, and 85 %, respectively, in 14 days (Nievas et al. 2006). For
experiments performed with another consortium, obtained from bilge wastes,
reduction percentages were 96 % for n-alkanes in less than 3 days and 68—71 % for
total hydrocarbons in 6 days, for initial waste concentrations of 0.18 % and 0.53 %
v/v (Nievas et al. 2008a) (Table 4.1). Notably the greatest reduction in UCM, and
in consequence in total hydrocarbons, in the culture with initial concentration of
0.53 % v/v BWOP happened in less than 24 h after complete emulsification of the
reaction medium occurred by the self-biosurfactant-producing consortia. The
sequential degradation of n-alkanes and further UCM after emulsifying production
suggests that n-alkane depletion may be involved in emulsification triggering.
Some hydrocarbon-degrading bacteria grow attached to hydrocarbon water drop-
lets, and when droplets became exhausted of n-alkanes, cells detached from the
interface, releasing the biopolymer, which remains attached to the hydrocarbons
and acts as a potent emulsifier. In example, this occurs with Acinetobacter calcao-
ceticus producing Emulsan or Alcanivorax sp. strain growing on BWOP (Ron and
Rosenberg 2002; Olivera et al. 2009). This fact also confirms the relevant role of
emulsification during bilge waste biodegradation in a bioreactor, by a self-produc-
ing emulsifier consortium. In addition, a large extent of biodegradation was also
obtained for individual 2- to 4-PAH parent compounds and alkylated derivatives in
the range of 50-100 % assessed in the whole media in a 2-1 bioreactor (Nievas
et al. 2006) and of 71-100 % for the assessment in a 80-1 bioreactor experiment in
the oily phase (Olivera et al. 2003).

Hydrocarbon evaporation during biodegradation experiments was assessed in the
gas off-stream from bioreactors aiming to provide information for dimensioning
exhaust air treatment needs (Nievas et al. 2006, 2008a). Total hydrocarbon evapora-
tion was in the range of 5-12% of the initial hydrocarbon content for 0.18 %,
0.53 %, and 1 % v/v BWOP experiments carried out at 25 °C at 1 vvm aeration. The
most important mass loss was observed in the first 2 days. Evaporated compounds
were found in all hydrocarbon classes monitored up to volatilities similar to n-C16
when assessed by CG (Nievas et al. 2006, 2008a).

The studies summarized in Table 4.1 cannot be directly compared because they
were performed with BWOP differing in composition, with autochthonous bilge
waste obtained at different times and subsequently enriched under different condi-
tions, and also analyzed with different methodologies. However, altogether these
results constitute the basic knowledge to establish the biological treatment of bilge
wastes as a viable option for the management of these wastes. Further investigation
is needed to improve the process, and scale it up, as well also to evaluate new reac-
tion configurations; for example, by providing a continuous treatment process.
Combination of treatment technologies, such as biodegradation with a native micro-
bial community step followed by separation by means of membrane filtration, is
feasible and seems to be the best alternative for bioreactor-based processes, achiev-
ing short treatment times.
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4.3.3.4 Bilge Waste Autochthonous Microbial Community

The native microbial community of bilge wastes from Puerto Madryn was studied
through isolation of hydrocarbon-degrading microorganisms, assessing its meta-
bolic hydrocarbon profile, and also by characterizing the naphthalene degradation
potential. Olivera et al. (2003) isolated 14 strains from the oily phase of bilge wastes
belonging to the genera Pseudomonas and Vibrio. The isolates identified with the
API test resulted in P. stutzeri, P. putrefaciens, Vibrio harveyi, other unidentified
Pseudomonas sp. and Vibrio sp. strains, and 4 unidentified strains. All the isolated
strains were able to growth on naphthalene, except one P. stutzeri 78 that only grew
on n-alkanes. The gene nahAc was found ubiquitously distributed in the whole
microbial community of the dumping pools at the water phase, oily phase, bottom,
and surroundings. Moreover, 4 Pseudomonas isolates yield nahAc gene amplifica-
tion. This gene codifies the upper part of the catabolic pathways of naphthalene
biodegradation to salicylate in many Pseudomonas (Habe and Omori 2003).
Because some isolates that were able to degrade naphthalene showed no amplifica-
tion of nahAc, likely the bilge waste microbial community has a diversity of PAH
catabolic genes divergent from the classical nah-like type (Olivera et al. 2003). In a
later survey, 16 strains were isolated from the oily phase of bilge wastes (Nievas
et al. 2006). Four of them were gram positive and showed no hydrocarbon degrada-
tion activity. The remaining 12 isolates, identified by 16S rRNA, belong to the
genus Pseudomonas and were closely related to P. stutzeri. On the taxonomic level,
members of P. stutzeri are grouped into at least 17 genomic variant groups termed
genomovars (Lalucat et al. 2006). Five isolates from bilge wastes form a clade with
P. stutzeri genomovar 3, where the Pseudomonas sp. NAP-3-1 strain isolated from
PAH-polluted sediment and other isolates from the marine environment are grouped
(Rockne et al. 2000). The bilge wastes isolates showed ability to degrade a broad
range of hydrocarbon mixtures (diesel oil, petroleum, bilge wastes), aliphatics
(n-hexane, n-hexadecane), and PAH hydrocarbons (naphthalene, phenanthrene,
fluorene, pyrene) (Nievas et al. 2006). One of these P. stutzeri strains was further
studied in the Microresp system with different hydrocarbons as the single carbon
sources. It was able to mineralize the same PAHs and n-hexadecane, and it also
formed biofilms (Sepulveda et al. 2015). Many studies demonstrated the high meta-
bolic versatility of P. stutzeri and its capacity to degrade hazardous compounds
including petroleum hydrocarbons, particularly 2- to 4-ring PAH compounds
(Stringfellow and Aitken 1995; Rockne et al. 2000; Réling et al. 2004; Santisi et al.
2015).

On the other hand, the microbial community enriched from the oily phase of
bilge waste from Puerto Madryn was analyzed by polymerase chain reaction-
denaturing gradient gel electrophoretic (PCR-DGGE), a culture-independent
method, to identify the dominant taxons and to assess its population dynamics dur-
ing bilge waste biodegradation (Nievas et al. 2010). An aerated 2-1 batch bioreactor,
with initial content of 0.53 % v/v BWOP in mineral medium inoculated with the
autochthonous bilge waste microbial consortium, was evaluated at different times
(Table 4.1) (Nievas et al. 2008a). Members of the genus Marinobacter were
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dominant in the enrichment, and Pseudomonas, Shewanella, and Halomonas were
also detected. During the biodegradation experiment, the exponential growth phase
agreed with n-alkane depletion and an increase in the prevalence of Pseudomonas
and Shewanella. Only after emulsification happened, biodegradation of the more
recalcitrant hydrocarbons found in an UCM occurred, associated with a predomi-
nance of Marinobacter and Shewanella (Nievas et al. 2010). Remarkably, strains
belonging to the genera Shewanella, Marinobacter, Halomonas, Pseudomonas, and
Vibrio can use diverse electron acceptors other than oxygen, most of them being
able to reduce nitrate coupled with hydrocarbon degradation (Yakimov et al. 1998;
Lalucat et al. 2006; Hau and Gralnick 2007; Grimaud 2010; Kaser and Coates 2010;
Duran 2010). P. stutzeri is able to transform nitrate in nitrogen, and several strains
have been isolated under nitrate-reducing conditions as degraders of dibenzothio-
phene and 2- to 4-ring PAHs (Lalucat et al. 2006). Shewanella, a genus of which
most of the known isolates are from the marine environment, is a facultative anaer-
obe and has the ability to utilize a diverse array of final electronic acceptors such as
nitrate and metals, which may explain its adaptation to extreme environmental con-
ditions. Its broad metabolic capabilities include biodegradation of hydrocarbons
and halogenated hydrocarbons (Hau and Gralnick 2007). Vibrio and Marinobacter
are both nitrate utilizers and hydrocarbon degraders in the marine environment
(Duran 2010; Kaser and Coates 2010; Rodriguez-R et al. 2015). Halomonas are
aerobic chemo-organoheterotrophs, frequently found in hypersaline environments
contaminated with oil, and have been identified also in halophilic oil-degrading
consortia (McGenity 2010). Many Halomonas strains have the ability to grow by
respiring nitrate (McGenity 2010). Bilge waste typically becomes anoxic, both in
ships and also in storage tanks or dumping pools, because the oily floating phase
prevents its aeration. This feature seem to be determinant in selecting typically
marine hydrocarbon degraders, which are able to survive and even develop favour-
ably under facultative/anoxic conditions, in the microbial community that colonizes
bilge waste from Puerto Madryn dumpling pools.

4.4 Conclusions

The increasing demand of higher environmental standards at the global level
requires efficient, safer, and low-cost biotechnological processes to recover impacted
sites and to treat and dispose hazardous waste. Argentinean Patagonia, the microbial
diversity of which is still mostly unknown, remains as an interesting reservoir of
marine microorganisms with potential for biotechnological application related to
environmental hydrocarbon bioremediation. This chapter briefly introduces the bio-
prospection of microorganisms and microbial communities recovered from some
polluted sites and wastes from Patagonia, which revealed hydrocarbon biodegrada-
tion potential for bioremediation processes development. An Alcanivorax strain was
isolated from sediments with a hydrocarbon pollution history, reinforcing the broad
distribution in temperate marine environment of this hydrocarbonoclastic bacteria
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and its presence in the South Atlantic. The autochthonous microbial communities of
bilge wastes from the port of Puerto Madryn harbor bacteria from the marine origin,
described as versatile hydrocarbon degraders of both aliphatic and aromatic hydro-
carbons and producers of biosurfactants and bioemulsifiers. Efficient aerobic hydro-
carbon biodegradation from bilge waste was demonstrated by the autochthonous
microbial community at different experimental scales and reactor configurations,
denoting that further research focus on scale-up of hydrocarbon remediation pro-
cesses, and its combination with separation technologies, would be worthwhile to
establish feasible biological treatment for hydrocarbon-polluted saline waters.
Moreover, bilge waste microbial communities are promising candidates to be
applied in versatile bioreactor waste treatments where oxygen availability varies
significantly, such as a biofilm reactor or sequencing batch reactor, because presum-
ably such may be able also to utilize hydrocarbon under facultative/anoxic
conditions.
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Chapter 5

Assessment of Microbial Patagonian
Communities for Using in Heavy Metal
Bioremediation

Ana Belén Segretin, Maria Alejandra Lima, Graciana Willis Poratti,
Maria Sofia Urbieta, Cecilia Bernardelli, Alejandra Giaveno,
and Edgardo Donati

Abstract Assessing microbial communities in extreme environments allows the
search for novel extremophilic microorganisms that can be of use in the development
or improvement of biotechnological processes. Most microbial communities devel-
oped in such harsh environments have different heavy metal resistance strategies of
importance in some technological applications as biomining but also in the bioreme-
diation of metal-polluted environments. In this chapter we describe the microbial
diversity of an acidic, volcanic geothermal environment in Northern Patagonia of
Argentina: the Copahue geothermal system, containing different geothermal mani-
festations with temperatures up to 90 °C and pH values from 2 to 7 under aerobic and
anaerobic conditions, provoking an enormous biodiversity. In addition, we report
some heavy metal applications of those communities, focusing mainly in the biopre-
cipitation of heavy metals using sulfate-reducing microorganisms.

5.1 Introduction

Assessment of prokaryotic biodiversity in extreme environments allows much more
than a simple description of the microorganisms inhabiting a particular habitat. The
knowledge of microbial diversity provides the chance to understand the species
interrelationships, the influence of the environmental parameters on the community
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structure, and the role of those microorganisms in the geochemical cycles. But even
more important, from such assessment the chances to isolate new species of micro-
organisms useful for different biotechnological applications are significantly
improved (Rothschild and Mancinelli 2001).

Prokaryotic biodiversity is particularly attractive in thermal and/or acidic envi-
ronments containing considerable heavy metal concentrations (Burgess et al. 2012).
These extremophiles have developed mechanisms of resistance to thrive in the pres-
ence of heavy metals, and such strategies can be used for the bioremediation of
those toxic chemical species. Within these extremophilic microorganisms, thermo-
philes can increase the rate of the processes because they can grow at moderate and
high temperatures (Meyer-Dombard et al. 2005; Kublanov et al. 2009; Reigstad
et al. 2010; Wembheuer et al. 2013; Urbieta et al. 2015a, b). In the same way, acido-
philic microorganisms offer some additional advantages in processes working with
heavy metals because most of them are soluble at low pH values.

Patagonia has many extreme environments and some geothermal zones very
attractive for assessing polyextremophiles. Our research team has studied the pro-
karyotic diversity of an acidic, volcanic geothermal environment in Patagonia: the
Copahue geothermal system, which is situated in the Cordillera Norpatagénica in
the northwest of Neuquén Province, Argentina. The area is crowned by the Copahue
volcano, whose activity produced diverse geothermal manifestations such as mud
cones, hot springs, ponds, and pools grouped in five main areas named Copahue
Thermal Centre, Las Mdquinas, Las Maquinitas, Anfiteatro y Chancho-Co (over the
Chilean side) (Varekamp et al. 2009). Most samples studied by our research team
belong to Las Mdquinas and Las Maquinitas. Las Mdquinas has a large acidic
(pH 3.2) moderate temperature (36 °C) pool with sulfur and pyrite deposits. Las
Magquinitas shows hot springs with the most extreme conditions (temperature 90 °C
and pH 2). Some photographs of these places are shown in Fig. 5.1.

Close to the crater of the Copahue volcano, there are two acidic (pH 0.3-2.3) ther-
mal springs, whose streams meet forming the Rio Agrio. Rio Agrio runs down the
volcano slope forming various cascades and finally discharges in Caviahue Lake at
13.5 km; along the way, the temperature of the water decreases greatly but remain
very acidic, with pH values close to 1. Figure 5.2 shows some images from Rio Agrio.

In this chapter we describe the microbial diversity detected in several samples
taken from the Copahue geothermal system. In addition, we report some heavy
metal potential applications of those communities, focusing on the bioprecipitation
of heavy metals and bioreduction of hexavalent chromium. Hyperresistance to arse-
nic manifested by some microbial communities is also reported.

5.2 Biodiversity Assessment

Our assessment strategy implies three different approaches, enrichment of the sam-
ples to the isolation of autochthonous extremophilic microorganisms, and two
culture-independent alternatives using microbial ecology techniques such as



5 Assessment of Microbial Patagonian Communities for Using in Heavy Metal... 73

Fig. 5.2 Cascades belong to Rio Agrio

amplification and sequencing of the complete 16S rRNA gene of the entire com-
munity and fluorescent in situ hybridization (FISH) for quantitative information on
the species distribution and community structure.
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5.2.1 Materials and Methods

Temperature, electrical conductivity, redox potential, and pH of the samples were
measured using calibrated instruments. Water samples were collected in sterile plas-
tic jars. Samples were fixed for FISH in the field using paraformaldehyde to achieve
a 4 % final concentration. Samples were incubated for 4—12 h, then diluted in sterile
water and filtered through a 0.22-um membrane. Filters were washed and neutral-
ized with phosphate-buffered saline (PBS) buffer. Different universal and specific
CY3-labeled probes were used on the filters, and 4',6’-diamidino-2-phenylindole
(DAPI) stain was used in all hybridizations to evaluate total cell numbers. Vectashield
mounting medium (Vector Laboratories, Burlingame, CA, USA) was added to prep-
arations to avoid fluorescence fading. A Leica DM 2500 epifluorescence microscope
was used to visualize hybridization. Images were taken using a Leica DFC 300 FX
camera and its corresponding software (Leica Microscopy Systems, Heerbrugg,
Switzerland). Total cell density was calculated as the average of at least 50 DAPI-
stained fields. Hybridization percentages for universal probes were calculated as the
quotient of the average recount of 20 hybridized fields divided by the average
recount of those same fields with DAPI stain. Hybridization percentages for specific
probes were calculated considering EUB338-based cell counts as 100 %.

A portion of each original sample was inoculated into specific media using dif-
ferent energy sources under physicochemical conditions similar to the environments
where they were taken (more details can be found following). Previous results have
been published in Chiacchiarini et al. (2010).

Other portions of the samples were filtered through 0.22-pm membranes. The fil-
trates were used for chemical analysis. Different metal concentrations were determined
by atomic absorption spectrophotometry. The material retained on the membranes, after
washing with sterile water and TE buffer, was exposed to DNA extraction using the Fast
DNA Spin Kit. Cells were disrupted using a mixture of ceramic and silica beads in a
vortex at maximum speed. 16S rRNA genes were amplified by polymerase chain reac-
tion (PCR) using forward primers 8F: 5'-AGAGTTTGATC(A/C)TGGC-3' for Bacteria
and 25F: 5'-TCYGGTTGATCCYGCCRG-3’ for Archaea (Achenbach and Woese
1999), whereas the reverse primer for both was 1492r: 5'-TACCTTGTTACGACTT-3'".
PCR conditions were as follows: initial denaturation at 95 °C for 5 min, followed by 38
cycles of denaturation at 95 °C for 1 min, an annealing temperature of 46 °C for the
Bacteria domain primers and 50 °C for Archaea domain primers maintained for 1 min,
and final extension at 72 °C for 1 min. Amplification reactions contained 20-30 ng DNA
per 50-ml reaction volume, 1x PCR buffer (Promega Biotech), 2.5 mM of each of the
deoxynucleotides, 2.5 mM MgCl,, 500 mM of the forward and reverse primers, and
0.025 U ml~! Taq DNA polymerase (Promega Biotech). PCR amplification was checked
by 1.2% agarose gel electrophoresis stained with ethidium bromide. Amplified 16S
rRNA gene products (>1400 bp) were cloned using the Topo Ta Cloning Kit (Invitrogen,
Carlsbad, CA, USA) and sequenced using a BigDye Sequencing Kit (Applied
Biosystems) following the manufacturer’s instructions. Sequences were checked for
potential chimeras using the Bellerophon Chimera Check programme (http:/green-
genes.Ibl.gov/cgi-bin/nph-bel3_interface.cgi) and Mallard software. Operational taxo-
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nomic units (OTUs) were defined at 0.03 average distance between sequences (equivalent
to 97 % similarity) using the ARB software package (http://www.arb-home.de). A dis-
tance matrix generated using the Greengenes on-line tool (http://greengenes.lbl.gov/cgi-
bin/nph-distance_matrix.cgi) was used as the input file to distance-based OTU and
richness (DOTUR) software, which assigns sequences to OTUs for every possible dis-
tance. Rarefaction analysis and the Chaol nonparametric diversity estimator were
applied to the clone library to estimate how completely the library had been sampled and
to extrapolate to total sequence diversity. Further analysis of one representative of each
OTU was carried out using the Classifier and Taxomatic online tools of the Ribosomal
Database Project (http://rdp.cme.msu.edu). Phylogenetic trees were constructed using
ARB tools on a database constructed with more than 53,000 16S rRNA sequences
updated with BLAST closest matches for Copahue sequences. Neighbor-joining and
Jukes—Cantor correlation were used. The rRNA alignments were corrected manually,
and bootstrap values were calculated for 1000 replications to give statistical support to
the results. Biodiversity indices were calculated using PAST software (version 2.14).

5.2.2 Results

Biodiversity in the Copahue geothermal field was approached by two complemen-
tary strategies (Urbieta et al. 2012, 2014, 2015a, b). The assessments on water
samples as well as in the microbial biofilms were done using amplification and
sequencing of 16S rRNA gene of Bacteria and Archaea (the set of primers
used was 8F: 5-AGAGTTTGATC(A/C)TGGC-3" for Bacteria and 25 F:
5'-TCYGGTTGATCCYGCCRG-3’ for Archaea; reverse primer for both was
1492r: 5'-TACCTTGTTACGACTT-3"). Hybridizations (FISH technique) were
done with general bacteria and archaea probes or more specific ones according to
the phylogenetic classes or genera detected. Figures 5.3, 5.4,5.5, 5.6, and 5.7 show
the results for the five most representative points into the geothermal field (Las
Miquinas, LMa; Laguna Verde, LVE; Bafio 9, B9; Laguna Sulfurosa, LS; Las
Magquinitas, LMi); Figs. 5.6 and 5.7 show the results for two points along Rio
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Agrio (one of them, VA2, is close to the origin and the other, CV, is several kilo-
meters downstream, just at the Cabellera de la Virgen cascade).

On the other hand diverse enrichment cultures and isolations from samples with
specific environmental characteristics were carried out focusing on the isolation of
microorganisms with certain metabolic features such as iron and/or sulfur compound
oxidation, sulfate reduction, heavy metals transformation, and photosynthesis con-
nected with lipid accumulation or other alternative energy sources production.

Ponds and hot springs selected from the thermal manifestations showed markedly
different community structures, depending essentially on temperature but also on
other factors such as anthropogenic intervention. The last influence can be checked
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in the different composition of the prokaryotic community found in two ponds
(LMa and LVE) with similar acidic pH (~3) and moderate temperature conditions
(around 30 °-35 °C). In both ponds, bacteria was dominant with more than 84 %
hybridization with the probes EUBI-III that together cover most of the species in the
domain Bacteria. However, LMa was colonized by acidophilic, mesophilic, autotro-
phic, or mixotrophic sulfur-oxidizing bacteria related to the genera Thiomonas (91 %
of the clones analyzed) and Acidithiobacillus (5%); at LVE, situated inside the
healthcare facility at Copahue Thermal Centre, the number of species detected was
higher, with a smaller representation of acidophiles and the presence of various spe-
cies of heterotrophs, such as Acinetobacter and Pseudomonas, related to human
activities. Archaea were not detected in these moderate temperature ponds by ampli-
fication of 16S rRNA genes.
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It was interesting to probe that as the temperature of the ponds increased the
prokaryotic community composition shifted toward Archaea. For instance, in the
waters of the pond B9, with a temperature of 40.5 °C and a pH of 2.7, Archaea rep-
resented 84 % of all the microorganisms detected according to DAPI stain and
hybridization with the probe ARQ915 specific for the domain Archaea.

Approximately 60% of the archaeal clones were affiliated with the order
Thermoplasmatales in the phylum Euryarchaeota (no further taxonomic classifica-
tion was possible) and showed between 96 % and 99 % similarities with other uncul-
tured archaeal clones detected in other acidic geothermal regions. The archaeal
community was completed by two groups of Creanarchaeotas: one only classified
as members of the class Thermoprotei and other associated to the genus Sulfolobus,
which are aerobic, thermophilic, acidophilic sulfur-oxidizing Archaea very com-
mon in acidic high-temperature environments. Only one bacterial genus was
detected in B9: Hydrogenobaculum, a group of acidophilic, thermophilic, chemoli-
thotrophic, hydrogen- and sulfur-oxidizing species found in many sulfur-rich geo-
thermal environments around the world.

In other acidic ponds in the Copahue Thermal Centre with temperature greater
than 50 °C, Thermoplasmatales and Sulfolobus were still dominant and Acidianus
copahuensis appeared. A. copahuensis is a novel thermophilic, acidophilic, faculta-
tive anaerobic, sulfur- and iron-oxidizing strain isolated, characterized, and reported
by our group that is apparently autochthonous from Copahue (Giaveno et al. 2013).
In these ponds, other thermophilic anaerobic Archaea, such as Vulcanisaeta and
Thermocladium, were detected.

The most extreme conditions were found at Las Maquinitas with a temperature
of 87 °C, close to the boiling temperature of water at Copahue’s altitude, and a pH
of 2. Such extreme conditions were reflected in the biodiversity found: Archaea
represented 95 % of all microorganisms detected by DAPI and hybridization assays
and were represented by only one sequence affiliated to the genus Sulfolobus that
showed low sequence similarity (approximately 94 %) to uncultured archaeal clones
retrieved from diverse acidic and high temperature thermal environments, which
might indicate the existence of another novel autochthonous strain from Copahue.
On the other hand, the bacteria detected in Las Maquinitas by amplification and
sequencing of the 16S rRNA gene were all related to mesophilic and neutrophilic
species typical of the soil or associated with human presence that were probably not
metabolically active in the extreme environmental conditions of such hot springs.

Biofilms found at the borders of the pools and ponds were also sampled. The
prokaryotic biodiversity of these biofilms, with temperatures from 30 ° to 36 °C,
was completely different from what was found in the waters of the ponds. An impor-
tant proportion of photosynthetic species and almost no presence of sulfur oxidizers
were our main results. The nature of the photosynthetic species is apparently deter-
mined by the pH of the microbial biofilm: in the samples with pH lower than 4 the
only photosynthetic species detected were related to the eukaryotes Bacillariophyta
and Chlorophyta, whereas in the samples with higher pH values, Cyanobacteria
related to the genera Synechococcus, Leptolyngbya, Mastigocladus, and Fischerella,
and Chloroflexi from the genera Roseiflexus and Chloroflexus, were also detected.
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Many of the sequences related to photosynthetic species presented low similarity
with known species. Only a small percentage of sequences related to Thiomonas
was detected in the samples with more acidic conditions.

The species found by cultivation from different ponds of the Copahue geother-
mal field are in agreement with the biodiversity detected in the molecular ecology
assessments (Dopson and Johnson 2012). For instance, sulfur-oxidizing species
related to Acidithiobacillus (At.) thiooxidans and At. caldus were isolated from vari-
ous moderate temperature ponds from the Copahue geothermal system; Archaea
related to Sulfolobus and Acidianus were isolated from ponds of more elevated tem-
perature. Heterotrophic acidophilic species, mesophilic and thermophilic, related to
Acidiphilium, Sulfobacillus, Alicyclobacillus, and Mesoaciditoga were isolated
from all the samples tested. Surprisingly, although iron-oxidizing species were
scarcely detected by molecular ecology techniques, they were isolated by cultiva-
tion from various samples, mainly species related to At. ferrooxidans, Leptospirillum,
and Sulfobacillus thermosulfidooxidans (Chiacchiarini et al. 2010). Sulfate-reducing
activity was found in enrichments carried out on anaerobic sediments. Several
sulfate-reducing strains were isolated in overlay plates under anaerobic conditions.
One of them presents 96 % similarity to the isolate Peptococcaceae bacterium CL4,
an acidophilic sulfate-reducing bacteria isolated from the bottom layer of an acidic
metal-rich stream in an abandoned mine in the Iberian Pyrite Belt in Spain, and the
other is related to the genus Desulfotomaculum, which are anaerobic mesophilic
and thermophilic spore-forming sulfate-reducing bacteria typical of subsurface
environments. Photosynthetic species were also detected by cultivation; when sam-
ples from microbial biofilms or mats that developed near the ponds were inoculated
in basal salt medium specific for enrichment of algae and cyanobacteria and culti-
vated at 25 °C with a light period of 12 h, species related to the cyanobacteria
Synechococcus elongates and Leptolyngbya sp. and the microalgaes Scenedesmus
obliquus and Chlorella sp. from the phylum Chlorophyta were identified.

In the case of acidic Rio Agrio, we also approached the assessment of its biodi-
versity by culturing and non-culturing techniques. In the study using molecular
ecology techniques it was found that the microbial community of Rio Agrio con-
sists of a relatively small number of acidophilic species commonly found in acid
mine drainage or in natural acidic environments such as Rio Tinto. Our results
(Figs. 5.8, 5.9) show that in spite of dilution that the river suffers from the input of
tributary streams of snowmelt origin, the microbial community structure and the
species found along its course do not change significantly. All through the river the
same concentration of microorganisms was found: about 2.5 x 106 cells ml~! accord-
ing to DAPI stain recounts. An almost constant 40 % of Archaea, between 17 % and
31% of Gammaproteobacteria, between 23 % and 31 % of Alphaproteobacteria,
and between 0% and 5% of Nitrospira according to FISH hybridization, were
detected. In the archaeal population, more than 94 % of the clones analyzed were
related to Ferroplasma: these are acidophilic, lithoautotrophic or mixotrophic
euryarchaeotas capable of iron and pyrite oxidation that are significant members of
the microbial community in very acidic, heavy metal-rich environments. In the
domain Bacteria, the Gammaproteobacteria were represented mostly by different
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Acidithiobacillus species such as At. ferrivorans, At. Albertensis, and At. thiooxi-
dans and by a minor fraction of sequences that were not possible to classify beyond
the class Gammaproteobacteria; however, they showed 99 % of sequence similarity
to other sequences retrieved from diverse natural or mining-related acidic environ-
ments. In the class Alphaproteobacteria, the only species detected was Acidiphilium,
an acidophilic chemoorganotrophic bacteria able to oxidize sulfur compounds that
is generally found in acidic environments where chemolithotrophic species are
found. In the Nitrospira group the only species found was Leptospirillum, mainly in
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the samples with higher concentrations of soluble ferrous iron, which is its only
energy source. In the origin of the river where the pH is 1, Leptospirillum species
would be metabolically favored for the oxidation of ferrous iron over Acidithiobacillus
species whose enzymatic routes are inhibited at pH values lower than 1.3. Still,
Acidithiobacillus species seemed to be more abundant than Leptospirillum, proba-
bly because sulfur compounds (that can be used as a source of energy by the first but
not the second), products of the sustained volcanic activity, are much more abundant
than ferrous iron. Close to the source of Rio Agrio also were detected between 6 %
and 8 % of sequences related to Sulfobacillus, a sulfur-oxidizing species that is a
very common member of the microbial community of acid mine drainages, and
between 6 % and 2 % of sequences related to Ferrimicrobium, an acidophilic hetero-
troph able to oxidize ferrous iron and to reduce ferric iron in anaerobic conditions.

Near to Caviahue Lake in the area of the waterfalls with pH values about 2, the
number of species dropped, only Acidithiobacillus, Acidiphilum, and Ferroplasma
being detected.

Mesophilic iron-oxidizing species related to At. ferrooxidans and Leptospirillum
were isolated when samples from the area of the cascades were inoculated in basal
salts solutions supplemented with ferrous iron and cultivated at 30 °C. On the other
hand, moderately thermophilic iron oxidizers and Archaea related to Sulfolobus and
Acidianus were isolated from the samples collected near the source of the river.
Sulfur oxidizers, some of them related to At. thiooxidans and At. caldus, were culti-
vated from samples all through the river. No acidophilic heterotrophic microorgan-
isms were isolated from Rio Agrio samples, emphasizing that the prevailing primary
producers are lithoautotrophic species (Chiacchiarini et al. 2010).

5.3 Biotechnological Applications

Extremophiles are receiving great attention because of their mechanisms of bio-
chemical adaptation to extreme conditions that can be used in different biotechno-
logical applications. Not only can microorganisms isolated from extreme
environments have a wide biotechnological potential, but also many of their bio-
molecules—and especially extremoenzymes—could be used to improve current
processes or to develop new ones.

Although biotechnological applications for extremophiles are extremely diverse,
in this chapter we focus on those capable of being used for heavy metal remediation.
Many technologies have been developed to overcome the pollution produced by
heavy metals, including reduction, filtration, electrochemical treatment, evapora-
tion, reverse osmosis, ion exchange, and chemical precipitation (Hashim et al. 2011);
most of these are expensive and/or inefficient at low metal concentrations and when
pollution involves large areas or volumes. Biological treatments have many advan-
tages from economical, environmental, and practical aspects. These treatments are
related to the mechanisms the resistant microorganisms use to survive in hostile
environments with high metal concentrations. The main metal resistance mecha-
nisms include exclusion by permeability barrier, intra- or extracellular sequestration,
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active-transport efflux pumps, and enzymatic transformation to other, less toxic,
species. The first step to detect suitable microorganisms for metal (and metalloids)
bioremediation is analyzing the tolerance/resistance to different metals and metal-
loids. Thus, many environmental screenings to detect metal (and metalloids) resis-
tance have been reported and are being daily reported.

In this way, samples from the Copahue geothermal field have been inoculated in
increasing metal/metalloid concentration cultures, and we have been successful to
detect microbial communities with high resistance to certain metal(loid)s, including
some that are not present in the field. For example, we achieved a significant growth
for some samples from Rio Agrio in heterotrophic cultures with very high arsenic
concentrations: up to 1.4 and 33.75 g 17! of As(IIT) and As(V), respectively (arsenic
is present in the water samples but in very low concentrations). This hyperresistance
to arsenic suggests the chance to use those microbial communities to remediate
arsenic-contaminated effluents (Drewniak et al. 2008; Rawlings 2008).

The mechanisms for surviving in the presence of high metal concentration allow
designing some strategies for metal bioremediation. These strategies can be classi-
fied in three different groups: immobilization of metals present in liquid effluents,
mobilization of metals contained in solid wastes, residues, and spent and exhausted
devices, and transformation of metals to less toxic chemical species.

5.3.1 Metal Mobilization

Many solid residues and wastes have a high content of metals that disallows their final
disposal according to environmental regulations. In addition, such residues and wastes
can be regarded as potential sources for metals. The biotechnologies to mobilize met-
als are based in leaching processes. Microorganisms are able to generate many differ-
ent leaching products (oxidizing agents, reducing agents, mineral acids, organic acids,
solvents, etc.) to extract metals from mineral wastes, contaminated sediments, elec-
tronic wastes, spent catalysts, etc. Acidophilic iron- and sulfur-oxidizing microorgan-
isms are surely among those most used for those purposes. These microorganisms
(Bacteria and Archaea) are able to generate sulfuric acid from the oxidation of ele-
mental sulfur or reduced sulfur compounds under aerobic conditions; moreover, some
generate ferric iron from the oxidation of ferrous iron. These acidic and oxidizing
media can be used to solubilize metals from many insoluble compounds.

The main sulfur-oxidizing microorganisms are mesophilic and autotrophic bac-
teria belonging to the genus Acidithiobacillus. Within Acidithiobacillus,
Acidithiobacillus thiooxidans and Acidithiobacillus ferrooxidans are the most
important species. The last is also able to oxidize iron (II), which is also the process
catalyzed by Leptospirillum ferrooxidans. Also, many Archaea are able to catalyze
the same processes; the most important Archaea belong to the genera Sulfolobus,
Acidianus, and Ferroplasma.

Our research group has published several papers using those microorganisms to
mobilize metals from residues and wastes (Cerrutti et al. 1998; Viera and Donati
2004; Coto et al. 2008; Viera et al. 2008).
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5.3.2 Metal Immobilization

The two main biotechnologies to immobilize metals are biosorption and bioprecipi-
tation. Metal biosorption can occur either by metabolism-independent passive sorp-
tion or by intracellular, metabolism-dependent active uptake. Both processes may
occur in the same organism. The terms sorption and adsorption are usually used
when passive accumulation is being considered whereas uptake and accumulation
are used when metabolism-dependent intracellular transport is implied. The non-
metabolic biosorption processes comprise different mechanisms: chemisorption,
ion exchange, complexation, coordination, chelation, and physical adsorption.
Although there are many reports on the higher biosorption capacity of living bio-
mass in comparison with dead biomass, the first case has some disadvantages; the
process is irreversible, and in addition substrates must be added to cultivate the
biomass, and it is necessary to avoid possible inhibition caused by metals.

The second biotechnology to immobilize metals is bioprecipitation; in this pro-
cess some microorganisms generate metabolic products that readily precipitate with
heavy metals. The most important case within bioprecipitation is that provoked by
sulfate-reducing microorganisms (SRM). These microorganisms (mainly bacteria)
are able to obtain energy for cell synthesis and growth by coupling the oxidation of
low molecular weight organic substrates (lactate, acetate, propionate, ethanol, etc.),
under anaerobic conditions, to the reduction of sulfate to sulfide.

SRM are a complex physiological prokaryote group with a variety of essential
functions in many anaerobic environments. To date, there are four groups of SRM:
gram-negative mesophilic SRM, gram-positive spore-forming SRM, thermophilic
bacterial SRM, and thermophilic archaecal SRM. The main families of gram-negative
SRM are Desulfovibrionaceae and Desulfobacteriaceae. The group of gram-positive
spore-forming SRM is dominated by the genus Desulfotomaculum. Within the
group of bacterial thermophilic SRM, the main species are Thermodesulfobacterium
commune and Thermodesulfovibrio yellowstonii. Finally, the archaeal group is char-
acterized by optimal growth temperatures above 80 °C. Two species have been com-
pletely described: Archaeoglobus fulgidus and Archaeoglobus profundus.

The sulfide produced by SRM activity can be used for metal precipitation (Kikot
et al. 2010; Kieu et al. 2011). This ion reacts with metal ions present in contaminated
waters and precipitates as insoluble metal sulfide. The solubility products of most
heavy metal sulfides are very low, which is why even low concentrations of sulfide
can remove metals to levels permitted in the environment. In addition to precipitat-
ing metal sulfides, sulfate reduction utilizes protons (especially when the initial
strong acid is converted in a weak acid) and provokes an elevation in pH that can also
contribute to precipitation of certain metals. The main advantage of bioprecipitation
over the chemical treatment of effluents with heavy metals is the reduction of the
sludge volume that is generated when carbonates are used for precipitation. In addi-
tion, metal sulfides are more stable under anaerobic conditions than hydroxides or
carbonates because of their lower solubility product.

The major limitation in the application of this technology is the sensitivity of
SRM to acidity and high metal concentration. The inhibition at low pH values is
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related to the use of small organic acids as carbon sources; these molecules are
almost not dissociated at such pH values and can cross the cell membranes to dis-
sociate into the cells where the pH is almost neutral. To avoid such inhibition,
organic acids must be replaced by other nonacidic carbon sources (such as glycerol);
in addition, adaptation and/or isolation from acidic environmental samples or a soft
previous neutralization allow obtaining a suitable growth at pH values below 4.5.

5.3.2.1 Case Study

In this section we describe some experiments on metal bioprecipitation using neu-
trophilic and acidophilic SRM isolated from the Copahue geothermal zone.

To obtain neutrophilic SRM communities, samples from Copahue were enriched
using Postgate B medium, with lactate as the electron and carbon source and sulfate
as the terminal electron acceptor. The basal medium contains the following (in 1™
distilled water): KH,PO, 0.5 g, NH,Cl 1 g; CaSO, 1 g, MgSO,+7H,0 2 g, sodium
lactate 3.5 g, yeast extract 1 g, FeSO,+7H,0 0.5 g, ascorbic acid 0.1 g, thioglycolic
acid 0.1 g. The pH was adjusted to 7.0 with NaOH 5 M. The medium was divided
into 50-ml flasks, sealed with rubber stoppers, and sterilized by autoclaving at
121 °C for 20 min. After that, the flasks were opened under sterile conditions, sedi-
ment samples added, and the flasks immediately closed. Flasks containing the
medium and sediment samples were incubated at 30 °C for 15-20 days. Growth of
cultures was monitored periodically by measuring the remaining sulfate concentra-
tion using a turbidimetric method with BaCl, and by observing the formation of
black precipitates (FeS). Positive enrichments were used in bioprecipitation assays.

Samples for acidophilic communities were enriched in a SRM medium with
glycerol 3 mM, yeast extract 0.01 % (w/v), zinc 4 mM, FeSO, 100 pM, K,SO,
0.87 g I!, basal salts, and trace elements (initial pH 3.0). Nitrogen was bubbled
through the media to displace oxygen to create an environment for the growth of
anaerobic microorganisms. After that, the medium was sterilized by autoclaving
and rapidly divided into 50-ml flasks under sterile conditions. Then, sediment sam-
ples were added to the flasks containing anaerobic medium. Flasks were incubated
in sealed anaerobic jars at 30 °C. After 1 month, sulfate and glycerol were measured
using ionic chromatography and zinc using atomic absorption spectrophotometry.
Positive enrichments were used in the bioprecipitation studies.

In bioprecipitation assays, 10 ml of the growth enrichment was added to 90 ml
of sterile SRM medium (initial pH 3.0) or Postgate C medium and incubated anaer-
obically. Postgate C medium contains the following (in I distilled water): KH,PO,
0.5 g, NH,Cl 1 g, Na,SO, 4.5 g, CaCl,.6H,0 0.06 g, MgSO,+7H,0 0.06 g, sodium
lactate 6 g, yeast extract 1 g, FeSO,+7H,0 0.004, sodium citrate 0.3 g, pH 7.0).
For acidophilic SRM inoculum the medium was sparked with N, before sterilization
to remove traces of dissolved oxygen. In the case of Postgate C medium, 50 pl
anaerobic solution (0.2 g ascorbic acid, 200 pl thioglycolic acid, 10 ml distilled
water) was added to obtain anoxic conditions. The concentrations of glycerol, zinc,
sulfate, and pH were measured at the end of growth.
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Samples for bioprecipitation tests were prepared in 10-ml flasks. Each of them
was filled under sterile conditions with 9 ml SRM or Postgate C medium (prepared
as before) at pH 3.0 or pH 7.0, respectively. In each case the medium was prepared
without the addition of ZnSO, or FeSO,, respectively, to test the precipitation of other
heavy metals. Different volumes of a 1000 mg 1! stock solution of each heavy metal
were added to reach different concentration (5, 10, and 25 mg 17"). The metals tested
were Cr(III) and Ni(II). Finally, 1 ml of grown SRM enrichment cultures was added
to each flask. The flasks were then sealed with rubber stoppers and incubated anaero-
bically at 30 °C for 1 month. Experiments were performed in duplicate. One extra
tube was prepared in the same conditions and was used for the initial measurements,
for example, to determine the initial precipitation of metals as a result of the dissolved
sulfide found in the inocula. Control tests without SRM inoculation were also per-
formed with both media to distinguish the amount of heavy metals removed by bio-
logical mechanisms (bioprecipitation) from those removed by chemical precipitation.
Samples for analytical determinations from the flasks were previously filtered through
a 0.22-pum cellulosic acetate membrane to remove any possible precipitates. The ini-
tial and final concentrations of heavy metals were determined by atomic absorption
spectrophotometry. Previously, samples were diluted in 0.14 N nitric acid. For both
enrichment cultures bioprecipitation percentage (% BP) was calculated considering
final (30 days) and initial (O days) soluble metal concentrations.

Figure 5.10 shows the results of nickel bioprecipitation. It is clear that neutro-
philic SRM were able to precipitate nickel more than an abiotic control at the lower
metal concentration. When nickel concentration was higher (25 mg I7'), microor-
ganisms were fully inhibited. However, acidophilic SRM showed an excellent
performance for nickel precipitation at all metal concentrations used in the experi-
ments, and even at this pH value where the abiotic controls reached low percentages
of precipitation.
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Fig. 5.10 Nickel bioprecipitation by neutrophilic and acidophilic sulfate-reducing microorgan-
isms (SRM)
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Fig. 5.11 Chromium bioprecipitation by neutrophilic and acidophilic SRM

This behavior was also observed for chromium (Fig. 5.11). In this case, the neu-
trophilic microbial community is only able to overpass the precipitation reached in
the abiotic controls at higher metal concentration because abiotic chromium pre-
cipitation is important even at pH values close to 7. As was observed for nickel, the
acidophilic microbial community achieved high percentages of chromium precipi-
tation at all metal concentrations used in the experiments.

5.3.3 Metal Transformation

Microorganisms can transform metals, metalloids, and organometallic com-
pounds by reduction and oxidation processes. In some cases, the changes in the
oxidation states allow the mobilization/immobilization of the metal(loid)s.
For example, the oxidation of Fe(Il) to Fe(IlI) or Mn(II) to Mn(IV) reduces the
solubility of those metals whereas the inverse processes increase their mobility;
both processes can be catalyzed by different microbial species and should be
included in the previous sections.

In other cases, changes in the oxidation state provoked a modification in the
toxicity of the metal(loid)s. For example, some microorganisms can detoxify arse-
nic by efficiently oxidizing As(IIT) to As(V). In nature, arsenic appears as trivalent
arsenic and pentavalent arsenic. Although both are toxic, As(Ill) is relatively more
toxic than As(V) because it can bind sulfhydryl groups and dithiol groups of pro-
teins. As(IIT) removal is more difficult because of its relatively higher solubility;
As(V) is less soluble and less bioavailable. Thus, some microorganisms have
developed the ability to oxidize As(IIl) to As(V) as a mechanism for detoxification
(Rahman et al. 2014).

Chromium is a similar case. Hexavalent chromium compounds are highly water
soluble and adsorb poorly to soil and organic matter, so they are mobile in soil and
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groundwater. Cr(VI) can be reduced to Cr(III), reducing mobility, bioavailability, and
toxicity. Many microorganisms are able to catalyze such processes in a very efficient
way (Allegretti et al. 2006; Cabrera et al. 2007; Cheung and Gu 2007; Murugavelh
and Mohanty 2012; Thatoi et al. 2014; Singh et al. 2015). Next, we describe this
ability in microbial communities from the Copahue geothermal system.

5.3.3.1 Case Study

Enrichment culture in nutrient broth (pH 7) was made from a sample taken from the
Las Magquinas site (LMa: 68.5 °C and pH 7.5). The culture was incubated overnight
at 50 °C with agitation. The enrichment obtained was tested for Cr(VII) reduction
activity. Experiment was carried out in duplicate with a concentration of 20 mg 1~
Cr(VI) (K,Cr,0,) with the respective sterile controls. Total chromium and Cr(VI)
were measured at different times during 24 h using atomic absorption spectroscopy
and 1,5-diphenylcarbazide colorimetric method techniques for identification of total
chromium and Cr(VI), respectively. Additionally, absorbance at 600 nm was used to
measure bacterial growth. As shown in Fig. 5.12, after 24 h, 91 % of the chromium
added was reduced in the enrichment (LMa) whereas only a slight decrease in total
chromium concentration was observed. In the same figure, microbial growth is
shown through optical density at 600 nm (ODyy), which is correlated with the
decrease in Cr(VI) concentration.

Additional controls were also made to understand in more detail the process
of Cr(VI) reduction. A well-grown culture was centrifuged at 8000 rpm for 20 min.
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Fig. 5.12 Chromate reduction by a microbial community from Las Mdquinas
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The supernatant was filtrated by a 0.22-pm filter to obtain a suspension free of cells.
Both filtered supernatant and the resuspended pellet were phased to a 20 mg I
Cr(VI) concentration and total chromium, Cr(VI), and ODgy, were measured. After
24 h only 25 % of Cr(VI) reduction was detected in the supernatant systems although
complete reduction was accomplished in the resuspended pellet systems. This result
shows that the reductive activity has a place on or inside the biomass and is not the
result of a soluble compound produced by the microorganisms. Because chromium
reduction was also observed (45 % in 24 h) in sterile controls, another control in
minimal culture media (M9) was made to see if the reduction seen in the sterile con-
trols in nutritive broth was caused by oxidation of the contained organic compounds.
No reduction took place in this system, as the oxidation of the organic components
of the nutrient broth was the reason for Cr(VI) decrease in the sterile controls.

Summarizing the results presented in this section demonstrates the potential of
this community isolated from Copahue to reduce Cr(VI) to Cr(III).

5.4 Conclusions

The Copahue geothermal system, including pools, ponds, and the Rio Agrio, pres-
ents a particular prokaryotic biodiversity. According to our results, temperature was
one of the main factors that define the biodiversity: in moderate temperature sites
the predominance of bacteria [particularly acidophilic species related to acid and
metalliferous drainage (AMD)] was found whereas those sites with high tempera-
ture (ponds) were dominated by Archaea. In the water samples, the dominant pro-
karyotes were chemolithoautotrophic or mixotrophic, mainly sulfur oxidizing,
whereas in microbial biofilms photosynthetic species were the most important pri-
mary producers. In the case of Rio Agrio, also mainly sulfur-oxidizing bacteria and
Archaea were found although some genera of iron-oxidizing microorganisms were
also detected. Some microbial communities isolated from those samples showed the
ability to precipitate metals even at very low pH values and to reduce hexavalent
chromium to a less toxic trivalent chromium.
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Chapter 6

Microbiological and Biochemical Indicators
for Assessing Soil Quality in Drylands

from Patagonia

Magali S. Marcos and Nelda Lila Olivera

Abstract Soil monitoring programs aimed to diagnose the state of the soils and to
prevent their deterioration are needed to make use of this resource in a sustainable
manner. The development of such programs requires the identification of indicators
that can be used to detect changes in soil quality. Although several chemical, physi-
cal, and biological parameters serve this purpose, microbiological properties have
the advantages of being highly sensitive and responding quickly to changes in soil
quality. In Argentina, the information of soil quality indicators is fragmented and
mainly directed toward the analysis of physicochemical parameters in agricultural
lands. In this chapter, we review microbiological/biochemical indicators of soil
quality measured in water-limited natural ecosystems of Patagonia. This baseline
information contributes to the future design of site-specific monitoring programs
devoted to prevent the deterioration of lands in Patagonia.

6.1 Definition and Importance of Soil Quality

Soils are the naturally occurring mineral and organic material at the Earth’s surface
that provide an environment for living organisms, and they have critical importance
affecting life sustainability through their role in controlling the Earth’s environment
(Voroney 2007). They provide habitat, shelter, water, and food to living organisms,
and offer essential ecosystem services such as maintenance of the atmospheric gas
composition, the regulation of populations of human, animal, and plant pathogens,
the bioremediation of toxic chemicals, the cycling of nutrients, and the filtering and
buffering of potential pollutants (Wall 2012, www.nrcs.usda.gov). Furthermore,
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soils are a reservoir of yet unexplored genetic diversity (Wall 2012). Because soils
are an invaluable resource for life, it is fundamental to use them in a rational manner
that guarantees their preservation for future generations (Karlen et al. 1997). Such
is the importance of soils that 2015 was declared the “International Year of Soils”
by the United Nations in an effort to recognize their relevance and to promote their
conservation (United Nations 2014). In particular, water-limited soils cover more
than 41 % of the Earth’s land surface, provide habitat to more than 2 billion people,
and support rangelands and croplands in 90 % of their extension (Niemeijer et al.
2005). Therefore, their preservation is a subject of global concern.

Soil quality was defined by the S-581 Ad Hoc Committee convoked by the Soil
Science Society of America as “the capacity of a specific kind of soil to function,
within natural or managed ecosystem boundaries, to sustain plant and animal pro-
ductivity, maintain or enhance water and air quality, and support human health and
habitation” (Karlen et al. 1997). There is no clear difference between the terms ‘soil
health’ and ‘soil quality’. The latter term has been used to refer to soil fitness for a
specific use, whereas ‘soil health’ has been used in a broader sense, meaning soil
capacity to function sustainably (Doran and Zeiss 2000). However, both terms are
generally used as synonyms. Another term related to the previous concepts is ‘soil
fertility’, defined as “the capacity of a soil to provide physical, chemical and bio-
logical requirements for the growth of plants for productivity, reproduction and
quality relevant to plant type, soil type, land use, and climatic conditions” (Abbott
and Murphy 2007). While this concept has been associated to agricultural produc-
tion systems (Abbott and Murphy 2007), soil quality has been related to both agri-
cultural and natural ecosystems.

Healthy soils are characterized by high biodiversity and resilience and have the
capability to function at their highest potential, whereas poor-quality/unhealthy
soils manifest the opposite symptoms and function below their full potential (Karlen
et al. 1997; van Bruggen and Semenov 2000; Lehman et al. 2015). Because soil
quality has an inherent component determined by soil-forming processes, it is not
possible to define absolute soil quality indicators and reference values to be univer-
sally applied in different soils and land use practices (Karlen et al. 2001; Bloem
et al. 2006). However, soil quality can be compared in similar soils (in terms of their
inherent properties) subjected to different land management practices, or in the
same soil at different times (Schloter et al. 2006). Overall, the monitoring of soil
quality is a valuable tool that can contribute to our understanding of ecosystem sus-
tainability and to help us evaluate if land use decisions and practices ensure the
conservation and sustainable use of this resource (Karlen et al. 2001).

6.2 Soil Quality Indicators

Soil quality indicators can be classified into physical, chemical, and biological; the
last parameter includes microbiological, biochemical, and soil faunal indicators as
well (Fig. 6.1). Physicochemical parameters are more frequently used than biologi-
cal measures to assess soil quality, despite the fact that they are less sensitive
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because they only respond to drastic changes in soil (Gil-Sotres et al. 2005). In con-
trast, microorganisms respond faster to changes in soil properties and environmental
conditions, and together with soil enzymes are responsible for key processes associ-
ated with soil quality, such as nutrient cycling and organic matter decomposition
(Burns et al. 2006). Soil microorganisms also combine the following characteristics
of good soil quality indicators: they are sensitive enough to detect long-term changes
in soil quality resulting from land management and climate, but not too sensitive to
vary in response to short-term conditions; well correlated with beneficial soil func-
tions; useful to predict whether a soil will provide a beneficial function and why (or
why not); easy to comprehend and useful to land managers; and easy and inexpen-
sive to measure (Doran and Zeiss 2000). In addition, indicators should be reproduc-
ible and representative of the study site (Burns et al. 2006).

Microbiological/biochemical indicators can be classified in four groups accord-
ing to the information they provide (Benedetti and Dilly 2006):

e Microbial biomass and number: include measures of microbial biomass carbon
(C) and nitrogen (N), viable cell counts in cultures or direct counts using a
microscope.

* Microbial activity: indicators of soil respiration, N mineralization, nitrification,
enzyme activities, and abundance/activity of specific functional groups of micro-
organisms, such as nitrifiers. Includes both actual and potential activities.
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e Microbial diversity and community structure: nowadays assessed using molec-
ular techniques based on the analysis of nucleic acids [e.g., sequence analysis
of clone libraries, fingerprinting analysis of polymerase chain reaction (PCR)
products], phospholipid fatty acids, and community-level physiological pro-
files. Although modern high-throughput molecular techniques (e.g., small-sub-
unit IDNA/rRNA pyrosequencing, metagenomics, and other “omics”) have the
enormous potential to be used as well, they have not yet been used very often
as soil quality indicators, probably because they require complex data analysis
and are expensive compared to traditional microbiological measures (Bastida
et al. 2008; Lehman et al. 2015).

e Plant-microbe interactions: biomass/activity/diversity of microorganisms in the
rhizosphere, nodulating potential of nitrogen fixers, arbuscular mycorrhizae.

Individual properties have been often combined into simple or multiparametric
indexes, depending on whether they relate two or more individual parameters,
respectively. Further information about these indexes was reviewed in detail by
Bastida et al. (2008) and Paz-Ferreiro and Fu (2016).

6.3 The Arid Lands of Patagonia: Soil, Climate,
and Vegetation Description

There is a wide variety of soil types in Patagonia, although not evenly distributed.
More than 50 % of Patagonia is covered by Aridisols, which are characteristic of dry
areas, specially deserts (del Valle 1998; Coronato et al. 2008). These are followed
by Entisols (22 %), most of which have a poor development of pedogenic horizons
(del Valle 1998), and by Mollisols (13 %), which are dark soils usually located in
slopes in the western part of Patagonia (del Valle 1998). Six other soil types cover
small areas along the subhumid to humid western region. In general, soils are poorly
developed, probably as a consequence of several interruptions of the pedogenetic
processes (Coronato et al. 2008).

As described in detail in the Introduction chapter of this book, climatic condi-
tions are very particular in Patagonia. The extra-Andean region has an arid to semi-
arid climate, with low rainfall (<250 mm per year in most of the area) that decreases
from west to east and shows high intra- and interannual variation, strong dry winds
blowing from the west, and temperate to cold temperatures decreasing in a north—
south direction (Ares et al. 1990; Coronato et al. 2008).

The distribution of plant forms developed under the climate and soil characteris-
tics of the arid extra-Andean Patagonia delimits two phytogeographic provinces.
The Patagonian Monte (the so-called southern portion of the Monte Phytogeographic
province, which also extends northward from Patagonia) is a temperate semidesert
shrubland with low grass cover, no trees, and more than 50 % bare soil (Ledn et al.
1998; Coronato et al. 2008). Vegetation consists of shrub-grass plant patches
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surrounded by bare soil areas. Some of the most frequent shrubs include species of
the genera Larrea, Lycium, Chuquiraga, and Prosopis; among the most frequent
perennial grasses are species of Stipa and Poa (Leodn et al. 1998). In contrast, the
Patagonian Phytogeographic Province has different types of vegetation, including
grass steppes dominated by Festuca spp., shrub-grass steppes dominated by the
shrubs Mulinum spinosum, Senecio filaginoides, and Adesmia volckmannii, and the
grasses Stipa speciosa, Pappostipa spp., and Poa ligularis, and semideserts of dwarf
(Nassauvia glomerulosa, N. ulicina, and Chuquiraga aurea) or other (Chuquiraga
avellanedae, Colliguaja integerrima, Nardophyllum obtusifolium, and Mulguraea
tridens) shrubs (Paruelo et al. 2006). It also includes biomes called “mallines”,
humid grasslands associated with permanent water supplies such as rivers and
creeks (Coronato et al. 2008).

Adverse climatic conditions in arid environments can cause soil degradation
through wind or water erosion, leading to declined soil fertility and desertification
(Chartier et al. 2013), a problem that already affects more than 90 % of Patagonia
(del Valle 1998). In addition, human economic activities developed in this region,
such as raising sheep or hydrocarbon exploitation, could contribute to increased
land and vegetation degradation (Mazzoni and Vdzquez 2010). Fortunately, the
early detection of land degradation processes is possible through the implementa-
tion of tools for monitoring soil quality, therefore allowing landowners and decision
makers to adopt policies that could prevent further land degradation in timely fash-
ion. In the next section, we describe studies that included microbiological measures
to detect changes in soil quality in arid lands from Patagonia exposed to either sheep
overgrazing or hydrocarbon pollution.

6.4 Microbiological and Biochemical Indicators Measured
in Drylands from Patagonia

Argentina is compromised in soil conservation and has been part of several national
and international projects to fight desertification and monitor arid lands degrada-
tion, including its cooperation with five other countries, FAO and UNEP in the
already completed, GEF-founded Land Degradation Assessment in Drylands
(LADA) Project (Kellner et al. 2011). A product of this project was the creation of
the National Observatory of Land Degradation and Desertification, which produced
maps and indicators of erosion, aridity, land cover, and degradation. In addition, the
Agricultural Technology National Institute (INTA) has been monitoring soil quality
in several agricultural lands from humid and semiarid regions of Argentina.
However, these measures were taken in fertile and productive lands, and less atten-
tion has been paid to the less fertile natural ecosystems of Patagonia. In these eco-
systems, most of the studies that used microbiological/biochemical indicators
analyzed grazed lands, and only a few studies assessed the effects of contamination
on soil properties (Table 6.1).
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6.4.1 Microbiological and Biochemical Indicators
in Grazed Lands

Sheep became the predominant domestic herbivores in Patagonia after their intro-
duction at the beginning of the 1900s (Bertiller et al. 2002). Reductions of total
plant cover, and replacements of species within and between functional groups are
produced by long-term grazing disturbance (Bertiller and Bisigato 1998), and these
changes in vegetation, in turn, could affect soil properties and processes. Mazzarino
et al. (1996) studied availability, mineralization and immobilization of N in differ-
ent vegetation patches (resulting from exposure to grazing disturbances) and bare
soil of the Patagonian Monte. In their study, soil underneath undisturbed patches
had higher concentrations of inorganic-N (mainly ammonium) and N retained in the
microbial biomass than bare soil. Although N-mineralization was low in all condi-
tions, undisturbed patches constitute an important source of N (inorganic and min-
eralizable), and therefore the authors suggested that they should be conserved and
used as a tool to monitor the conservation state of the ecosystem (Mazzarino et al.
1996). In a subsequent study, the same authors confirmed that the flush of micro-
bial-N increased in undisturbed patches of vegetation, and in addition, they observed
that net N-mineralization depended on water availability (Mazzarino et al. 1998).
Gonzalez-Polo and Austin (2009) demonstrated that microenvironmental and bio-
chemical soil conditions associated with different plant life forms influence biotic
soil characteristics. These authors observed that shrubs appear to create hotspots of
microbial activity by the establishment of protected microsites with high organic
matter. They also highlighted the importance of heterogeneous vegetation distribu-
tion on the distribution of soil organic-C available to microorganisms (Gonzalez-
Polo and Austin 2009). In contrast, Bertiller et al. (2006) found that neither
N-mineralization nor microbial-N varied in soils underneath shrubs and perennial
grasses from arid lands, although both characteristics increased when trees from
humid ecosystems of Patagonia were included in the analysis.

Because plants produce litter with different chemical characteristics, changes in
plant species composition induced by grazing alter the chemistry of the plant litter
mixture that is produced, and indirectly, the input of nutrients that the soil receives.
A decomposition experiment with leaf litter from perennial grasses and evergreen
shrubs showed that different species of perennial grasses produced litter of similar
characteristics that induced similar C and N dynamics in soil microcosms (Vargas
et al. 2006). In contrast, shrub species varied to a greater extent in their plant litter
recalcitrance and in their effects on C and N processes. Therefore, changes in plant
species composition induced by grazing could have different effects on soil biogeo-
chemistry depending on the species replaced (Vargas et al. 2006). In accordance, the
effects of N-conservation strategies of perennial grasses and evergreen shrubs on
soil N-dynamics were studied in the Patagonian Monte (Carrera et al. 2003).
Perennial grasses with high N-resorption efficiencies (low N concentration in plant
litter) decreased soil N, microbial-N flush, and N-mineralization rates; in contrast,
shrubs contributed to increasing soil N concentration by producing N-rich litter that
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mineralized faster (Carrera et al. 2003). Potential N-mineralization and soil C and N
concentrations were higher in soils under the influence of plant litter from shrubs
than from perennial grasses, which in turn was associated with the higher decom-
posability of shrub tissues (Carrera et al. 2005). In a different study, changes in
canopy structure induced by grazing lead to the production of leaf litter of higher
recalcitrance than low grazing-disturbed sites. These changes in canopy structure
and plant litter characteristics lead to reduced litter decomposition and soil
N-mineralization rates in high grazing- compared to low grazing-disturbed sites
(Carrera and Bertiller 2013). The authors suggested that the amendment of soils
from the highly grazed site with nonrecalcitrant litter may stimulate soil decom-
poser activity and nutrient release, which in turn would contribute to the reestablish-
ment of plant cover (Carrera and Bertiller 2013). Interestingly, not only soil
decomposers govern litter decomposition in these environments. Austin and Vivanco
(2006) observed that photodegradation exerted a major control on plant litter
decomposition in soils from the Patagonian Steppe, and concluded that changes in
radiation interception (e.g., because of changes in vegetation cover or cloudiness)
could have important effects on C balance in this ecosystem.

Prieto et al. (2011) used a polyphasic approach to study the soil quality in the
Patagonian Monte, as they measured the physical (bulk density), chemical (organic-
C, total N, and pH), microbiological (microbial biomass-C, microorganism counts),
and enzymatic (dehydrogenase, f-glucosidase, protease, alkaline and acid phospha-
tase activities) properties of soils under contrasting grazing intensities. Grazing
reduced the cover of perennial grasses, soil organic-C, and the activity of several
enzymes (fB-glucosidase, phosphatase, protease), which could produce a negative
effect on processes related with C, P, and N cycles (Prieto et al. 2011). On the other
hand, grazing was associated with increased microbial biomass-C and microorganism
counts in highly grazed sites, probably resulting from nutrient input from urine and
feces depositions (Prieto et al. 2011). Overall, grazing affected soil properties through
direct (depositions input, trampling) and indirect (litter-mediated) effects (Prieto et al.
2011). A seasonal study in the same region showed that long-term continuous grazing
induced a reduction of plant litter quantity and quality, which negatively affected
some soil enzyme activities (alkaline and acid phosphatase and p-glucosidase) and
microbial biomass-C (Olivera et al. 2014). However, in line with Prieto et al. (2011),
there were localized positive effects induced by grazing in interpatched areas from
highly grazed sites (enhanced soil-N, alkaline phosphatase and dehydrogenase activi-
ties, microbial biomass-C), presumably as a response to nutrient redistribution
through animal excreta, which promotes belowground microsites with high microbial
activity (Olivera et al. 2014). More recently, denaturing gradient gel electrophoresis
(DGGE) analysis of the 16S rRNA phylogenetic marker showed that grazing intensity
also affected the structuring of bacterial communities from patched and interpatched
areas of the Patagonian Monte, including those in biological soil crusts (Olivera et al.
2016). Soil respiration also changed in semiarid grasslands from southern Patagonia
in response to different grazing intensities, land uses, and climate and vegetation gra-
dients (Peri et al. 2015). According to the authors, this information is essential to
estimate the C balance in a range of ecosystems from Patagonia (Peri et al. 2015).
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We recently analyzed the effects of soil moisture and grazing-induced changes in
plant litter quality on the nitrifying activity and abundance of bacterial (AOB) and
archaeal (AOA) ammonia-oxidizing genes in arid soils from the Patagonian Monte
(Marcos et al. 2016). Changes in plant litter induced by grazing negatively influ-
enced nitrification by providing poorer substrates with higher inhibitory com-
pounds. In contrast, plant litter from lightly grazed sites combined with high soil
moisture promoted nitrification and AOB abundance, while AOA remained constant
at lower abundances (Marcos et al. 2016). Nitrifying microorganisms have a major
role in ecosystem functioning, and their inhibition may not only affect the N but
also the C cycles (Austin et al. 2006). In an experiment in the Patagonian Steppe
where nitrification was inhibited, plant cover decreased and litter decomposition
was reduced (Austin et al. 2006). The reduction in plant cover appeared to be asso-
ciated with a reduction of nitrate and an increment of ammonium concentrations in
soils, suggesting that plants from this ecosystem may prefer nitrates over ammo-
nium (Austin et al. 2006). Furthermore, potential soil nitrification together with
rooting depth and soil thermal amplitude were the traits that had the highest influ-
ence on ecosystem functioning in soils from the Patagonian Steppe (Flombaum and
Sala 2012). In a different study, the effects of precipitation on litter decomposition
and soil-N mineralization were examined in the Patagonian steppe (Yahdjian and
Sala 2008). Decomposition was affected by drought but not by increases in precipi-
tation, indicating that wet and dry years may not have the same effect on decompo-
sition. Nitrification increased in response to moisture increments, but ammonification
did not, suggesting that microorganisms involved in these processes may have dif-
ferent sensitivities to soil moisture (Yahdjian and Sala 2008).

In an arid ecosystem of Patagonia affected by wildfires, organic composts of
different quality significantly improved soil properties after 1 year of application
(Kowaljow and Mazzarino 2007). Organic composts did not improve soil mois-
ture, but they did improve soil organic C, microbial respiration, and potential net
N-mineralization, and together with inorganic fertilizers they also improved
microbial biomass-N (Kowaljow and Mazzarino 2007). Inorganic fertilizers did
not contribute to soil restoration, but they lead to an increase in inorganic-N (the
main limiting nutrient in arid ecosystems after water) and produced a recovery of
plant cover, which in turn contributed to decreased soil degradation (Kowaljow
and Mazzarino 2007). However, the authors proposed that this could be a short-
term effect of inorganic fertilizers. Similar results were obtained in a subsequent
study in the same environment, where potential microbial respiration, net
N-mineralization, organic matter, and nutrients remained higher in organic fertil-
izer-amended soils than in nonfertilized controls after 3 years of compost applica-
tion (Kowaljow et al. 2010). These effects of a single dose of organic composts
and inorganic fertilizers on soil quality were followed in the long term (6 years
after the application of the fertilizers). Organic compost application significantly
stimulated total soil C and N, and enhanced potential respiration and the activities
of B-glucosidase, acid phosphomonoesterase, and phenol oxidase enzymes,
although they did not affect microbial biomass (Gonzdlez Polo et al. 2015). In
contrast, inorganic fertilizers did not stimulate any of the mentioned parameters.
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The authors of this study proposed that although different organic amendments can
induce different changes on soil properties and enzyme activities and these changes
should be studied before any management decision, the application of organic
composts is a plausible restoration measure for ecosystems in semiarid Patagonia
(Gonzdlez Polo et al. 2015).

6.4.2 Microbiological Indicators in Contaminated Soils

Few studies have been performed in drylands from Patagonia to measure changes in
soil quality indicators in response to exposure to pollutants, and these studies were
mostly directed to analyzing hydrocarbon-contaminated soils. Pucci et al. (2000)
compared the abundance of total heterotrophic and hydrocarbon-degrading bacteria
and the BIOLOG substrate utilization in soils impacted compared to not impacted
by crude oil contamination. Total heterotrophic bacteria were one order of magni-
tude higher in the unpolluted than in the polluted soil soon after the spill occurred,
although this was reversed 7 months later, presumably by an increase of hydrocar-
bon degraders (Pucci et al. 2000). In addition, the bacterial community from the
contaminated soil substantially increased the amount of used substrates from the
BIOLOG plate in comparison to the bacteria from the nonpolluted site (Pucci et al.
2000). The authors concluded that those semiarid soils hold bacterial communities
adapted to degrading high concentrations of hydrocarbons (Pucci et al. 2000). A
similar response of the total heterotrophic and hydrocarbon-degrading bacteria was
observed in a crude oil biodegradation experiment, in which these groups were
about three and seven orders of magnitude higher in contaminated than in noncon-
taminated samples after 4 months of incubation, respectively (Peressutti et al. 2003).

To establish detection tools capable of determining hydrocarbon degradation
potential in natural environments, Kleinsteuber et al. (2006) analyzed the diversity
and dynamics of a bacterial community from a diesel fuel-contaminated soil and
identified active hydrocarbon degraders. The analyzed soils held a complex bacte-
rial community capable of degrading diesel fuel and shifting in response to different
soil salinities (Kleinsteuber et al. 2006). Acufa et al. (2012) analyzed hydrocarbon-
polluted soil microcosms with or without N-fertilization to study N effect on ali-
phatic and aromatic hydrocarbon degradation. N-fertilization appeared to favor
aliphatic hydrocarbon degradation, although unfertilized soils with N deficiency
enhanced aromatic hydrocarbon degradation (Acufia et al. 2012).

There is only one report of arid soils contaminated with nonhydrocarbon pollut-
ants, in which the authors analyzed plant species potential to phytoremediate
dichloro diphenyl trichloroethane (DDT)-polluted soils from the Patagonian Monte
(Mitton et al. 2014). Dehydrogenase activity was used to assess soil microbial activ-
ity in soils seeded with four different plants and in unplanted control soil (Mitton
et al. 2014). From the different tested plants, tomato appeared to be the best phy-
toremediator candidate, showing higher accumulation potential, no phytotoxicity
effects, and enhanced soil dehydrogenase activity (Mitton et al. 2014).
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6.5 Interpretation of Microbiological and Biochemical
Measures and Selection of Suitable Soil Quality
Indicators

Although, as mentioned in the previous section, several studies from Patagonian
arid lands have measured microbiological/biochemical parameters that are gener-
ally used as indicators of soil quality, the results of these studies so far suggest that
only a few of these parameters (namely, microbial-N flush and some enzyme activi-
ties) could potentially be used as indicators of soil quality in this region. These
variables took different values at contrasting land uses, and these differences were
consistent in various studies, allowing the identification of possible threshold values
to differentiate disturbed (possibly lower quality) from undisturbed (higher quality)
soils. For example, the microbial-N flush was >19 mg N kg soil™! in soil from plant
patches at ungrazed sites and sites where grazing was excluded for several years,
whereas lower values were reported in soils from grazed patches and in soils burned
after a wildfire (Fig. 6.2) (Mazzarino et al. 1996, 1998; Carrera et al. 2003; Kowaljow
and Mazzarino 2007). Similarly, B-glucosidase and alkaline and acid phosphatase
activities showed values higher than 200, 300, and 90 pg pNP g soil! h™!, respec-
tively, in soils from plant patches at conserved sites, whereas lower values were
observed at degraded soils (Fig. 6.2) (Prieto et al. 2011; Olivera et al. 2014). These
enzyme values are similar to those in semiarid uncultivated natural rangelands from
Iran, semiarid shrublands and pine forests from Spain, and semiarid undisturbed
shrublands of the Western United States (Bastida et al. 2006; Blecker et al. 2013;
Raiesi and Beheshti 2014; Hedo et al. 2015), except for alkaline phosphatase, that
showed similar although more dispersed values in non-Patagonian soils.
Interestingly, the Geometric Mean of enzyme activity (GMea), an integrative com-
bination of enzyme measures into a unique index, has been proposed to assess soil
quality (Hinojosa et al. 2004; Garcfa-Ruiz et al. 2008). We calculated this index
based on enzyme measures in published studies from Patagonian soils and found an
overall decrease in enzyme activities, between 26 % and 31 %, in soils from plant
patches (Prieto et al. 2011; Olivera et al. 2014) and of 25 % in bare soil areas (Prieto
etal. 2011) in response to increased grazing pressure. In other soils from Patagonia,
the GMea index increased 17-62 % in response to amendment with inorganic and
organic fertilizers (Gonzdlez Polo et al. 2015). Although GMea is just one of the
several existing microbiological/biochemical indexes, it was the only one that we
could calculate with the information available from Patagonian soils. Overall, this
index seems to be suitable to detect changes in soil quality; however, more studies
should be performed in undisturbed high-quality soils to determine and validate
reference GMea values for Patagonia.

Other microbiological variables showed ambiguous results that overlapped in soils
from different studies or land uses, hindering the finding of a clear limit to distinguish
soils of different qualities (Fig. 6.2). Potential N mineralization in Patagonian arid
soils (0.09-0.98 mg N kg soil™! day™') was slightly lower than in semiarid soils from
an undisturbed shrubland in the western United States (3.5-15.2 mg N kg soil™' day™")
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Fig. 6.2 Some microbiological indicators measured in arid soils from Patagonia and in soil qual-
ity studies performed in semiarid lands from other countries. Circles represent values obtained in
studies from Patagonia (white circles, undisturbed/lightly disturbed soils; black circles, highly
disturbed soils) and triangles represent values obtained in undisturbed lands from other countries
(Iran (Raiesi and Beheshti 2014), Spain (Bastida et al. 2006; Hedo et al. 2015) and Western USA
(Blecker et al. 2013)). Indicator units are mg N kg soil™! (microbial N flush), ug pNP g soil™' h™!
(B-glucosidase, alkaline and acid phosphatase enzymes), mg N kg soil~! day~! (potential and net N
mineralization), pg Tyr g soil™' h™! (proteases), pg TPF g soil™' h™! (dehydrogenase), and pg C g
soil”! (microbial biomass-C). Only microbial biomass-C values obtained by the fumigation-
extraction method were included in the figure. Dashed grey lines in some of the indicators repre-
sent suggested threshold values that could be used to differentiate low- from high-quality soils

(Blecker et al. 2013), and did not differ in response to grazing pressure, plant life
forms, or fertilizer amendment (Carrera et al. 2003, 2005; Bertiller et al. 2006;
Kowaljow and Mazzarino 2007; Kowaljow et al. 2010; Carrera and Bertiller 2013).
Similarly, net N-mineralization and protease enzymes did not differ in soils covered
by different plant life forms or under different grazing pressures (Mazzarino et al.
1996, 1998; Vargas et al. 2006; Prieto et al. 2011; Olivera et al. 2014). Contrarily to
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the previously described enzymes, dehydrogenase values overlapped in soil from
plant patches at grazing disturbed and conserved sites (Fig. 6.2). However, this
enzyme activity could be useful to identify land degradation at bare soil areas, where
differential values were observed in response to different grazing pressures (val-
ues<2.5 pg TPF g soil™ h™' at lightly grazed sites and above that value in highly
grazed sites) (Prieto et al. 2011; Olivera et al. 2014).

By using the fumigation-extraction method, microbial biomass-C values between
200 and 750 pg C g soil™" were observed in Patagonian soils associated with plant
patches from disturbed and undisturbed sites (Fig. 6.2) (Gonzalez-Polo and Austin
2009; Gonzdlez Polo et al. 2015), and these values were in accordance with those in
semiarid forests and shrublands from Murcia, Spain (464-1030 pg C g soil™)
(Bastida et al. 2006; Hedo et al. 2015). In addition, values between 300 and 600 pg
C g soil™! were obtained in Patagonian soils under different grazing pressures using
the substrate-induced respiration technique (Prieto et al. 2011; Olivera et al. 2014).
Nevertheless, as these studies measured microbial biomass-C with different tech-
niques, it is not possible to make a straight comparison. Total heterotrophic fungi
and bacteria were also counted using different media and culture conditions, and
therefore no further generalizations are performed based on these measures.

6.6 Conclusions

In this chapter, we reviewed studies performed in arid lands from Patagonia that
included different soil biochemical/microbiological measures to assess their suit-
ability as soil quality indicators in arid environments. Mainly, we identified four
microbiological/biochemical parameters (microbial-N flush, -glucosidase, alka-
line and acid phosphatase activities) that could potentially serve as indicators of soil
quality in vegetated areas; as well as one indicator (dehydrogenase activity) for its
use in bare soil areas. The flush of N is the N mineralized by a recolonizing popula-
tion of soil bacteria after fumigation and can be used to estimate microbial biomass-
N in soil (Shen et al. 1984). B-Glucosidases are involved in the degradation of
carbohydrates, releasing important energy sources for soil microorganisms (Eivazi
and Tabatabai 1988). Alkaline and acid phosphatases hydrolyze phosphoric mono-
esters, releasing phosphate, and are therefore important in soil organic-P mineral-
ization (Tabatabai 1982). Overall, these indicators are involved in the cycling of
three of the most important chemical elements that influence soil fertility: N, C, and
P. Dehydrogenase activity is used as a measure of the overall microbial activity of
soil. We found that these variables took different values at disturbed and undis-
turbed Patagonian soils, and therefore suggest that they might be useful to detect
changes in soil quality produced as a consequence of human activities. However,
more studies are still needed to clarify how other factors such as climatic conditions
could affect these indicators. Moreover, so far, in the published literature there is not
enough information to calculate multiparametric quality indexes for Patagonia, and
because the use of a single property as a soil quality indicator is not recommended
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(Gil-Sotres et al. 2005), it is desirable to expand the knowledge on this topic.
Additionally, further studies in undisturbed high-quality soils are needed for the
identification of reference values of any biochemical/microbiological indicator to
be used in this region. There is also a need to standardize field and laboratory pro-
tocols of the indicator measures for comparison purposes.

The record of microbiological and biochemical data in drylands from Patagonia
has some missing information that precludes us from achieving generalizations
about their meaning. For example, several indicators (potential soil respiration,
microbial N-immobilization, net and potential nitrification, soil ammonification,
ammonia monooxygenase, acid phosphomonoesterase, leucine-aminopeptidase
phenol oxidase, the abundance of bacterial and archaeal amoA genes, and the abun-
dance of hydrocarbon-degrading bacteria) have been measured in only one study,
and/or under only one state of disturbance (i.e., in nondisturbed/high-quality soils
or in disturbed/low-quality soils, but not in both states). Further evidence of this
missing information is that most microbiological data were assessed by indirect
measures (e.g., microbial biomass-C, N-mineralization/immobilization/nitrifica-
tion), few studies targeted microbial populations with specific functions, and micro-
bial diversity is almost entirely unknown. Besides, studies have been much localized;
with most ecosystems within this vast territory still remaining unexplored.
Altogether, these gaps of information need to be filled to determine which of these
indicators are suitable for this region and hold sufficient information to discriminate
soils of different quality. We hope that the information presented in this chapter
might help researchers in the design of future projects aimed to bridge these gaps.
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Chapter 7

Molecular Ecology of Class 1 Integrons
in Patagonia as Model System

for Understanding the Rise of Antibiotic
Resistance Isolates Around the World

Verénica Elizabeth Alvarez, Maria Paula Quiroga, Gabriel Alejandro Castro,
Marcelo Hernan Cassini, and Daniela Centréon

Abstract The understanding of the molecular basis of the flux of antimicrobial
resistance genes (ARG) is a fundamental requirement to develop a comprehensive
explanation of how pathogenic strains adapt to extreme resistance phenotypes at a
global scale. However, it is difficult to assess how ARG interact with human activi-
ties. This constraint led us to seek a suitable biological model system, which has
two components: class 1 integrons as the main molecular element of bacterial resis-
tance to antibiotics, and Tierra del Fuego Island as the study area. Both clinical and
non-clinical strains were studied from this island for the presence of class 1 inte-
grons. The 30 % of clinical strains and the 11 % of strains isolated from the open
environment were intll positive, respectively, sharing 3 intI] “clinical” alleles pre-
viously described in nosocomial strains from Europe, Africa, and Asia, depicting an
interchange of genes among both habitats, the hospital and the sites close to human
activities in Ushuaia City. It is likely that once the intlI-positive clinical strains are
released from the hospital, the intl] genes can be transferred through the mecha-
nisms of lateral genetic transfer to other bacterial species from the open environ-
ment where they can be maintained over time.
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7.1 The Global Threat of Increased Resistance to Antibiotics

The discovery of antibiotics was one of the greatest scientific achievements of the
twentieth century. Unfortunately, their effectiveness and easy access led to overuse.
As a result of that, during the past 80 years, there has been a remarkable evolution
of antibiotic-resistant strains of bacteria, leading to the appearance of pathogens
with resistance to almost all families of antibiotic agents (Davies and Davies 2010;
Arduino et al. 2012). Nowadays, this progressive increase of multidrug resistance in
all geographic regions is considered a main global threat that has been identified as
a public health priority according to several organizations such as the US Centers
for Disease Control and Prevention (CDC), the European Centre for Disease
Prevention and Control (ECDC), and the World Health Organization (WHO) (http://
www.who.int/drugresistance).

The guiding force behind the increasing rates of resistance is the abuse, misuse,
and overuse of antibiotic agents, used not only in human patients but also at a large
scale in livestock, as growth promotion in food animals, and also released into the
environment (Roca et al., 2015). The emergence of resistant microorganisms is a
natural phenomenon that takes place either by mutations when bacteria replicate
themselves erroneously or by the exchange of antibiotic resistance genes (ARG)
between them. Just after these intracellular molecular processes, in the nosocomial
niche, the exposure to antibiotic agents provides the necessary selective pressure for
the acceleration and dissemination of resistant pathogens. In this scenario, new
resistance mechanisms can emerge and spread globally.

Although there is no worldwide information concerning the mortality associated
to resistant bacteria, in the recent report published by WHO (http://www.cdc.gov/
drugresistance/pdf/ar-threats-2013-508.pdf), Antibiotic Resistance Threats in the
United States (2013), there are some data of the hypothetically calamitous signifi-
cances of inaction. This year the CDC estimates that in the United States, more than
2 million people are sickened every year with antibiotic-resistant infections, with at
least 23,000 dying as a result. Regarding the level of concern of the resistant bacte-
rial species causing severe human infections, CDC ranked bacterial species in this
report into one of three categories: urgent, serious, and concerning. Besides, it must
be assumed that antibiotic resistance endangers healthcare advances to society,
because without effective antibiotics not only prevention and treatment of infec-
tions, but also the success of organ transplantation, chemotherapy, surgery, and gen-
eral medical clinics, may be endangered.

7.2 Origin of the Antibiotic Resistance Genes

The source of ARG has been a matter for deep investigation. In some cases, the
origin of ARG in human pathogens has been demonstrated as proceeding from bac-
teria from the open environment, such as the extended spectrum f-lactamases CTX-
M-like genes (Arduino et al. 2002; Hawkey 2008; Nordmann et al. 2008; Rossolini
et al. 2008). This is an example of how the resistome works. This term, “resistome,”
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has been used to identify the collection of all genes that contributes, direct or indi-
rectly, to a phenotype of antibiotic resistance (D’Costa et al. 2006). It is a suitable
concept, because it emphasizes the role of environmental bacteria as the source and
origin of the ARG. More than 20,000 genes have been collected in a database of
ARG (Liu and Pop 2009), but they represent only an minor fraction of the resistome,
because novel genomes and metagenomes are revealing huge amounts of resistance
genes capable of handling multiple families of antibiotic agents (Gillings 2014). It
has been shown that ARG are ancient components of the pangenome, such as the
transposon Tn5045 that has a class 1 integron with the aadA2 gene cassette isolated
from permafrost dating from 10,000 years past (Petrova et al. 2011), or a diverse
collection of genes encoding resistance to f3-lactam, tetracycline, and glycopeptide
antibiotics identified in metagenomes from permafrost dating from 30,000 years
ago (D’Costa et al. 2011), or a macrolide kinase gene related to a known family of
kinases circulating in modern drug-resistant pathogens identified in bacteria from a
cave microbiome that has been inaccessible for 4 million years (Bhullar et al. 2012).
Although these data reveal that ARG were common in environmental bacteria inde-
pendently of anthropogenic activities, the role of environmental bacteria in driving
the expansion of antibiotic resistance in the clinic is still a matter of debate.
Understanding of the molecular and environmental basis of the flux of ARG from
the environment to the clinic and vice versa is a fundamental requirement to develop
a comprehensive explanation of how pathogenic strains adapt to extreme resistance
phenotypes at a global scale. However, it is difficult to assess the directionality of the
flux of genes between the natural environment and human habitats to identify how
genes, or genetic platforms, interact with human activities. This constraint led us to
seek a suitable and appropriate biological model system, where fewer variables inter-
vene, and able to make inferences regarding the flux of genes. Our model system is
characterized by two main components: class 1 integrons as the main molecular ele-
ment of bacterial resistance to antibiotics, and Tierra del Fuego Island as study area.

7.3 What Are Class 1 Integrons?

Integrons are genetic platforms that promote bacterial diversity. Nowadays, the
accepted definition of an integron is that formulated by Hall and Collis, in which
they defined it as an element that contains all the genetic determinants to mediate
site-specific recombination to capture mobile gene cassettes. Basically, integrons
are composed of three elements: (1) a gene that encodes an integron integrase (intl),
(2) a recombination site (aftl), and (3) a promoter that allows the expression of the
gene cassettes inserted in the variable region of the integrons (Hall and Collis 1995)
(Fig. 7.1). Generally, the intl gene and the attl recombination site are called 5’-con-
served segment (5'-CS) (Stokes and Hall 1989). Each class of integron harbours a
specific attl recombination site located on the last 4070 bp of the 3’-end of 5’-CS
(Recchia et al. 1994; Collis et al. 1998; Hall et al. 1999).

Bacteria harbouring integrons can capture and express genes found inserted in
the chromosome or free in the bacterial cytoplasm as circular gene cassettes; the
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Fig. 7.1 Integron structure. The three basic components of integrons are the int/] gene, which
encodes an integron integrase; the artl recombination site; and Pc, the promoter that allows the
expression of the gene cassettes inserted in the variable region of the integron

gene cassettes are composed of a gene and a recombination site called attC. The
attC recombination sites are imperfect palindromic sequences, which vary in
sequence and length from 57 to 141 bp and harbour four union domains to the inte-
grase (Cameron et al. 1986; Recchia and Hall 1995; Stokes et al. 1997). From 5’ to
3’, those domains are 1L, also called inverse core site (ICS; RYYYAAC; R = purine
and Y = pyrimidine); 2L (GTTCRARY); 2R (RYTYAAC); and last IR, also called
core site (CS; GTTRRRY) (Hall et al. 1991; Collis and Hall 1992; Stokes et al.
1997). The atC folds in a secondary structure generating a stem loop and the inte-
grase recognizes the 1L-1R and 2L-2R sites and cleaves between C and A in the
bottom strand of IR (Stokes et al. 1997; Collis et al. 2001; Biskri et al. 2005;
Bouvier et al. 2005). When the gene cassette is on its lineal conformation inserted
in the variable region of an integron, the last six nucleotides of 1L (CS) G'TTRRRY
are upstream of the gene cassette ORF, and downstream from it is the remaining
sequence of the attC recombination site, ending at the first nucleotide of the CS
G’TTRRRY (the ends of the cassette are underlined and the apostrophe shows the
cleavage site) (Recchia and Hall 1995). By site-specific recombination, the integron
integrase mediates the integration and excision of gene cassettes by recognizing the
attl and attC recombination sites, leading to a variety of gene cassettes arrays. Gene
cassettes could encode antibiotic resistance determinants or different metabolic
functions among other diverse functions, which allows bacteria to better adapt to the
rapidly changing environment (Partridge et al. 2009).

Integrons are not mobile elements per se, but instead they are usually linked to
different genetic platforms such as transposons, insertion sequences, and/or conju-
gative plasmids. This association allows integrons to be mobilized within a genome
or to another bacterial species, placing them in the lateral gene transfer scenario and
also as one of the major contributors to the dissemination of antibiotic resistance.

Initially, integrons were classified in classes according to the nucleotide sequence
of the integrase gene (Hall and Collis 1995). Nowadays, more than 100 integron
integrases have been identified in different niches and bacterial genomes. For practi-
cal purposes they can be separated into two large groups: (1) those called mobile
integrons or antibiotic resistance integrons, which were first and mainly identified
in bacteria from clinical settings and are inserted in transposons, plasmids, and/or
genomic islands that mobilize them and are responsible for the dissemination of
antibiotic resistance; and (2) those localized in bacterial chromosomes, which are
called chromosomal integrons. and when they harbour more than 20 gene cassettes
in the variable region they are named superintegrons (Mazel 2006; Hall 2012).
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Class 1 integrons were the first class of integrons identified, and they were found
in clinical settings harbouring more than 130 antibiotic resistance gene cassettes
(Stokes and Hall 1989; Partridge et al. 2009). Several genetic structures have been
described at the 3’-end of the variable region of class 1 integrons (Nardelli et al.
2012). There are three genetic platforms spreading class 1 integrons in clinical sam-
ples from Argentina (Fig. 7.2): (1) the most common one harbours the well-known
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Fig. 7.2 Genetic platforms of class 1 integrons circulating in Argentina. a General genetic organiza-
tion of class 1 integrons. The type 1 integrase gene within the 5’-conserved segment (5'-CS) is
shown by a red arrow box; the 3’-conserved segment (3'-CS) is shown by grey arrow boxes; the
attl] recombination site is shown by a black rectangle; the gene cassettes are shown in green and
purple by arrow boxes with the attCs represented by thick and thin rectangles, where the thick rect-
angles shows from the ICS to the first position of the CS and the thin rectangle shows the remaining
bases of the CS. b General genetic organization of class 1 integrons with the complete module of
Tn402; tniC-tniQ-tniB-tniA genes are shown by dark grey arrow boxes. ¢ General genetic organiza-
tion of complex class 1 integrons. The 3’-CS and the second copy of this element (3'-CS2) are
shown by grey arrow boxes; genes of the variable region 2 (vr-2) are shown with striped arrow
boxes; and the putative origin of replication of ISCRI is represented by a black diamond
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3’-conserved segment (3'-CS) downstream of the variable region, containing the
qgacEAI gene that is a deleted form of gacE, the quaternary ammonium compounds
resistance gene cassette, followed by the sul/l/ gene that confers resistance to sul-
phonamides, and the orf5 of unknown function (Orman et al. 2002; Quiroga et al.
2013) (Fig. 7.2a); (2) the complete or incomplete module of Tn402, tniC-tniQ-tniB-
tiA (Marchiaro et al. 2010) (Fig. 7.2b); and (3) the so-called unusual class 1 inte-
grons, complex class 1 integron, complex sull-type integrons, or ISCRI elements
because they share a common region (CR) that includes the orf513 gene and has
been identified as the insertion sequence common region 1 (ISCRI) (Verdet et al.
2000; Arduino et al. 2002; Toleman et al. 2006). When several complex class 1 inte-
grons are aligned, the general organization can be identified as a composite of three
genetic structures (Fig. 7.2c): (1) the typical class 1 integron harbouring the 5’-CS
with the variable region 1 (vr-1) and a first copy of the 3’-CS; (2) the orf513 gene,
which codifies the putative recombinase Orf513 related by sequence homology to
the ISCR family proteins and by its genetic organization to the IS9/-like transposases
(Partridge and Hall 2003; Toleman et al. 2006), and (3) the variable region 2 (vr-2)
coding for a remarkable variety of ARG followed by a duplication of the 3'-CS
(Toleman et al. 2006; Quiroga et al. 2007). In Argentina, nosocomial isolates har-
bouring complex class 1 integrons with blacrx.m.z, blapua.1, gnrB2, or gnrB10 genes
have been described since 2002 (Arduino et al. 2002; Di Conza et al. 2002; Quiroga
et al. 2007, 2013; Albornoz et al. 2012; Cejas et al. 2012; Andrés et al. 2013).

Although class 1 integrons are the more widespread integrons in clinical settings,
it is also worth noting that they were found chromosomally located predating the
association with Tn402-like transposon in non-clinical samples, suggesting that the
ancestor of the clinical class 1 integron was more like a typical chromosomal inte-
gron (Stokes et al. 2006).

7.4 Class 1 Integrons as Paradigm of Multidrug Resistance
in Gram-Negative Bacilli

Class 1 integrons with more than 130 antibiotic resistance gene cassettes combined
in diverse arrays within the variable region are usually found in 20 %, up to 80 %, of
Enterobacteriaceae and Pseudomonas aeruginosa clinical isolates around the world
(Domingues et al. 2015). A previous analysis of class 1 integrons in 867 nonre-
peated isolates comprising 8 species of Enterobacteriaceae from 23 European hos-
pitals showed a significant relationship between multidrug resistance isolates and
the presence of the intI] gene, independent of species or origin (Leverstein-van Hall
et al. 2003). Of major concern, the ability of certain Enterobacteriaceae species, in
particular Enterobacter cloacae, Serratia marcescens, and Klebsiella pneumoniae,
have been documented as causing nosocomial outbreaks through the dispersion of a
multidrug-resistant epidemic clone carrying class 1 integrons (Merkier et al. 2013).

In the report published by WHO (http://www.cdc.gov/drugresistance/pdf/ar-
threats-2013-508.pdf), most of the clinical strains of bacterial species identified as
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“urgent” (carbapenem-resistant Enterobacteriaceae) and “serious” (multidrug-resistant
Acinetobacter, drug-resistant Campylobacter, extended-spectrum f-lactamase produc-
ing Enterobacteriaceae, multidrug-resistant Pseudomonas aeruginosa, drug-resistant
non-typhoidal Salmonella, and drug-resistant Shigella) threats for causing severe
human infections, harbour more than one class 1 integron, evidencing the relevant role
that this genetic element plays in the evolution to multidrug and extreme resistance.

7.5 Why Study Samples from Tierra del Fuego Island
to Understand the Flux of Antibiotic Resistance Genes
at a Global Scale?

The relevant role of natural communities as a reservoir and original source of class
1 integrons was recently identified (Gillings et al. 2008; Nardelli et al. 2012). Since
then, their distribution has been reported in environments with different degrees of
human disturbance. The molecular features of class 1 integrons as genetic tool for
studying the flux of antimicrobial resistance genes is based on the different alleles
of the intll gene found from both habitats, the clinic and the open environment,
which led to the identification of the sources of both “environmental” and “clinical”
class 1 integrons (Gillings et al. 2008). About this conception, the type of allele of
intl] gene was used as a footprint to delineate the directionality of strains (Gillings
et al. 2008; Nardelli et al. 2012).

Environmental alleles are those variants originated in bacteria that grow in soil,
water, wildlife, or other substrates that are is not directly affected by antibiotics. In
the open environment with a medium or low degree of urbanization, only environ-
mental alleles are expected to be found because the influence of antibiotics should
be null or low. This presumption was clearly established recently with clinical and
nonclinical samples from Tierra del Fuego Island (Nardelli et al. 2012). In contrast,
in clinical, anthropic or urban environments such as cities, mostly clinical alleles
were found (Nardelli et al. 2012). In turn, clinical alleles are circulating in the hos-
pital niche and associated with clinical samples (Nardelli et al. 2012).

The other component of our model system of study is Tierra del Fuego, which is
a Patagonian island from Argentina and Chile recognized as one of the last places
on Earth that contains land areas that may still be considered wild or “clean,” given
its great expanses of intact natural vegetation and large vertebrate assemblages,
along with a low human population density (Mittermeier et al. 2002). The area that
lies within the Sub-Antarctic Deciduous Beech Forest, characterised by two species
of southern beech, Nothofagus pumilio (Lenga) and Nothofagus betuloides (Guindo)
(Gutiérrezetal. 1991). Its climate belongs to the sub polar oceanic type. Temperatures
are cold all year round, with an average annual temperature of 5.7 °C and low
annual temperature variation, ranging from —0.3 °C in July to 9.4 °C in January.

The study was conducted in the southeast portion of Tierra del Fuego Island that
contains large extensions of natural and seminatural environments (Mittermeier
et al. 2002). There are also two urban sites: Ushuaia city with 80,000 inhabitants, on
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the southern coast of the island, bathed in the Beagle Channel, and Tolhuin, a town
of about 8000 inhabitants. The geography and the history of this region provided a
suitable mosaic of areas with different degrees of urbanization, which is an ideal
model system for the study of role of the environment on the rise of antibiotic resis-
tance. Another advantage provided by the area is that it permits the collection of
environmental and nonpathogenic strains that grow from 4 ° to 25 °C. With these
conditions, during the collection of strains in the field, the probability of contamina-
tion with intl1-positive strains from human activities can be considered very rare.

7.6 Multidrug Resistance Class 1 Integrons from Hospitals
and Environmental Class 1 Integrons from the Open
Environment

Both clinical and non-clinical strains were studied in Tierra del Fuego Island for the
presence of class 1 integrons. The clinical strains (n=32) were from the Regional
Hospital of Ushuaia collected in April 2007 and June 2010 (Table 7.1). The non-
clinical strains (n=127) were collected from nine sites of Tierra del Fuego with
different degrees of urbanisation in February 2006 (Nardelli et al. 2012) and January
2009 (Table 7.2). The 30 % of clinical strains and the 11 % of non-clinical strains
isolated from the open environment were intl/] positive, respectively. The variable
region of the nine intlI-positive clinical strains was within a sul-type class 1 inte-
gron with antibiotic resistance gene cassettes arrays previously described world-
wide (aadAl, aadB-aaddAl, dfrAl-aadAl, aac(6')-1b-aadAl, and aac(6’)-11d)
(Orman et al. 2002). The isolates from the environment harbouring clinical alleles
were also studied for the content of antibiotic resistance gene cassettes as previ-
ously described (Orman et al. 2002) (Table 7.1). However, negative results were

Table 7.1 Features of the clinical strains isolated from the Regional Hospital of Ushuaia

Isolate Year of isolation Variable region Alleles of intl]
Klebsiella pneumoniae 2007 aac(6')-1b-aadAl KJ701247
Escherichia coli 2007 aac(6')-11d KJ701247
Escherichia coli 2007 dfrAl-aadAl JN870908
Escherichia coli 2010 aadAl JN870911
Escherichia coli 2010 dfrAl-aadAl JN870908
Escherichia coli 2010 aadB-aaddAl KJ701247
Escherichia coli 2010 aac(6’')-11d JN870911
Escherichia coli 2010 aac(6’')-11d KJ701247
Escherichia coli 2010 aadB-aaddAl KJ701247

All strains were from urine samples isolated from community patients. The accession number of
each allele is also shown. aac(6’)-1b confers resistance to amikacin and tobramycin, aadA 1 confers
resistance to streptomycin, aac(6’)-Il1d confers resistance to gentamicin, dfrAl confers resistance
to trimethoprim, and aadB confers resistance to gentamicin
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found, suggesting that in the open environment the role of class 1 integrons is asso-
ciated to different activities not related to antibiotic agents usually used in the clinic.
Because a high frequency of class 1 integrons was found in non-clinical samples
from Tierra del Fuego Island, including sites far from urbanised villages (Nardelli
et al. 2012), it is likely that they also represent a valuable tool for the adaptation of
bacteria to different niches in response to environmental stresses.

7.7 Discharge, Maintenance, and Dissemination of intl1
Genes into the Open Environment

The intl1-positive clinical strains from the hospital of Ushuaia harboured three intl/
“clinical” alleles previously described in nosocomial strains from Europe, Africa,
and Asia (Tables 7.1, 7.2; Fig. 7.3) (Nardelli et al. 2012). Interestingly, although
“environmental” alleles were identified in sites with a medium and low degree of
urbanisation from Tierra del Fuego Island (Nardelli et al. 2012), the three “clinical”
alleles were only found in isolates from sites with a high degree of urbanisation
from Tierra del Fuego Island, also close to the hospital of Ushuaia, depicting an

Table 7.2 Features of the non-clinical strains isolated from sites with high level of urbanization
from Ushuaia in Tierra del Fuego Island

Year of Allele Accession
Isolate isolation | Source of intl] Site number

Pseudomonas sp. 1SL5 | 2006 Soil Clinical S54u 499 5899 | IN870908
W68u 219 0599

Aeromonas media 1AC2 | 2006 Water Clinical S54u 499 5899 | IN870911
of stream W68u 219 0599

Vibrio sp. 1AC4 2006 Water Non- S54u 499 5899 | IN870903
of stream clinical W68u 219 0599

Pseudomonas sp. 2006 Water Clinical S54u 479 3799 | KJ701247
10AN4 of stream W67u 159 3699

Enterobacter sp. 10AL1 | 2009 Water Non- S54u 479 3799 | IN870907
of stream clinical W67u 159 3699

Pantoea dispersa 2009 Fox Feces | Clinical S54u 4793799 | KJ701247
10FZSS14 W67u 159 3699

Enterobacter sp. ISN9 | 2009 Soil Clinical S54u 499 5899 | KJ701247
W68u 219 0599

Pseudomonas sp. IAN2 | 2009 Water Clinical S54u 499 5899 | IN870908
of stream W68u 219 0599

Serratia sp. 10ANS 2009 Water Clinical S54u 4793799 | KJ701247
of stream W67u 159 3699

All strains were isolated from sites with high level of urbanisation corresponding to site 1 (S54u
499 5899 W68u 219 0599) and to site 2 (S54u 479 3799 W67u 159 3699) of the manuscript of
Nardelli et al. (2012). The accession number of each int//gene as well as the corresponding type
of allele (clinical or environmental) is also shown
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Fig. 7.3 Phylogenetic tree of strains representing the most frequent alleles found in the environ-
ment, the clinic, or both. A total of 52 intl] genes harbouring different alleles were selected from
a BLASTn query using AF313471 as reference (April 2015). The phylogenetic tree was con-
structed using the maximum likelihood algorithm implemented in MEGA v6.0

interchange of genes among the two habitats, the hospital and the sites close to
human activities in Ushuaia City (Fig. 7.3). The same int/] clinical alleles were
found in the non-clinical strains during the 4 years of bacterial sampling in the open
environment. It is likely that once the intlI-positive clinical strains are released
from the hospital, the intIl genes can be transferred through the mechanisms of
lateral genetic transfer (LGT) to other bacterial species from the open environment
(Vibrio sp., Aeromonas media, Pseudomonas non-aeruginosa) (Table 7.2) where
they can be maintained over time. These data represent the first study performed at
the same time on both isolates from the open environment with different degrees of
urbanisation and isolates from hospitals in situ that allows identifying an active flux
of intll genes, at least in one direction, from the hospital to the environment
(Fig. 7.4). Also, the clinical int/] allele most common in clinical and non-clinical
strains, which probably has been discharged from nosocomial settings, was found in
the microbiota of a wild fox, evidencing how successful these genetic elements can
be for the wide spread of antibiotic resistance gene cassettes through animals that
are used as bacterial genetic transporters.
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Fig. 7.4 Flux of class 1 integrons between the environment and the clinic. The arrow indicates the
direction of the flux of int/] genes as analysed in this study. The int/] gene is shown in red and the
antimicrobial resistance gene cassettes are shown in orange, violet, blue, grey, and yellow. The
gene cassettes of the variable region of class 1 integrons from the environment are shown in green
because the typical antibiotic resistance gene cassettes found in the clinic including those from the
Regional Hospital from Ushuaia were not found

7.8 What About Complex Class 1 Integrons in the Open
Environment?

The ISCRI gene was also found in non-clinical samples from Patagonia in y-and
p-Proteobacteria, in Actinobacteria, and in Pseudomonaceae isolates. The sequence
of 475 bp from the 11 ISCRI-positive isolates of that study showed 100 % identity
with the clinical allele (EU722351) (Nardelli et al. 2012). The distribution of these
elements has been extensively studied in clinical isolates but very little in the envi-
ronment (Quiroga et al. 2013). The data collected from both studies, clinical and
environmental, are very interesting, revealing that some genes associated with class
1 integrons are very variable in nature such as we discussed earlier for the great
number of alleles of in#ll, and others very little such as the case of ISCRI, that is
spreading with the same allele in clinical and non-clinical samples. This informa-
tion can be vital to understand how biological systems allow pathogens to accumu-
late multiple ARG over time.

The high frequency of ISCRI, as well as its distribution in several taxa in
Patagonian samples, supports also the important role of the open environment as a
reservoir of this gene in Argentina. The ISCRI gene was found in bacteria from the
same sampling sites where intll, gacEl/qacEAI and/or sull were also identified,
which ensures an encounter among these bacteria and a putative transfer of genes.
If this genetic transfer is followed by recombination events and selection, the whole
processes can result in the formation of mosaic structures as usually detected in
multidrug-resistant isolates from the clinic.
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7.9 Flux of Antibiotic Resistance Genes and Mobile
Elements in Different Degrees of Urbanisation
in Patagonia

The pangenome contains a huge amount of genes that are mobilized very frequently
between bacterial species by the mechanisms of LGT. In theory, any part of the
pangenome can be mobilized by LGT mechanisms along evolutionary time. Some
genetic elements are specialized on moving DNA within and between bacterial
genomes, such as plasmids, transposons, integrons, insertion sequences, MITE:s,
and integrative conjugative elements are known as the “mobilome.” The mobilome
is responsible for most of the vast genome diversification within bacterial genomes
aided by homologous and nonhomologous recombination events.

It is expected that ARG will respond differently than LGT of mobile elements
(LGTME) to the geographic variation of urbanization because of the different func-
tions of these elements. If LGTME occurs exclusively as a response to the use of
antibiotics, significantly high frequencies of occurrence are expected in habitats con-
taminated with antibiotics (typically urbanized areas) than in natural and rural areas
that are free of antibiotics. In contrast, if LGTME serves as a general mechanism of
response to environmental stress, they should be present in both “clean” (where anti-
biotics have not been dumped) and urbanised habitats as far as bacteria meet stressful
conditions in the former (for example, extreme seasonal or daily variations in weather
conditions). Thus, they should present a weak relationship with the degree of urban-
isation. In contrast, ARG should be closely related to antibiotic pressure, and thus will
present a strong link to geographic variations in urbanisation and human presence.

An evaluation of two types of genetic determinant ARG associated to class 1 inte-
grons (sull and gacEl/qacEAI genes) and lateral genetic elements (LGE) (in#1,
ISCRI and niC genes) in a model of a culture-based method without antibiotic selec-
tion was conducted in a gradient of anthropogenic disturbances in Tierra del Fuego
Island (Nardelli et al. 2012). On one hand, each ARG showed different ecological and
molecular behaviours in environmental samples. Although the sull gene frequency
was associated with urbanization, the gacEl/qacEAI gene showed an adaptive role to
several habitats. On the other hand, the intl] and ISCRI genes and intl1 pseudogenes
that were found widespread throughout natural communities were not associated with
urbanisation (p>0.05). The abundance and widespread occurrence of ISCRI and
intl1 throughout Patagonian sites with different degrees of urbanization, and within
different taxa, may be considered as one of the causes of the increasing frequency of
multidrug-resistant isolates that have characterized Argentina for decades.
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Chapter 8

Novel Sources of Antimicrobials from Pristine
and Poorly Explored Environments.

The Patagonia Microbiota Case

Gonzalo V. Arnau, Mariana E. Danilovich, Leandro A. Sanchez,
Federico Acosta, and Osvaldo Delgado

Abstract Antimicrobial compounds are molecules widespread in life forms to
mediate competition, and their industrial production could be important for poten-
tial use as preservatives in the food, cosmetic, and pharmaceutical industries.
Pathogen resistance causes high mortality rates in hospitals and important economic
losses in health institutions. Pathogens such as methicillin-resistant Staphylococcus
aureus, penicillin-resistant Streptococcus pneumoniae, and beta-lactam-resistant
Pseudomonas aeruginosa are the most common examples. This worldwide problem
requires the discovery of new molecules with antibiotic activity, effective therapeu-
tics strategies, and research of promising targets. Most antibiotics come from
screening programs of natural sources, including the isolation of new microorgan-
isms. Extremophile microorganisms are a valuable source for novel biomolecules
with unusual properties, including antimicrobial activity. Because of their harsh
conditions, the Patagonian, sub-Antarctic, and Antarctic environments are ideal
places for bioprospecting. Patagonia is a sparsely populated region located at the
southern end of South America, shared by Argentina and Chile. The overall climate
is cool and dry; the east coast is warmer than the west, especially in summer, because
a branch of the Southern Equatorial Current reaches its shores, whereas the west
coast is washed by a cold current. Cold environments could be a suitable source of
microorganisms with ability to produce cold-active antimicrobial compounds with
potential use in biotechnology.
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8.1 Patagonian Environments

Patagonia is a sparsely populated region located at the southern area of South America,
shared by Argentina and Chile. The overall climate is cool and dry. The east coast is
warmer than the west, especially in summer, as a branch of the Southern Equatorial
Current reaches its shores, whereas the west coast is washed by a cold current.

With an area of about 260,000 square miles (673,000 km?), Patagonia constitutes
a vast area of steppe and desert that extends from 37° to 51° south latitude and is
considered a pristine and oligotrophic ecosystem (Carrasco et al. 2002). The area is
limited by the Patagonian Andes to the west, the Colorado River to the north (except
where the region extends into the Andean borderlands), the Atlantic Ocean to the east,
and the Strait of Magallanes to the south. The southern portion of the strait (Tierra del
Fuego) is divided between Argentina and Chile and often included in Patagonia.

Patagonian environments are known by their low temperatures, reaching values
below 0 °C during winter periods (July), features mainly determined by air masses
coming from the Pacific Ocean and also the presence of the Cordillera de los Andes.
Precipitation is concentred in winter periods, where 46 % of annual precipitations
occur, increasing the water deficit in summer periods and causing impacts in phe-
nology (Paruelo et al. 1998; Carrasco et al. 2002). Other relevant features are the
subpolar low-pressure belt at approximately 60°S (Prohaska 1976) and the presence
of winds from the west region with low humidity (Beltrdn 1997).

8.2 Cold-Living Microorganisms

More than three quarters of our planet is occupied by cold ecosystems, including
deep oceans, polar regions, and the high peaks. However, despite the low tempera-
tures, these natural spaces have been colonized by extremophile organisms named
psychrophiles. Psychrophilic microorganisms are not only adapted to survive at low
temperatures, but in some cases, their adaptation is often accompanied by other
conditions such as high levels of pressure, salinity, or ultraviolet radiation.

To survive these stressful conditions, microorganisms have developed genetic
and physiological mechanisms and thus survive and colonize under these extreme
and unfavorable conditions (Beales 2004). Some examples involving changes in
membrane lipid composition to ensure membrane performance or regarding enzyme
activity and solute transport are well known (Brown and Minnikin 1973; Russell
1984; Tsuchiya et al. 1987; Russell et al. 1995; Mastronicolis et al. 1998).

Microorganisms have a great capacity for adaptation in environments with
extreme pH values, salinity, pressure, radiation, and temperature. These characteris-
tics are caused by the versatility that bacteria have to modify their biological struc-
tures through natural selection in relatively short periods of time (Edwards 1990).
In fact, many polyextremophiles have been described as being able to live in envi-
ronments that include two or more extreme conditions such as thermoacidophiles,
thermobarophiles, haloalcalophiles, or UV radiation-resistant oligotrophs (Dib
et al. 2008; Bowers et al. 2009).
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Psychrophilic microorganisms possess a high biotechnological potential because
their enzymes and molecules have high activity at low temperatures, which might
mean, for example, a great advantage over the energy costs that are involved in
industrial processes. A classic example is the use of cold-active proteases in the
leather industry, which avoids the need to heat water at 37 °C during processing
(Kobayashi 1989). Cold-active enzymes may also be helpful for domestic uses, for
example, in detergent production. In food industry, a cold-active beta-galactosidase
has been patented with the purpose of removing the lactose from milk during its stor-
age at low temperatures. On the other hand, cold-active pectinases may decrease the
viscosity and clarify fruit juices at low degrees (Feller and Gerday 2003).

8.3 Bioprospection at Sub-Antarctic Environments

The Convention on Biological Diversity (CBD) defines bioprospecting as “the
exploration of biodiversity for commercially valuable genetic and biochemical
resources”; however, this definition varies among different authors. Other authors
define it as a systematic research for natural compounds, genes, designs, and organ-
isms in their natural ecosystem with potential application, using biological, bio-
physics, biochemical, and genetic methods without disruption to nature (Mateo
et al. 2001). However, searching and application of biological resources is as old as
humankind and has been a key to the survival, adaptation, and evolution of the
human species.

Because psychrophilic microorganisms are adapted to unusual living conditions,
this fact forced them to acquire some specific adaptations to survive and grow in
such ecosystems (Cavicchioli et al. 2002). Thus, some microorganisms gained the
ability to produce antimicrobial compounds as a defense mechanism. Psychrotolerant
organisms are defined as organisms that grow well at temperatures close to the
freezing point of water, but have optimal growth rates above 20 °C, whereas psy-
chrophilic organisms grow faster at temperatures near to 15 °C or lower; however,
they are unable to grow above 20 °C (Cavicchioli et al. 2002). Synthesis of sub-
stances with antibacterial effects is considered a strategy to inhibit the growth of
neighbour microorganisms, acquiring advantages in colonization and nutrient com-
petition in environments where they are scarce (Grossart et al. 2003; O’Brien et al.
2004; Lo Giudice et al. 2007).

In the area of drug discovery, there are two sources for antimicrobial leads: natu-
ral products and synthetic compounds. During the so-called golden age of antibiot-
ics (from 1940 to 1960), most of the successful antibiotic drugs or chemical scaffolds
for chemical modification and development of novel drugs were derived from
natural products, mainly isolated from bacteria and fungi (Singh and Barrett 2006).
For the past few decades, there seems to be a “void” in the antimicrobial drug pipe-
lines because of the difficult of introducing new classes of antibiotics. Mining of
natural sources frequently retrieves the same known chemical scaffolds; however,
this fact does not indicate the exhaustion of natural resources but rather basic flaws
in discovery methodology (Davies 2011).
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Fig. 8.1 Isla de los Estados Reservation (Ushuaia) sampling sites. Four locations including
Observatory Island (54°39’ S, 64°08" W) Crossley Bay (54°48" S, 64°41’ W), Franklin Bay (54°53'
S, 64°40” W), and San Juan del Salvamento Port (54°43" S, 63°51" W) were sampled by Sanchez
et al. (2009) where cold-adapted microorganisms producing antimicrobials were isolated

Argentinean environments are valuable sources for bioprospecting for microor-
ganisms and other natural compounds with biotechnological potential. Patagonia, a
semiarid scrub plateau that covers nearly the entire southern portion of mainland
Argentina, represents one of those exploitable natural environments with its micro-
bial biodiversity.

At southern Patagonia, the Argentinian island, Isla de los Estados, lies 29 km of
the eastern portion of Tierra del Fuego, Ushuaia (Fig. 8.1). The island is 65 km long
(east—west) and 15 km wide, with an area of 534 km?. The highest point is 823 m
above sea level, and it is considered the last prominence of the Cordillera de los
Andes. It has a cold climate with an average temperature in the warmest month
below 10 °C and abundant precipitation (Ponce and Ferndndez 2014). This sub-
Antarctic region has been described in the literature as a valuable ecosystem and as
a novel source of antibacterial compounds (Sdnchez et al. 2009).

Cold-adapted microorganisms isolated from Isla de los Estados soil samples
were described according to their ability to produce novel antimicrobials (Sdnchez
et al. 2009). Most of the isolates showed a wide spectrum of activity against both
gram-positive and gram-negative enteropathogenic bacteria. Antimicrobials were
suspected to be microcin-like compounds and exhibited high activity even after
freezing at —20 ° and —80 °C. Those cold-living microorganisms with the ability to
produce cold-active compounds have potential application in chilled food preserva-
tion (Sdnchez et al. 2009).

A Serratia proteamaculans strain isolated from Isla de los Estados was described
as a producer of a novel cold-active antimicrobial substance. This compound was
purified, partially characterized, and temporarily named as Serraticin A (Sdnchez
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et al. 2010). The low molecular weight bacteriocin showed a wide inhibition spec-
trum and an interesting biotechnological potential as a control agent against patho-
genic bacteria. Further studies allowed us to purify and to elucidate the structure by
LC-MS/MS and 'H/"*C NMR approaches. The elucidated structure was in agreement
with those 'H and '3C NMR data that Needham et al. (1994) described. The antimi-
crobial compound was identified as Andrimid (1; Fig. 8.2) (Sanchez et al. 2013),
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a substance with antibacterial activity at low temperatures that has gained attention
for its potential ability to be applied in cold-dependent processes such as cold chain
maintenance, cryopreservation, and cosmetics. However, not only Argentinean
Patagonia has been studied as a source of novel antimicrobial compounds: Chilean
Patagonia has also been reported as a pristine natural environment that gained atten-
tion in recent years. The ability of three psychrotrophic gram-negative bacilli strains
isolated from cold-water rivers to produce bioactive metabolites with antimicrobial
activity has been reported by Barros et al. (2013). The strains were identified based
on 16S rDNA sequence analysis as Pseudomonas sp. and Yersinia sp. with 99.6 %
and 99.5 % identity, respectively. The extracts with antibacterial activity obtained
showed inhibition against both gram-positive and gram-negative bacteria; however,
Listeria monocytogenes was not inhibited. The thermal and proteolytic resistances of
the antibacterial metabolite fractions were also reported. To gain insight into chemi-
cal structures, a GC-MS analysis was conducted with active extracts suggesting anti-
bacterial activity could be related to compounds such as sesquiterpenes derivatives
from B-maaliene (2) or &-selinene (3) (Fig. 8.2).

Biologically active substances produced by Streptomyces spp. isolated from sev-
eral plant species have been described by Castillo et al. (2007). These substances
presented antifungal activity toward major plant pathogens such as Phytophthora
erythroseptica, Pythium ultimum, Sclerotinia sclerotiorum, and Mycosphaerella
fijiensis, but none of the isolates showed antibacterial properties.

Other authors have described bacteriocins produced by Enterococcus faecium
isolated from ewes’ milk and cheese samples from the Argentine Patagonian region,
by mechanical milking of animals belonging to dairy farms located in Chubut
Province. These bacteriocins showed antimicrobial activity against diverse strains
of Listeria monocytogenes and Staphylococcus aureus. They exhibited a bacteri-
cidal mode of action, thermostability, and pH resistance, becoming potential candi-
dates to aid in food preservation (Rivas et al. 2012).

In addition, marine bacteria represent a significant reservoir of antimicrobial
active substances of commercial interest. Antimicrobial compounds isolated from
marine bacteria have gained attention in various research centres throughout the
world and several of them are in clinical trials (Debnath et al. 2007).

Bioprospecting of marine environments has achieved relevant developments in
antimicrobial yield. Bacteriocins produced by the marine bacterium Vibrio vulnificus
have been described as a tool to preserve seafood because of their bactericidal effect
against closely related species (Shehane and Sizemore 2002). Ansamitocins (4-6;
Fig. 8.2), a group of novel maytansinoid antibiotics with antifungal and antitumoral
activity produced by Nocardia sp., were also obtained from marine bacteria (Higashide
etal. 1977; Asaietal. 1979). Abyssomicins B-D (7-9; Fig. 8.2), polycyclic polyketide
antibiotics from the marine actinomycete Verrucosispora maris AB-18-032, were
isolated from sediment samples collected from the Sea of Japan at a depth of 289 m,
and their structure was elucidated in the year 2007 (Riedlinger et al. 2004; Keller
et al. 2007). One year later, Fiedler et al. (2008) described the isolation of another
Verrucosispora strain named MG-37 from sediment samples of Raune Fjord (Norway)
at a depth of 250 m that produces a family of structurally related peptide metabolites



8 Novel Sources of Antimicrobials from Pristine and Poorly Explored Environments... 133

named proximicin A, B, and C (10-12; Fig. 8.2). Pseudoalteromonas phenolica
O-BC30T isolated from the marine environment was reported to produce the bacteri-
cidal antibiotic MC21-A (13; Fig. 8.2) with special activity against methicillin-resis-
tant Staphylococcus aureus (Isnansetyo and Kamei 2003). Argentinian authors have
reported several psychrotolerant microorganisms as producers of promising antimi-
crobials with a wide spectrum of activity against pathogenic bacteria. Bacteria were
isolated from soil samples collected in sites of Isla de los Estados Reservation (South
Atlantic Argentina) that are phylogenetically related to Serratia proteamaculans
(Sdnchez et al. 2009). Recently, Arnau et al. (2015) reported the novel species
Pseudomonas yamanorum 8H1T isolated from Isla de los Estados Reservation with
antagonistic activity against both gram-positive and gram-negative pathogenic bacte-
ria. The novel species was proposed based on a polyphasic approach, including a
multilocus sequences analysis of 16S rRNA, gyrB, rpoB, and rpoD genes, DNA—
DNA hybridization, and biochemical and chemotaxonomic features. GC-MS analysis
of the active methanolic extract of freeze-dried supernatant suggests that activity
could be related to 2,5-diketopiperazine (14; Fig. 8.2) compounds (2,5-DKPs)
(unpublished data). 2,5-Diketopiperazines are cyclodipeptides formed by the conden-
sation of two a-amino acids, representing an abundant class of biologically active
natural compounds. They have been found in bacteria, fungi, plants, and mammals,
and they represent interesting compounds because of their variety of biological activ-
ities, such as antibacterial, antifungal, antiviral, antitumor, plant growth promotion,
and quorum-sensing signaling among many others (Huang et al. 2010; Borthwick
2012; Elkahoui et al. 2013). 2,5-DKPs represent attractive scaffolds for drug discov-
ery because of their small size, rigidity, chirality, stability to proteolysis, and diversity
of substituent groups, which can be introduced at up to six positions, and stereochem-
istry controlled at up to four positions (Borthwick 2012).

The Patagonian Sea includes an extensive continental shelf (approximately
1,000,000 km?) of relief and scarce slope, where the majority does not exceed 100 m
deep. It widens progressively to the south, reaching a maximum width of 860 km at
51°S. The continental shelf ends to the east in a sharp break, where depth increases
to 160-200 m, and from this point, the slope grows at a rate of 1 m every 1000 m in
the so-called continental slope (west to east). The continental rise presents a gentle
slope crossed by various canyons and valleys, located between 3200 and 5000 m
water depth. To the east, the continental rise is connected to the abyssal plain, which
reaches a maximum water depth of 6212 m. The Patagonian Sea is fed by two
boundary currents: Brazil and Malvinas. The confluence of the warm, nutrient-poor,
and salty waters of Brazil with the cold, nutrient-rich, and relatively fresh waters of
Malvinas creates a stratified region of high variability of water mass properties. The
Malvinas current is responsible for the high level of biological activity found in the
Patagonia region, which is considered a class I marine ecosystem (Falabella et al.
2009; Dionisi et al. 2012b).

The microbial communities inhabiting Argentinian marine environments remain
mostly unexplored and unexploited. Natural products with antimicrobial activity
isolated from marine invertebrates have been reported. For instance, the novel anti-
fungal disulfated triterpene glycoside, patagonicoside A (15; Fig. 8.3), was isolated
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from the sea cucumber Psolus patagonicus collected from Bahia Ensenada, Ushuaia
(Murray et al. 2001). The glycosidic part of patagonicoside A is a linear disulfated
tetrasaccharide, similar to those found in cucumechinosides A and C isolated from
Cucumarina echinata (Miyamoto et al. 1990). However, the aglycon moiety of
patagonicoside A represents the first example of a holothurin with a A7, 3B, 12aq,
17a trihydroxy holostane-type aglycon. Patagonicoside A exhibited antifungal
activity against the pathogenic fungus Cladosporium cucumerinum, although its
desulfated derivative (16) did not (Fig. 8.3), suggesting that the presence of sulfated
groups in the oligosaccharide chain is important in the antifungal activity of these
triterpene glycosides. Other authors also reported the isolation of two new sulfated
triterpene glycosides, hemoiedemosides A (17) and B (18) (Fig. 8.3), from the sea
cucumber Hemoiedema spectabilis collected from the Patagonian coast of Argentina
(Chludil et al. 2002a). Hemoiedemoside A showed an antifungal activity higher
than patagonicoside A and even higher than hemoiedemoside B. Hemoiedemoside
B differs from hemoiedemoside A in the presence of a third sulfate group at C-6"".
These results suggest that both the structure of the triterpenoidal aglycon and the
presence and number of sulfate groups at the oligosaccharide chain may be essential
for the antifungal activity of these saponins. Cytotoxic activity of these compounds
was also observed, thus making them potentially interesting as anticancer drugs.
Same authors also described another two new sulfated steroidal hexaglycosides,
anasterosides A and B (19-20; Fig. 8.4), with antifungal activity isolated from the
Patagonian starfish Anasterias minuta (Chludil et al. 2002b).

Besides macroorganisms, bacteria were also reported as antimicrobial producers.
Several Argentinian research efforts focus on lactic acid bacteria (LAB) isolated
from the intestinal tract, tegument, and gills of marine fish, marine sediment, and
seawater (Vallejo et al. 2009; Sica et al. 2010; Marguet et al. 2011). LAB produce
antimicrobial compounds (e.g., bacteriocins) that can be used as biological control
agents in marine and freshwater aquaculture (Sica et al. 2012; Sahoo et al. 2014;
Garcés et al. 2015), as food biopreservatives (Gélvez et al. 2007; Calo-Mata et al.
2008), and as functional starter cultures for the development of anchovy-based
products (Belfiore et al. 2010).
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Sequeiros and coworkers (2010) have isolated a bacteriocin-producing bacte-
rium with potential use as probiotics in aquaculture. The strain was isolated from
the intestinal tract of the Patagonian fish Odontesthes platensis collected on the
northeast coast of Chubut Province, Patagonia, Argentina and identified as
Lactococcus lactis TW34 (Sequeiros et al. 2010). Bacteriocin was later identified as
nisin Z (Sequeiros et al. 2015), and it was optimally produced at 15 °C, showing
strong in vitro inhibitory activity against the closely related Lactococcus garvieae
(causal agent of lactococcosis), and also against other gram-positive fish pathogens.
However, gram-negative pathogens tested were not inhibited. Recently, Schelegueda
et al. (2015) reported the isolation of a bacteriocin-producing strain, Enterococcus
mundtii Tw56, from the fish Odontesthes platensis. Bacteriocin was identified by
PCR as mundticin KS, and it was able to inhibit a wide spectrum of both gram-
positive and gram-negative pathogens, and also the psychrophilic flora of
Odontesthes platensis. Inhibitory activity against gram-negative bacteria is an
unusual characteristic for bacteriocins produced by lactic acid bacteria.

Screening programs for fungal metabolites with antimicrobial activities from
terrestrial (Levy et al. 2000, 2003; Cabrera et al. 2002) and marine (Cabrera and
Seldes 1997; Gallo et al. 2004) isolates have been carried out. Cabrera et al. (2006)
reported a new sorbicillinoid compound with a urea group (21; Fig. 8.4) and a
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known bioactive diketopiperazines from the fungus Paecilomyces marquandii
(Massee) Hughes, isolated from an intertidal marine sediment sample. The diketo-
piperazines cyclo(L-Phe-L-Val) and cyclo(L-Phe-L-Leu) were responsible for the
weak antimicrobial activity observed against Bacillus subtilis ATCC 6633 and
Escherichia coli ATCC 25922. Although sorbicillinoid urea (21) was not active
against target strains; it contributes to increase the number of new chemical scaf-
folds that could serve for the development of new drugs; this is the first report of the
isolation of a Diels-Alder product of sorbicillinol (22, Fig. 8.4) with a nitrogen-
containing moiety.

Another fungal strain, Acremonium furcatum isolated from intertidal marine
sediment, was reported to produce two new amino alcohol derivatives (23, 24;
Fig. 8.4) with antibacterial and antifungal activities (Gallardo et al. 2006). The
structure of the compounds was assigned as 2-methyl-hexa-2,4-dienoic acid, isoleu-
cinol amide, and they were biosynthesized as a 3:1 mixture of C-2 epimers, with
absolute configuration being 2'R, 3'S for the major epimer (23) and 2'S, 3'S for the
minor compound (24). The synthetic compounds (23 and 24) were bioassayed
against the bacteria Bacillus subtilis, Staphylococcus aureus, and Escherichia coli
(at 50 pg of sample/6 mm disk; agar diffusion method) and the phytopathogenic
fungi Fusarium virguliforme, Colletotrichum truncatum, Macrophomina phaseo-
lina, Botrytis cinerea, and Aspergillus fumigatus (at 50 pg of sample/spot; direct
bioautography on TLC). Interestingly, the L-isoleucine derivative (24) showed mod-
erate antibiotic activity and low antifungal activity, whereas the D-allo derivative
(23) showed antifungal activity. Another worthy observation is that antimicrobial
compounds were not produced in culture medium without artificial seawater, even
at trace levels, although the strain grew well under this condition. It has been
reported that metabolite production by fungi is sometimes dependent on media
salinity (Christophersen et al. 1998).

8.4 Problematics

Despite advances in therapy of bacterial infections, the frequency of bacterial resis-
tance to common antibiotics continues rising. Among them, pathogens such as
methicillin-resistant Staphylococcus aureus (Reynolds et al. 2004), penicillin-
resistant Streptococcus pneumoniae (Karchmer 2004), and beta-lactam-resistant
Pseudomonas aeruginosa (Paterson 2006) are the most common examples.
Consequently, diseases that were easily healed are becoming a relevant problem
affecting the Health System, causing important economics losses. The inappropriate
uses of antibiotics, the detriment in pharmaceutical companies involved in novel
antimicrobial discovery, and the emergence of new pathogenicity highlight the risks
and impel scientists to become involved with this problem (Sédnchez et al. 2009).
Therefore, the development of novel antimicrobial compounds has turned into a
worldwide priority (Wenzel 2004; Spizek et al. 2010).
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Common infectious diseases could once again be the first cause of worldwide
death. Antibiotics to prevent and to treat bacterial infections have been used for
seven decades. Bacteria respond to the use of these antagonistic substances, turning
into resistant forms by a different process. Nowadays, bacterial resistance causes
high mortality rates in hospitals and important economic losses in healthcare
institutions.

Some key factors of this worldwide problem are the inappropriate use of antibi-
otics (societal factor), the emergence of new pathogenicity or resistance (biological
factor), and the restricted investment of pharmaceutical companies in the research
and development of new antimicrobial drugs (economic factor). The urgent race
against ever-evolving resistant pathogens requires the discovery of new molecules
with antibiotic activity, effective therapeutics strategies, and research of promising
targets. The development of novel antimicrobial compounds has become in a prior-
ity since the discovery of penicillin by Alexander Fleming in 1980. Nowadays, of
5000 antimicrobial compounds analysed or discovered, only 1 of them reaches the
customers (Wratschko 2009) and actinomycetes are the main producers of antibiot-
ics in current use. Traditional isolation and culturing procedures have been used as
a typical technique to screen for novel products or to discover biotechnological
capabilities from microbial communities. Isolation and identification of producer
microorganisms are vital in applied research work (Dionisi et al. 2012a). However,
the limitations of the common isolation techniques mean the antimicrobial detec-
tion rates are lower than expected, depending on the criteria used. The limited
number of environmental microorganisms isolated in a given culture media or even
using enrichment methods usually select fast-growing or opportunistic microor-
ganisms (Zengler et al. 2002) although the majority of producers of secondary
metabolites are often slow-growing cells. In addition, those culture media are not
suitable for microbial growth, and the biotechnological potential could be not
extensively exploited.

The rate of antimicrobial compound detection or discovery depends on the crite-
ria used for selection, but generally are low values in the commonly used isolation
procedures. For antimicrobial compounds active at low temperatures, the detection
rates oscillate between 0.16 % (Sdnchez et al. 2009) and 0.29 % (O’Brien et al.
2004). From dairy and meat sources, a detection rate of 0.20 % was reported for
bacteriocin producers using direct plating methods and 3.4 % from fish and vegeta-
bles sources (Coventry et al. 1997). However, in other studies focused in general
antibacterial activities, without considering the nature of the antagonistic molecule,
the detection rate was higher (Hentschel et al. 2001).

Marine organisms are on the top of microorganisms that are not cultivable with
traditional isolation methods. To overcome these limitations, deep studies in novel
isolation techniques of the marine ecosystem were done to increase the ratio of
cultured microorganisms (Joint et al. 2010). Selective isolation employing disper-
sion and differential centrifugation techniques (DDC) (Hopkins et al. 1991) applied
to sediment samples led to the isolation of Actinomycetes previously reported only
in terrestrial sediments (Maldonado et al. 2005).
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New isolation techniques have opened the possibility for isolation of novel prod-
ucts to enhance the efficiency of drug discovery. Different improvements and
changes in some traditional approaches have been applied to improve the recovery
of microorganisms in culture. Combination of high-throughput screening with the
use of the natural site environment as culture media represented the first important
progress in marine bacteria cultivation. Other approaches such as microdroplet
encapsulation in an agarose matrix (Zengler et al. 2002, 2005), diffusion chamber
(Kaeberlein et al. 2002), and co-cultivation with “helper strains” (Nichols et al.
2008; Lewis et al. 2010) have increased cell recovery in culture. Nowadays, automa-
tized methods have been reported using cultivation devices. One example is a design
of the isolation chip (iChip). Based on several hundred diffusion chambers, each
inoculated with one cell, this platform allows the cultivation and isolation of uncul-
tivable microorganisms from various environments and also allows to access to dif-
ferent unexplored biological compounds (Nichols et al. 2010). This novel
high-throughput method led to the isolation of new organisms that are sources of
new antimicrobials. With this novel technology, a new antibiotic named teixobactin
has been discovered in a screening of uncultured bacteria (Ling et al. 2015). This
new antimicrobial compound did not show resistance in Staphylococcus aureus or
Mycobacterium tuberculosis strains, and the inhibition mechanisms were described
as inhibition of cell-wall synthesis by binding in conserved and specific motif of
lipid II (precursor of peptidoglycan) and lipid III precursor of cell-wall teichoic acid.

Thus, innovation, research, and development of novel techniques would allow
the isolation of novel uncultivable microorganisms and would allow the discovery
of new biologically active compounds with antimicrobial activity. Currently, such
compounds remain unexplored in different valuable environments such as the
Patagonia region or Antarctica. Those advances would contribute to the problems
associated with pathogenic resistance and would enhance clinical treatments.

Regarding the food industry, use of bacteriocins as food preservatives is still lim-
ited mainly because of low activity. Nisin is the only bacteriocin used as a food pre-
servative and, although its application is authorized, it is restricted by its low activity
at neutral or alkaline pH (Gdlvez et al. 2007). The need of natural additives for chilled-
food preservation highlights the need to discover novel active compounds.

The majority of antibiotics have been isolated from natural sources (Gootz 1990)
by specific programs using microbiological techniques (D'Souza et al. 1982).
Recently, Howe et al. (2015) reported the first drug candidate that is directed against
ariboswitch or RNA capable of recognizing essential molecules (vitamins, metabo-
lites, coenzymes) and regulating translation of RNA into proteins. This riboswitch
recognizes riboflavin, which is an essential molecule for metabolism of bacteria,
enabling its translation. The new drug candidate, called ribocil, competes effec-
tively with vitamin B, for binding to the riboswitch blocking translation rather than
activating it, killing the bacteria. Ribocil is therefore the first member of a new
generation of antibiotics against bacteria that currently lack resistance. Researchers
found ribocil by a conventional screening method that screened a library of 57,000
small synthetic molecules. The innovation remained on the method of selection,
which is specifically directed to molecules that block the synthesis of vitamin B,.
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However, when bacteria in culture are exposed to prolonged ribocil use (in sublethal
concentrations), ultimately they generate drug resistance.

8.5 Bioprospecting from Antarctic Environments

In addition to the Argentinian Patagonian region, described as a valuable source of
antimicrobial compounds, another important sampling site described in the literature
as a relevant ecosystem valuable as a source of novel antibacterial compounds is the
Argentine Antarctic. The exploration of this environment with its unusual habitats
and poorly explored areas would be one strategy for the discovery of new biologi-
cally active substances (Kennedy et al. 2008; Rojas et al. 2009; Liu et al. 2013;
Chdvez et al. 2015). Generally, new strains are thought to be sources of new com-
pounds with diverse biological activities. Antarctica is the southernmost continent
and is surrounded by the Southern Ocean. It is the coldest, driest, and windiest conti-
nent where approximately 98 % of its surface is covered by ice. The average tempera-
ture of coastal areas is about 0 °C in summer (up to 15 °C at the Antarctic Peninsula)
and around —10 ° to —30 °C in winter. The polar plateau presents more extreme condi-
tions, with average temperatures of —30 °C in summer and —70 °C in winter (L6pez-
Martinez 2009). There is a great diversity of aquatic habitats in Antarctica, such as
the benthos, water columns, fluctuating sea-ice cover by the circumpolar Southern
Ocean, glaciers, and lakes. These habitats range in salinity from ultra-oligotrophic
glacial lakes on Signy Island (South Orkney Islands) to the hypersaline and perma-
nently ice-covered lakes of the McMurdo dry valley region and Vestfold Hills. In the
same way, terrestrial habitats range from the most eutrophic brown earth soils at
maritime Signy Island to endolithic rock communities of cold deserts at the edge of
the Polar Plateau (Wynn-Williams 1996). Despite the harsh conditions found in
Antarctica, including cold temperatures, freeze—thaw cycles, hypersalinity, low nutri-
ent availability, extreme pH, high UV radiation, and dryness, the use of molecular
techniques has revealed abundant microbial communities (Franzmann 1996; Tindall
2004; Niederberger et al. 2008; Margesin and Miteva 2011).

Argentine maintains a territorial claim over Antarctica in an area located from
south of the 60°S latitude to the South Pole, and from 25° to 74°W, which includes
the Antarctic Peninsula, within 13 stations in this area. Because of global warming,
the Antarctic Peninsula experiences a 2 °C increase in the annual mean temperature,
being one of the most rapidly warming regions on Earth. The west coast of the
Antarctic Peninsula is characterized by deep embayments interconnected by chan-
nels that facilitate the transport of heat and nutrients. During the ice-free season, the
Antarctic Peninsula Coastal Current sets a favourable environment for the biological
production of this marine ecosystem. South of the Weddell Sea, the Filchner-Ronne
Ice Shelf is floating over the continental shelf and usually releases ice fragments
(icebergs) from the ice front. These free-drifting icebergs on the Weddell Sea might
represent hotspots of constant micronutrient release that could serve as areas of
increased production and sequestration of organic carbon (Dionisi et al. 2012b).
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The Argentinian marine environments, with their notable extension, complex
topography, and water circulation patterns, as well as high biological productivity and
biodiversity, hold numerous valuable niches for the bioprospection of microorganisms
with biotechnological potential. In particular, sub-Antarctic and Antarctic marine
regions, remote and mostly pristine, contain microbial communities adapted to extreme
conditions that are remarkably suitable for bioprospection (Dionisi et al. 2012b).

Thus, Antarctic marine and terrestrial habitats are an excellent resource of
extremophiles, which often produce small molecules belonging to unusual structure
classes with novel biological activities (Wilson and Brimble 2009; Giddings and
Newman 2015a, b).

The antimicrobial activity of microorganisms from the Antarctic environs (includ-
ing the sub-Antarctic) has been investigated (O’Brien et al. 2004; Sdnchez et al.
2009; Encheva-Malinovaetal. 2014; Tomovaet al. 2015). A soil-derived Streptomyces
griseus strain NTK 97 isolated from Terra Nova Bay at Edmunson Point, Antarctica,
was reported to produce a new angucyclinone antibiotic, frigocyclinone (25, Fig. 8.5)
(Bruntner et al. 2005). Frigocyclinone consists of a tetrangomycin moiety attached
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through a C-glycosidic linkage with the aminodeoxysugar ossamine. Its UV-visible
spectrum was highly similar to that of urdamycin B produced by Streptomyces fra-
diae (Drautz et al. 1986). Frigocyclinone exhibited good antibacterial activity against
gram-positive eubacteria, such as Bacillus subtilis DSM 10 (MIC, 4.6 pg ml™") and
Staphylococcus aureus DSM 21231 (MIC, 15 pg mL™"). The minimal inhibition con-
centration (MIC) of frigocyclinone was significantly higher in comparison to that of
vancomycin and erythromycin; however, frigocyclinone revealed a more potent
activity than urdamycin B. No inhibitory activity against some gram-negative bacte-
ria (Escherichia coli, Pseudomonas fluorescens, Proteus mirabilis), filamentous
fungi (Botrytis cinerea, Aspergillus viridinutans, Penicillium notatum, Paecilomyces
variotii), and yeasts (Saccharomyces cerevisiae, Candida albicans) was observed. In
addition, other terrestrial psychrophiles producing antimicrobial compounds have
been isolated from Antarctic soils. Li et al. (2008) isolated the psychrotolerant fun-
gus Geomyces sp. from the Foldes Peninsula and King George Island, which pro-
duced five new asterric acid derivatives (26), ethyl asterrate (27), n-butyl asterrate
(28), and geomycins A—C (29-31) (Fig. 8.5). Ethyl asterrate and n-butyl asterrate did
not exhibit noticeable in vitro antimicrobial activity, indicating that ester chain length
is not responsible for the antimicrobial activity of asterric acids. Asterric acid deriva-
tives have been claimed as useful in the treatment of myocardial infarction and renal
insufficiency; however, the antifungal activity had not been reported until now.
Furthermore, geomycin B exhibited antifungal activity against Aspergillus fumigatus
(MIC, 20 pg ml™") whereas geomycin C exhibited antimicrobial activity against the
gram-positive bacteria Staphylococcus aureus (MIC, 51 pg ml™") and Streptococcus
pneumoniae (MIC, 103 pg ml™") and the gram-negative bacterium Escherichia coli
(MIC, 20 pg ml™).
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Chapter 9
Bioprospecting for Bioactive Actinomycetes
from Patagonia

Maria Soledad Vela Gurovic

Abstract Actinomycetes have been and still are the most promising bacterial
source of antibiotic and antifungal substances. It is known that the genetic potential
of these microorganisms has been underexplored. Up to date, almost all continents
have been subject to bioprospecting for bioactive actinomycetes. Reports on the
screening of actinomycetes come mainly from Europe, India, and countries of
Africa. In contrast, some biologically rich regions, particularly Patagonia and other
regions from South America, have been scarcely explored. Bioprospecting based on
the exploration of new environments, such as the deep sea and marine invertebrates,
led to the discovery of new and unique bioactive metabolites. Patagonia offers a
vast diversity of such potential environments and sources of bioactive strains,
including autochthonous marine invertebrates, endemic plants and lichens, wide
unoccupied desert areas with high-saline environments exposed to high tempera-
tures, pristine environments, and ancient forests. The latest most successful
approaches in bioprospecting for bioactive actinomycetes are reviewed in this chap-
ter, together with a discussion of the available reports on bioprospecting for actino-
mycetes from Patagonia.

9.1 Introduction

Actinomycetes comprise a large group of gram-positive bacteria. Although they are
typically abundant in soil as saprophytic microorganisms, actinomycetes also
inhabit freshwater and deep sea. Actinomycetes are the source of many clinically
successful antibiotics. For decades, the isolation of bioactive metabolites from acti-
nomycetes provided new hits for the treatment of infections and cancer, among
other diseases. The discovery of many bioactive compounds from actinomycete cul-
tures has revolutionized human medicine and other disciplines such as veterinary
pharmacology and the food industry. Ivermectin is the best example to illustrate
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this. The Nobel laureate in physiology or medicine 2015, Prof. Dr. Satoshi Omura,
isolated the producing microorganism Streptomyces avermitilis from the soil near a
golf course.

Although the research on actinomycete metabolites was very successful in the
past century, the discovery of new bioactive entities from natural sources declined
over the years, although the frequency of rediscovering known metabolites increased
(Baltz 2007). However, the prevailing criterion suggests that natural sources have not
been depleted. Indeed, genomic and metagenomic studies showthat the metabolic
potential of bacteria has been underestimated. In the past years, sequencing and anno-
tation of bacterial genomes showed that many strains harbour tens of biosynthetic
gene clusters related to secondary metabolism. This biosynthetic potential probably
remained hidden during routine bioassays because of the lack of proper media and
conditions required to trigger the expression of these gene clusters. In addition,
metagenomic studies revealed the existence of a large number of uncultured bacteria
with underestimated capabilities for the production of bioactive metabolites.

Nowadays, there is concern about the emerging resistance to antibiotics. The
need of new antibiotics and chemotherapeutics with better pharmacological profiles
boosted the development of novel tools and approaches for uncovering the biosyn-
thetic potential of microorganisms. Figure 9.1 summarizes some of the issues that
should be taken into account when searching for novel microbial bioactive
compounds.

New methods are needed for isolating and growing uncultured bacteria. These
achievements would allow the isolation of bacteria growing in underexplored envi-
ronments, such as the deep sea and deserts. Genomic-guided screening of isolated
microorganisms becomes useful to identify potential strains. The amplification and
sequencing of biosynthetic genes related to secondary metabolism is now fast and
easy to perform. It is therefore possible to compare partial or total sequences with
those already deposited in public databases. This comparison serves as preliminary
data about the novelty of the resulting metabolite. For those strains with annotated
genomes, genome mining allows the identification of biosynthetic gene clusters
related to secondary metabolism and the prediction of the putative structure of the

Develop new methods for

isolation of unculturable microorganisms and rare genera —— >  Bioprospecting underexplored environments

triggering expression of secondary metabolites —

avoiding re-isolation of known metabolites <——— Genomics Endophytic microorganisms

Bioassay
Deserts

———> Testing against Gram negatives Marine environments

|

Novel bioactives Novel strains

Finding new targets against resistant pathogens

Fig. 9.1 Bottlenecks in bioprospecting for bioactive Actinomycetes
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metabolite. However, if the optimal growing conditions for the production of the
metabolite are not found, it is not possible to prove its structure and activity. If this
is the case, heterologous expression is the only alternative.

Most of the antibiotics in clinical use are active against gram-positive strains.
Testing against gram negatives, as well as finding new targets and bioassays against
resistant pathogens and other diseases, would improve the chance of clinical suc-
cess from the beginning and would also decrease the rate of reisolation of known
metabolites (Baltz 2007).

Regarding the hypothesis “everything is everywhere,” a study showed that sam-
ples from distant regions harbour unique bacterial populations (Wawrik et al. 2007).
The authors concluded that the distribution of bacteria depended on factors such as
soil, pH, and ecosystem type. Actinomycetes and their secondary metabolite genes
were patchily distributed, suggesting that actinomycetes could be endemic: this
supports the screening of new actinomycetes and new metabolic capabilities from
underexplored environments. When considering bioprospecting for actinomycetes,
such environments currently include marine environments such as marine sedi-
ments and marine invertebrates, deserts, and endophytic microorganisms. It is worth
here to remember that the discovery of a novel strain is not always associated with
the discovery of new metabolites.

9.2 Underexplored Environments

Active bacteria from marine environments comprise those associated with marine
invertebrates (20 %), seaweeds (11 %), seawater (7 %), and sediments (5 %) (Gupta
et al. 2013). It is of interest to note that many compounds released in seawater
could be of ecological relevance. For example, a protective role of the microbial
secondary metabolites has been associated to the epibiotic bacteria in seaweed.
This kind of ecological association is highly appreciated when looking for bioac-
tive substances that could act as chemical messengers between living organisms.
The isolation of actinomycetes associated with marine plants and animals lead to a
high rate of bioactive isolates, mainly belonging to the Streptomyces and
Micromonospora genera (Zheng et al. 2000). Forthcoming research will certainly
focus on arid environments, endophytic microorganisms, and extreme environ-
ments (Peeters et al. 2011).

9.3 The Isolation Method

The successful exploration of particular environments depends on the isolation con-
ditions. Special media and physicochemical factors count for the isolation of repre-
sentative microorganisms. For example, the recovery of cultivable actinomycetes
from sandy low-nutrient soils is highly dependent on soil moisture and zinc
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concentration (Vreulink et al. 2007). Because the genus Streptomyces is highly
ubiquitous and has been intensively studied, some screening programs aim to find
novel taxa by the selective isolation of rare genera (Hayakawa et al. 2004). The use
of antibiotics and chemotactic and other known methods tend to achieve this selec-
tivity (Takahashi and Omura 2003).

Further, the composition of the isolation media can be manipulated to isolate
bioactive-producing strains (Basilio et al. 2003). The OSMAC concept (one strain
many compounds) refers to the capability of one single strain of producing up to 20
different metabolites belonging to diverse product families when growing condi-
tions such as media composition and aeration are changed. It has been shown that
factors such as metal stress could be successfully used to induce antibiotic produc-
tion when screening actinomycetes (Haferburg and Kothe 2013).

9.4 Genomics-Guided Approach

The increasing genomic information now accessible from public databases allows
the design of screening methods based on the presence of specific biosynthetic
genes in the genomes of the isolates. These target genes encode a biosynthetic
enzyme specific for certain type of metabolites. The method consists of the isola-
tion of DNA from each isolate, and the use of polymerase chain reaction (PCR)
with specific primers for the detection of such genes. The primer design is based on
the available sequences for that gene. Some of the primers described in the litera-
ture (Fig. 9.2) include primers for the screening of type I polyketide synthases
(PKS) and nonribosomal peptide synthases (NRPS; Ayuso-Sacido and Genilloud
2005), type II PKS (Metsd-Keteld et al. 1999), cytochrome P450 hydroxylase
(CYP; Hwang et al. 2007), and 3-amino-5-hydroxybenzoic acid (AHBA) synthase
(Huitu et al. 2009).

The genomic tools help to find novel compounds, but there is a need of special
isolation and cultivation media for the production of the metabolite. Some authors
agree that a combination of both genomics and OSMAC approaches is the best
choice for bioprospecting (Zotchev 2012; Zazopoulos et al. 2003).

antitumor antibiotics, antibiotics, immunosuppresives antifungal
|
[ I I 1
Type Il PKS Type | PKS Enediyne NRPS AHBA synthase CYP
doxorubicin neocarzinostatin vancomylcin rifamycin SV nystatin
cyclosporin A

Fig. 9.2 Biosynthetic enzymes targeted for genomic-guided screening
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9.5 Combined Approaches: Ansamycins

Ansamycins are antitumor antibiotics with a particular mechanism of action.
Perhaps the most famous members of this group are the antibiotics against myco-
bacteria, the rifamycins. Studies on bioprospecting for ansamycin producers com-
bined bioprospecting in underexplored environments, a genomic approach and the
use of selective producing media for the isolation of metabolites. Strains belonging
to Streptomyces were isolated from the Atacama Desert in Chile, an underexplored
ecosystem. Six selective media were used for the isolation. The genomic assay for
ansamycins was based on the detection of 3-amino-5-hydroxybenzoic acid (AHBA)
synthase of actinomycetes. They found one positive strain among 21 isolates. After
growing the positive isolate in special media for the production of the metabolites,
ansamycin-type antibiotics were detected (Huitu et al. 2009). They modified ISP-2
media (International Streptomyces Project Medium 2, Yeast Extract-Malt Extract)
by replacing glucose with glycerol to elicit the production of two of the isolated
ansamycins. A total of four novel ansamycin antibiotics were finally identified
(Okoro et al. 2009; Rate et al. 2011).

9.6 Actinomycetes from Patagonia

The information concerning this topic is currently scarce. Actinomycetes from
Patagonia were the subject of bioremediation and biocontrol screening programs.
To date, there exists only one report on the screening of antibiotic-producing actino-
mycetes from Patagonia. Endophytic streptomycetes have been isolated and charac-
terized from several species of Nothofagus and other plants growing in the southern
reaches of Patagonia. The authors report the isolation of six streptomycetes, all of
them being active against plant pathogenic fungi (Castillo et al. 2007).

Researchers from the University of Comahue in northern Patagonia have been
studying actinomycetes for many years. They contributed most of the information
available about distribution of actinomycetes in Patagonia (Vobis et al. 2001). In
one study, they describe cultivable actinomycetes associated with lichenized micro-
ecosystems (Pseudocyphellaria berberina) from the temperate Valdivian rainfor-
ests. The isolates belonged to the genera Actinoplanes, Dactylosporangium,
Pseudonocardia, Micromonospora, Streptomyces, and Streptosporangoium
(Scervino et al. 2014). In another study, a total number of 122 strains of actinomy-
cetes were isolated from both rhizosphere and rhizoplane of the plant Discaria tri-
nervis (Solans and Vobis 2003). Regarding bioactivity, the antifungal potential
against plant pathogenic fungi of three saprophytic strains from this microbial col-
lection has been evaluated (Solans and Vobis 2013).

Bioprospecting at CENPAT CONICET in Chubut province afforded a total of 60
isolates (Olivera and Vela Gurovic 2013; Vela Gurovic and Olivera 2014). This
screening, which is the first report on antibacterial actinomycetes from Patagonia,
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covered regions from east Patagonia, specifically the departments of Biedma,
Rawson, and Gaiman of Chubut Province, Patagonia. Samples were taken from the
rhizosphere, soil, and plants. About a third of the isolates displayed bioactivity
against bacteria. The isolates were grown in different media to trigger the secondary
metabolism. Different supernatants of the same isolate where then tested against
gram positives and gram negatives. The supernatants of many isolates were active
in special media, but displayed lower or no activity in media commonly used for
cultivation of actinomycetes such as ISP-2 (Fig. 9.3).

It was possible to detect a higher rate of active isolates by using different cultiva-
tion media. Studies are being conducted to identify the active compounds of the
isolate that showed the best bioactivity profile (Fig. 9.4).

producing media ISP-2
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Fig. 9.3 Activity profiles of supernatants of a Patagonian streptomycete over time. Right: activity
profile of the isolate growing in special media; left: the same isolate growing in ISP-2. Squares
gram positive, circles gram negative

Fig. 9.4 Streptomyces sp., isolated from Patagonian soil, growing on ISP-2 agar (leff). Liquid
cultures of the same isolate in different media ISP-2 (left) and production media for triggering
secondary metabolism (right)
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9.7 Conclusions

Patagonia is an underexplored region with high potential for the discovery of novel
microbial strains with novel metabolic potential. As the bioprospecting for actino-
mycetes turns to specific ecological niches, where bacteria associate with other liv-
ing systems such as fungi, invertebrates, plants, and sponges, novel bacterial species
associated with endemic higher organisms are found at a higher rate. The most
successful screening programs include a combination of different approaches to
find novel strains and novel metabolites. The use of genomics, selective isolation
and growing media, and proper criteria when deciding where to screen would guar-
antee the discovery of novel bioactives for the development of therapeutic agents.
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Chapter 10

Microorganisms from Patagonia

and Antarctica and Their Cold-Active SKkills
for Using Polymeric Materials

Fiorella F. Gomez, Jaime D. Babot, Gustavo A. Lovrich, Faustino Siferiz,
and Osvaldo Delgado

Abstract Both aquatic and soil ecosystems are environments rich in polymeric
material from the different structures of the organisms belonging to the three
domains of life that exist on our planet: Archaea, Bacteria, and Eukarya. Moreover,
microbial communities play important roles in food webs, contributing to the regen-
eration of nutrients within these systems. The ecosystems of Patagonia and
Antarctica could be taken into account as important reservoirs of microorganisms
with potential biotechnological interest because of the cold-active hydrolytic
enzyme activities produced there and also because of the diversity of enzyme-
producing microbes. Cold-active amylase, pectinase, cellulase, carboxymethyl-
cellulase, xylanase, galactosidase, glucosidase, chitinase, a-rhamnosidase, and
protease activities have been detected so far in bacterial isolates from the sub-
Antarctic region. The same activities, plus lipase, urease, and esterase activities,
have been reported for fungal isolates obtained from Patagonia and Antarctica.
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10.1 Microbial Diversity

Although microorganisms are abundant in nature and ubiquitously distributed, only
a small percentage of them (0.1-0.5%) has been studied by means of culture-
dependent techniques (Klappenbach et al. 2001). This property has seriously hin-
dered the analysis of their biodiversity, structure, and roles in microbial communities,
among other parameters. Studies focused on these parameters are now possible fol-
lowing the design of molecular techniques. Among these approaches, it is worthy to
mention denaturing gradient gel electrophoresis (DGGE) (Ercolini 2004), real-time
polymerase chain reaction (RT-PCR) (Vitali et al. 2010), and also pyrosequencing
and next-generation sequencing (NGS) (Metzker 2010). The microbial communi-
ties in several environments have been assessed through these techniques.

10.1.1 Sub-Antarctic Region Bacterial Diversity

Cutting-edge marine ecosystems ecology studies have been performed by 16S
rDNA sequence analysis, and thus bacterial populations are now known. Among
pelagic bacteria, most of them belong to a-Proteobacteria, an abundant and widely
distributed group in marine environments, and aggregating bacteria would be mainly
represented by members of the subclass y-Proteobacteria and group CFB
(Cytophaga-Flavobacterium-Bacteroides). On the other hand, cultivable microor-
ganisms have been classified as strict aerobes or facultative anaerobes and seem to
have importance in the degradation of macromolecules, such as chitin, DNA, or
cellulose (Reichenbach 1992).

Patagonia is located in the southernmost part of South America. Currently,
research is taking place in different parts of this region. Several culture-dependent
and culture-independent studies have been performed to isolate microorganisms
and analyze their phylogeny and production of cold-active enzymes of biotechno-
logical potential.

As the sole easily accessible sub-Antarctic coastal region, the Beagle Channel
(55°S, 66, 71°W; Fig. 10.1) is particularly relevant as a source of novel extremo-
phile microbes, but also for any research focused in the sub-Antarctic region.
Average temperature ranges between 4°C and 10°C in this area, allowing the
growth of psychrophilic and psychrotolerant microorganisms. Along the channel,
samples have been taken from various environments, including water, sediment,
invertebrates (crustaceans, bivalves, ascidians, isopods, salps, amphipods, poly-
chaetes, starfishes), sea vertebrates (different fishes), and seaweed (Fernandes et al.
2002; Belchior and Vacca 2006; Olivera et al. 2007; Orrillo et al. 2007; Prabagaran
et al. 2007; Cristobal et al. 2009; Pucci et al. 2009; Tropeano et al. 2012). Multiple
isolates and clones were obtained and characterized as members of the classes
a-Proteobacteria, y-Proteobacteria, e-Proteobacteria, and group CFB. Other
noncultivable microorganisms were detected but could not be identified by means
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Fig. 10.1 Patagonia, nearer Sub-Antarctic region, and Antarctic Peninsula

of 16S rDNA sequence analysis (Prabagaran et al. 2007). Bacteria belonging to the
CFB group are abundant in coastal areas, but little is known about their populations
in the open sea. As far as it is known, they do not seem to be involved in cellulose
degradation (Reichenbach 2006). The following genera belonging to the aforemen-
tioned classes were identified: Marinomonas, Shewanella, Pseudoalteromonas,
Roseobacter, Sulfitobacter, Glaciecola, and Psychrobacter (Prabagaran et al. 2005,
2007; Orrillo et al. 2007; Cristébal et al. 2009, 2011, 2014). Recently, the new spe-
cies Marinomonas ushuaiensis was isolated, identified, and characterized by
Prabagaran et al. (2005) from seawater sampled from the coast of Ushuaia. This
species can use glucose, mannose, melibiose, and other carbohydrates as carbon
sources, which in turn result from the decomposition of organic material.
Concerning other sampling areas near Beagle Channel, the bacterial populations
would be similar to those of the channel. However, members of the genera Colwellia
and Planococcus, and even one isolate of the family Flavobacteriaceae, were
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detected from sediment samples from the nearby Isla de los Estados (54°47" S,
64°15’ W; Fig. 10.1) (Sdnchez et al. 2009). Colwellia sp. showed an optimal growth
temperature around 15 °C, whereas the other two isolates were able to grow best at
20°C-25°C; thus, the former was characterized as moderately psychrophilic and
the latter were characterized as psychrotolerant. Other putative new species were
detected because their 16S rDNA sequences showed a similarity index lower than
97 % within sequences available in databases (Olivera et al. 2007). At the Golfo San
Jorge (45°—47°S, 65°40"W; Fig. 10.1), 53 lactic acid bacteria isolates were obtained
from the intestinal contents of Odontesthes platensis, and their inhibitory activity
was tested against a set of both gram-positive and gram-negative fish pathogens
(Sequeiros et al. 2010). Lactococcus lactis TW34, an isolate able to grow at 10°C,
showed inhibitory activity against Lactococcus garvieae 03/8460 and other gram-
positive bacteria, but not against gram-negative pathogens. The antimicrobial com-
pound produced by this strain was reported to be a highly thermostable bacteriocin
active between pH 3.0 and 11.0.

In a study performed in Potter Cove (Isla 25 de Mayo/King George Island,
Antarctica) (62°14'S, 58°40’W; Fig. 10.1), 189 aerobic heterotrophic bacterial iso-
lates were obtained throughout samples of seawater, marine sediment, algae, and
different marine animals, and they were identified as members of the phyla
Proteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes, y-Proteobacteria
being the predominant class (Tropeano et al. 2012, 2013).

10.1.2 Fungal Diversity in Patagonia and Antarctica

Knowledge is limited about fungal diversity from Patagonia and Antarctica. In a
worldwide study, Tedersoo et al. (2014) concluded that the overall richness of soil
fungi increases toward the Equator. However, the diversity of saprotrophic fungi,
parasites, and pathogens increased at high latitudes, such as those of Patagonia.
Most studies on fungal diversity were performed in forests dominated by trees of the
genus Nothofagus in northwestern Argentine Patagonia; however, the diversity of
Epichloé, a plant endophytic fungus in Southern Patagonia (Santa Cruz and Tierra
del Fuego provinces), was studied by Mc Cargo et al. (2014). Three species were
found: Epichloé tembladerae, Epichloé typhina var. aonikenkana, and the new spe-
cies Epichloé cabralii. Based on morphotyping and rDNA sequence analysis, the
ectomycorrhizal fungi from Nothofagus forests in northwestern Patagonia were
assessed by Nouhra et al. (2013). They found that this community was dominated
by Basidiomycota, mainly from the genera Cortinarius and Inocybe, but there was
higher diversity among Agaricales. Several Tubeufiaceae species were detected on
the surface of Nothofagus trees in northwestern Patagonia by Sdnchez and
Bianchinotti (2010), including two species so far described only in the Northern
Hemisphere: Acanthostigma minutum and Tubeufia cerea. A new species belonging
to the genus Acanthostigma, A. patagonica, was described by Sanchez et al. (2012).
The specimens were isolated from the bark of Nothofagus trees in northwestern
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Patagonia. In another study performed in a similar forest, four new species of the
genus Cystangium were described (Trierveiler-Pereira et al. 2015).

The prevailing harsh environmental conditions in Antarctica constitute signifi-
cant limiting factors for plant and animal life. Therefore, the biology of Antarctica
is dominated by microorganisms (Friedmann and Thistle 1993). The endophytic
fungi associated with leaves of Deschampsia antarctica in Admiralty Bay at Isla 25
de Mayo/King George Island (Antarctica) (62°09" S, 58°28" W; Fig. 10.1) were
characterized by Rosa et al. (2009). Alternaria and Phaeosphaeria were reported as
the most frequent genera associated to plants, and other fungal isolates were identi-
fied as Entrophospora sp. and several undescribed Ascomycete species. Fungal
abundance and diversity were studied in 18 distinct ice-free locations in Antarctica
by Arenz and Blanchette (2011). Ascomycetes was found to be the predominant
phylum, while Antarctic Peninsula and the Ross Sea Region had the highest
Zygomycetes and Basidiomycetes abundances, respectively. The main genera found
were Geomyces, Cadophora, Rhodotorula, and Cryptococcus. The same genera
were reported as the most abundant in wood from historic expedition huts left by
early explorers to the South Pole (Blanchette et al. 2004; Arenz et al. 20006).

Alike filamentous fungi diversity studies, most yeast diversity studies were also
focused in Northwestern Patagonia. In a recent study by Ferndndez et al. (2012),
morphological and molecular methods were used to assess the fungal community
on the surface of seeds and noncommercial fruits of Nothofagus nervosa trees.
A total of 171 isolates corresponding to 17 species were recovered, most of which
belong to the phylum Ascomycota, butalso several isolates from genera Cryptococcus
and Rhodotorula were reported. In another study, Brandao et al. (2011) evaluated
the diversity of yeasts in the Nahuel Huapi Lake, Nahuel Huapi National Park
(41°05'S, 71°20" W; Fig. 10.1): a total of 149 isolates distributed in 14 genera and
34 species were obtained. The most frequently isolated species were Rhodotorula
mucilaginosa and Cryptococcus victoriae. Soil yeasts from two forests dominated
by Nothofagus trees were evaluated by Mestre et al. (2014). Each forest site showed
a particular arrangement of species. Cryptococcus podzolicus was most frequently
isolated in nutrient-rich soils, Trichosporon porosum dominated cold mountain for-
ests with low nutrient and water availability in soil, and capsulated yeasts such as
Cryptococcus phenolicus dominated forest sites with low precipitation. Recently,
different strains of the psychrotolerant species Saccharomyces eubayanus and S.
uvarum were isolated from the seeds and bark of Araucaria araucana trees
(Rodriguez et al. 2014). In another study performed in the same region, the diversity
of yeasts inhabiting the bulk soil, rhizosphere, and ectomycorrhizosphere of a
Nothofagus pumilio forest was assessed. A total of 126 yeast isolates were obtained;
basidiomycetous yeasts were predominant in all soil fractions, and the most fre-
quently isolated species was Cryptococcus podzolicus. Many of the recovered yeast
species were associated with lignocellulose compound degradation, which suggests
that yeasts are important as decomposer in those forest soils (Mestre et al. 2011b).
Two strains of the new yeast species Lindnera rhizosphaerae were isolated from
rhizospheric soil samples of the same forest (Mestre et al. 2011a). In a study per-
formed in southwestern Patagonia, 153 yeast isolates were obtained from melted
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glacial ice by de Garcia et al. (2012a). Ninety percent of the isolates were basidio-
mycetous; 16 genera and 29 species were identified, mainly Dioszegia crocea and
Cryptococcus victoriae. Twenty-five percent of total isolates corresponded to psy-
chrophilic yeasts, whereas 75 % were psychrotolerant yeasts. In a study of yeast
diversity in soil and water from Isla 25 de Mayo/King George Island, Antarctica
(Fig. 10.1), Mrakia and Cryptococcus genera contained the highest species diver-
sity, and Sporidiobolus salmonicolor was the most ubiquitous species. Most of the
yeasts were psychrotolerant (Carrasco et al. 2012). In another study performed in
Antarctica, 97 yeast isolates belonging to 21 different species, 8 Ascomycota and 13
Basidiomycota, were recovered from marine and terrestrial samples. Encapsulated
yeasts belonging to genera Rhodotorula and Cryptococcus were recovered from
seven different samples. Moreover, Candida glaebosa, Cryptococcus victoriae,
Meyerozyma guilliermondii, Rhodotorula mucilaginosa, and R. laryngis were the
most abundant yeast species recovered (Duarte et al. 2013). In a similar study, 35
yeasts were isolated from soil, rocks, wood, and bones collected in the Isla 25 de
Mayo/King George Island, Antarctica, and classified in the genera Leucosporidiella,
Rhodotorula, Cryptococcus, Bullera, and Candida. Cryptococcus victoriae was by
far the most ubiquitous species (Rovati et al. 2013).

10.2 Cold-Active Hydrolytic Enzymatic Activities

Microorganisms have an important role in marine trophic networks. They degrade
dissolved organic matter, both that generated in the sea and that incorporated from
other sources such as rivers, city wastes, and contaminant compounds such as
hydrocarbons. (Pucci et al. 2009). By doing so, microbes regenerate chemical ele-
ments such as carbon and nitrogen and incorporate them into their respective bio-
geochemical cycles.

The sub-Antarctic region is dominated by temperatures ranging between 4 °C
and 10°C, depending on the season. As result of those low temperatures, enzyme-
catalyzed chemical reactions are either diminished or stopped (D’Amico et al.
2002). However, psychrophilic and psychrotolerant microorganisms have success-
fully colonized this area (Fernandes et al. 2002), possible by a series of both physi-
ological and structural adaptations, including the synthesis of cold-adapted enzymes
with optimal performance at low temperature. Microorganisms are classified as psy-
chrophilic or psychrotolerant according not only to their optimal growth tempera-
ture but also to the range of temperatures at which they are able to grow. Psychrophilic
microorganisms are those with a minimum growth temperature of 0 °C or lower, an
optimum growth temperature of 15°C or lower, and a maximum growth tempera-
ture of 20 °C (Morita 1975).

Cold-adapted enzymes show promising characteristics that make them appealing
for their use as biotechnological tools. The use of these enzymes in industrial pro-
cesses would not only highly reduce costs related to heating, but even more would
decrease the loss of volatile compounds and the risk of contamination in industrial
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processes (Tropeano et al. 2012). Such enzymes with proteolytic, amylolytic,
lipolytic, and cellulolytic activities are already being incorporated into detergents;
their properties allow also their use in the food industry for the elaboration of heat-
sensitive products (Demain and Adrio 2008; Tropeano et al. 2012). Currently, cold-
adapted enzymes are employed in the textile industry, in the manufacture of paper,
and also in bioremediation, among other uses (Kirk et al. 2002).

10.2.1 Cold-Active Enzymatic Activities from Marine Bacteria
in the Sub-Antarctic Region

So far, several cold-adapted enzymes with potential biotechnological applications
have been detected around the sub-Antarctic region, for example, galactosidases,
glucosidases, cellulases, and chitinases (Fernandes et al. 2002; Olivera et al. 2007,
Cristdbal et al. 2009; Tropeano et al. 2013). The expression of most of these enzymes
is triggered by their substrates, which are used as a carbon source by marine
microbes and also by microorganisms inhabiting the gastrointestinal tract of marine
animals.

Fernandes et al. (2002) characterized a -galactosidase produced by the bacterial
Antarctic isolate TAE 79b, phylogenetically related to the genus Pseudoalteromonas.
This enzyme displayed an optimal activity at pH 9.0 and 26 °C; however, 28 % of its
maximal activity was retained at 5 °C. The industrial interest of this enzyme lies in
its use for lactose fermentation, because lactose intolerance affects two thirds of the
world’s population (Hoyoux et al. 2001).

On the other hand, benthic invertebrates such as Munida gregaria (morphotype
“subrugosa”) were collected from Beagle Channel and their intestinal contents were
screened for hydrolytic enzyme-producing bacteria (Cristébal et al. 2009). Isolate
Shewanella sp. G5 showed remarkable potential by its psychrotolerant character
(growth temperature ranging between 4 °C and 37 °C, with an optimal growth tem-
perature of 20°C) and its production of three intracellular B-glucosidase isoen-
zymes. Production of these isoenzymes was observed on glucose and cellobiose,
with a maximal activity at pH 8.0 for both substrates.

B-Glucosidases, a-rhamnosidases, and a-arabinofuranosidases can be employed
for acidity reduction of fruit juices and improvement of wine flavor by the release of
volatile terpenes. In this context, psychrotolerant bacteria inhabiting both seawater
and the gastrointestinal tract of marine invertebrates were isolated from the coastal
area near Ushuaia, Argentina (54°80" S, 68°31" W; Fig. 10.1) and screened for
a-rhamnosidase production by Orrillo et al. (2007). Of 140 isolates, all of them iso-
lated from seawater, only 10 evidenced a-rhamnosidase activity. The highest
a-rhamnosidase activity at 4 °C was detected for the isolate 005NJ, belonging to the
Pseudoalteromonas genus. This thermosensitive activity (half-life of 4 min at 50 °C)
could be utilized for food processing at low temperatures (Orrillo et al. 2007).

Other enzymatic activities also reported from this sub-Antarctic region
included proteases (Olivera et al. 2007; Tropeano et al. 2013), amylases, pectinases,
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cellulases, carboxymethyl-cellulases, and xylanases (Tropeano et al. 2012, 2013).
Proteases were detected from bacterial isolates belonging to the genera Colwellia
and Shewanella obtained from Isla de los Estados sediments. Colwellia sp. showed
thermosensitive proteolytic activity whereas that of Shewanella sp. was reported as
thermostable. These results suggest important variations in the thermal properties of
the proteases that can coexist in such environments (Olivera et al. 2007). Amylolytic,
pectinolytic, cellulolytic, carboxymethyl-cellulolytic, and xylanolytic activities
were detected in a set of bacteria isolated from Potter Cove (Isla 25 de Mayo/King
George Island, Antarctica; Fig. 10.1). Each isolated bacterial species was able to
produce one or more of these enzymatic activities. Interestingly, there seemed to be
a certain association between the expression of enzymes when the production of
more than one hydrolytic activity by the same strain occurred: this was observed
mainly for the associated production of pectinases and carboxymethyl-cellulases.
Mostenzymatic activities were produced by isolates of the genera Pseudoalteromonas
and Pseudomonas (Tropeano et al. 2013). These results suggest that Potter Cove is a
promising source of biotechnological relevant biomolecules (Tropeano et al. 2012).

10.2.2 Cold-Active Hydrolytic Enzymes from Fungi
in Patagonia and Antarctica

Few studies have focused on the study of fungal hydrolytic enzymes of microorgan-
isms isolated from Patagonia and Antarctica. Eliades et al. (2015) studied four
strains of Humicolopsis cephalosporioides, a soil fungus associated with Nothofagus
pumilio forests. These strains were isolated from a N. pumilio forest that was har-
vested by shelter-wood cutting practiced 50 years ago in Tierra del Fuego, Argentina
(Fig. 10.1). They found intense proteolytic, cellulolytic, and pectinolytic activities
in all strains at temperatures below 25°C. Pectinolytic and proteolytic activities
were highest at 5°C and 15°C for all strains, respectively. Both cellulolytic and
amylolytic activities were highest at 5 °C for two isolates, although the highest lipo-
Iytic and chitinolytic activities were observed at this temperature for one strain. The
production of hydrolytic enzymes by Tolypocladium cylindrosporum, an entomo-
pathogenic fungus proposed as a biological control agent against insects, was stud-
ied for a strain isolated from soil samples collected in a forest in Ushuaia, Argentina
by Scorsetti et al. (2012). Proteolytic and urease activities were higher at 4 °C than
at 12°C and 24 °C. There were no differences between chitinolytic activity at 12°
and 24 °C; however, activity was not detected at 4°C. Similarly, lipolytic activity
was higher at 12° and 24 °C than at 4°C.

On the other hand, the study of hydrolytic enzymes produced by yeasts isolated
from Patagonia and Antarctica has been more extensive, especially in northwestern
Patagonia. The extracellular enzymatic activities (amylolytic, proteolytic, lipolytic,
esterasic, pectinolytic, chitinolytic, and cellulolytic activities) of 91 basidiomyceta-
ous yeasts isolated from glacial and subglacial waters of northwest Patagonia
(41°10’ S, 71°50" W, Argentina; Fig. 10.1) was investigated by Brizzio et al. (2007).
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Three or more different enzymatic activities were reported at 4°C for more than
15 % of strains, and more than 63 % of the strains showed two enzymatic activities
at similar temperatures. On the other hand, almost 10 % of strains exhibited three or
more enzymatic activities and 32 % of them showed two activities. The number of
strains exhibiting amylolytic, proteolytic, and lipolytic activities was higher at 4 °C;
more strains with pectinolytic activity were detected at 20 °C. Remarkably, no cel-
lulolytic or chitinolytic activities were detected at 4 °C and 20 °C. In another study,
148 yeast isolates were obtained from subsurface water from the Nahuel Huapi
Lake in northwestern Argentinean Patagonia (Fig. 10.1) by Brandio et al. (2011).
Of these, 82 % showed at least one extracellular enzymatic activity at 5° or
20°C. Esterase activity was the most widely expressed extracellular enzyme activ-
ity (positive for 71.8 % of the isolates), followed by cellulotytic (53.0 %), pectino-
lytic (42.9 %), amylolytic (26.8 %), and protease (22.1 %) activities. The number of
strains showing amylolytic activity at 5°C was higher than at 20 °C; however, the
remnant enzymatic activities were more distributed among yeasts growing at
20°C. Libkind et al. (2008) studied the occurrence of amylolytic, proteolytic, ester-
ase, cellulolytic, pectinolytic, and pectate-lyase activities in two strains of
Xanthophyllomyces dendrorhous (Phaffia rhodozyma) previously isolated from
stromata of the ascomycetous fungus Cyttaria hariotii and from water samples of
Lake I16n in northwestern Patagonia, Nahuel Huapi National Park (71°56" S, 41°11’
W; Fig. 10.1). No enzymatic activities were detected at 20 °C, and amylase was the
only hydrolytic activity observed at 5°C, suggesting that the synthesis of such
enzymes in X. dendrorhous is favored by low temperatures. This enzyme has poten-
tial application in the production of maltose syrup and also in the beer industry.
Concerning Southern Patagonia, several Cryptococcus strains were isolated from
melted water, ice, and seawater from glaciers in Mount Tronador, Nahuel Huapi
National Park (41°11" S, 71°50” W), Perito Moreno glacier (49°15" S, 73°51" W),
and Horn Cape (57°25" S, 66°34" W) (Fig. 10.1), respectively (de Garcia et al.
2012b). The strains were tested for their ability to degrade starch, protein, pectin,
cellulose, and fatty acids at 5°C and 20°C. Cryptococcus victoriae and related
strains showed cellulolytic and esterase activities at both tested temperatures.
Although amylolytic and proteolytic activities were not detected at any strain, two
new species described in the study, Cryptococcus tronadorensis and C. fonsecae,
showed the six enzymatic activities tested at both assayed temperatures. In
Antarctica, Vaz et al. (2011) isolated 89 yeast strains from samples of the rhizo-
sphere of Deschampsia antarctica, ornithogenic soil, soil, marine and lake sedi-
ments, marine water, and freshwater from lakes of Admiralty Bay (Isla 25 de Mayo/
King George Island, Shetland Islands; 62°09" S, 58°28" W) and Port Foster,
Deception Island (62°55.5" S, 60°37" W; Fig. 10.1), during the austral summer sea-
son between November 2006 and January 2007. All strains were tested for their
ability to degrade starch, protein, lipids, pectin, and cellulose at 4°C and
20°C. Cellulolytic and esterase activities were the most frequent, being present in
76 % of the isolates. Higher levels of esterase activity were detected at 4 °C than
20°C. On the other hand, no significant differences between temperatures were
observed for the other tested enzymatic activities. Nevertheless, most isolated yeasts
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showed enzymatic activity at 4 °C, providing evidence of their metabolic adaptation
to cold environments. In another study, eight extracellular hydrolytic activities were
tested on 78 yeast isolates obtained from both water and soil samples from the same
area by Carrasco et al. (2012). All species displayed at least one of the eight extra-
cellular enzymatic activities tested. Lipase, amylase, and esterase activities domi-
nated, and chitinase and xylanase were less common. Two isolates identified as
Leuconeurospora sp. and Dioszegia fristingensis displayed six enzyme activities.
Finally, lipase, xylanase, and protease activities were tested in 97 isolates obtained
from water and soil samples from continental Antarctica by Duarte et al. (2013).
They found that 46.4 %, 37.1 %, and 14.4 % of the evaluated isolates were able to
produce lipases (at 15 °C), xylanase (at 15 °C), and protease (at 25 °C), respectively.
Interestingly, most lipolytic, proteolytic, and xylanolytic strains were distributed
within the phylum Basidiomycota.

10.3 Conclusions

Throughout Patagonia, various microorganisms colonizing different environments
were detected, all of them able to hydrolyze polymeric material, belonging to a wide
variety of phyla. Among bacteria, members of Proteobacteria, mainly
a-Proteobacteria and y-Proteobacteria, abounded. On the other hand, Basidiomycota
and Ascomycota were the predominant fungal phyla from Patagonia and Antarctica,
respectively. Among yeasts, Cryptococcus and Rhodotorula seem to be the most
widely distributed genera in the sub-Antarctic region. Because of the extreme con-
ditions found in this region, these microorganisms naturally produce cold-active
hydrolytic enzymes with potential applications in multiple industrial processes.

Given all the foregoing, the sub-Antarctic marine ecosystem could be considered
as an important reservoir of microorganisms with potential biotechnological inter-
est, as the result of their hydrolytic enzyme activities and also because of the diver-
sity and fluctuation in microbial population density and the presence of different
enzyme-producing microorganisms.
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Chapter 11
Alkaline Proteases from Patagonian Bacteria

Nelda Lila Olivera, Martin S. Iglesias, and Cynthia Sequeiros

Abstract In addition to their ecological importance in the acquisition of nitrogen-
rich organic compounds, extracellular proteases also have interesting biotechno-
logical applications. Particularly, alkaline proteases represent one of the most
important groups of commercial enzymes. First, we introduce the classification and
catalytic mechanisms of proteases. Then, this chapter reviews the advances in the
bioprospection of alkaline proteases produced by bacteria adapted to selective con-
ditions from different environments of Patagonia (Argentina). Among them, the
arid soils of the Patagonian Monte are propitious for the development of alkaliphilic
microorganisms. Thus, we focus on the description of the species Bacillus patag-
oniensis and the biochemical and catalytic properties of its alkaline protease. Then,
we discuss investigations about alkaline protease-producing bacteria from the
southern Patagonian coast, the prevalence of psychrophilic and psychrotolerant
strains, and the response of their extracellular proteases to temperature.

11.1 Introduction

Enzymes that hydrolyze peptide bonds of polypeptides or proteins rendering pep-
tides or amino acids are called proteases, although they are also termed peptidases,
proteolytic enzymes, or proteinases (Rawlings et al. 2014). Microbial proteases take
part in many important physiological processes of microorganisms, including
processing of signal peptides and propeptides, sporulation, cell division, adsorption
of proteinaceous nutrients, cleavage of cell-wall proteins, bacterial pathogenesis,
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and defense (Rao et al. 1998; Wu and Chen 2011; Moliere and Turgay 2013). They
also have a major function in the global recycling of carbon and nitrogen through
the depolymerization of proteins in the environment (Folse and Allison 2012).
Particularly, protein degradation is associated with the first stages of nitrogen
mineralization and release, regulating its availability to primary producers and
microorganisms in the environment (Alkorta et al. 2003).

Commercially, proteases constitute one of the largest groups of the global market
of industrial enzymes, which reached nearly 4.8 billion dollars in 2013 as per esti-
mates by BCC Research group (http://www.bccresearch.com/market-research/ bio-
technology/enzymes-industrial-applications-bio030h.html). Particularly, alkaline
proteases are widely used in the detergent and leather industries, in food and feed
processing, in medical applications, and in organic waste treatments. Microorganisms
are the preferred source of alkaline proteases as they grow rapidly and in reduced
spaces, and they can be genetically manipulated for protease engineering.

The screening of protease-producing microorganisms in unexplored environ-
ments, especially those showing selective conditions, is an important strategy for
the isolation of robust enzymes with valuable technical characteristics (e.g., high
specificity and stability toward temperature, pH, salt concentration, and chemical
agents). In this chapter, we focus on the bioprospection of alkaline protease-
producing bacteria from Patagonia. First, we review the classification and catalytic
mechanisms of proteases and the main characteristics of alkaline proteases. Then,
we discuss the occurrence and particularities of alkaline protease-producing bacte-
ria from the arid soils of the Patagonian Monte and from cold marine ecosystems off
the southern Patagonian coast.

11.2 Classification and Catalytic Mechanisms of Proteases

11.2.1 Classification and Nomenclature of Proteases

Two systems of classification and nomenclature of proteases are currently in use:
the EC System recognized by the Nomenclature Committee of the International
Union of Biochemistry and Molecular Biology, which is based on the reactions that
proteases catalyze (Enzyme Nomenclature 1992), and the MEROPS System of pep-
tidase clans and families that uses a hierarchical, structure-based classification of
proteases (Rawlings and Barrett 1993).

11.2.1.1 EC System

The EC (Enzyme Committee) classification system is based on the type of catalyzed
reaction and the nature of the protease active site. Proteases are located within the
hydrolase class (EC 3.), acting on peptide bonds (peptidase subclass EC 3.4). All
peptidases catalyze the same reaction, the hydrolysis of the peptide bond; however,
they can be classified according to the position of the peptide bond to be hydrolyzed
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within the polypeptide chain. On this basis, they are divided into “exopeptidases,”
which act only near a terminus of a polypeptide chain, and “endopeptidases,” that
act internally in polypeptide chains (Enzyme Nomenclature 1992).

The exopeptidases act only near the ends of polypeptide chains and can liberate
a single amino acid residue, dipeptides or tripeptides. Based on their site of action
at the N- or C-terminus, they are classified as amino- and carboxypeptidases, respec-
tively. The endopeptidases are characterized by their preferential action at the pep-
tide bonds in the inner regions of the polypeptide chain away from the N- and
C-termini. They are divided into five subgroups based on their catalytic mecha-
nisms, which involve the presence of certain amino acids in the enzyme active site.
Thus, the serine endopeptidases (EC 3.4.21) possess a serine (Ser) residue in their
active site; the cysteine endopeptidases (EC 3.4.22) have a cysteine (Cys) group;
aspartic endopeptidases (EC 3.4.23) often have two aspartic (Asp) residues, which
are responsible for the catalytic activity; the activity of metallo-endopeptidases (EC
3.4.24) depends on the presence of a divalent metal ion in the active site, usually
zinc (Zn?*); and the threonine (Thr) endopeptidases (EC 3.4.25) employ a threonine
residue instead of a serine one. Endopeptidases that could not be assigned to any of
these groups are listed in sub-subclass EC 3.4.99.

11.2.1.2 MEROPS System

The MEROPS classification system is the newest of the systems and considers pri-
mary and tertiary structures to group sets of homologous peptidases into Families
and sets of related families into Clans (Rawlings and Barrett 1993). The MEROPS
system uses its own identification code. Each family is identified by a letter repre-
senting the catalytic type of the proteolytic enzymes it contains, that is, A (Aspartic),
C (Cysteine), G (Glutamic), M (Metallo), N (Asparagine), P (Mixed), S (Serine), T
(Threonine), and U (Unknown), followed by an arbitrarily assigned number. The
name of each clan is identified with two letters: the first represents the catalytic type
of the families included in the clan and the second is a capital letter of the alphabet
assigned sequentially. The letter “P” is used for a clan containing families with more
than one catalytic type (e.g., serine, threonine, and cysteine). This classification is
under constant review (https://merops.sanger.ac.uk/index.shtml).

11.2.2 Protease Catalytic Types and Their Action Mechanism

The catalytic type of a protease relates to the chemical groups responsible for pep-
tide bond hydrolysis. All proteases polarize the carbonyl group of the substrate
peptide bond by stabilizing the oxygen in an oxyanion hole, which makes the car-
bon atom more vulnerable for attack by an activated nucleophile. The major differ-
ences between the catalytic types are the nature of the nucleophile and oxyanion
stabilizer. In cysteine, threonine, and serine peptidases the nucleophile of the cata-
lytic site is part of an amino acid, either a hydroxyl group (serine and threonine
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Fig. 11.1 Catalytic mechanism of serine peptidases

peptidases) or a sulfhydryl group (cysteine peptidases). The oxyanion hole is usu-
ally stabilized by two residues in the backbone of the protease (Barrett et al. 2004).
On the other hand, metalloproteases, and glutamic and aspartic proteases, use water
as nucleophile, activated by electrostatic interactions with the metal ion (Me**), or
glutamate (Glu) or aspartate (Asp) residues, respectively. The oxyanion of these
proteases is stabilized by Me*", Gln, and Asp, respectively (Fujinaga et al. 2004;
Rawlings et al. 2014).

We explain further the catalytic action of serine and metallopeptidase families as
they include bacterial alkaline proteases (Ellaiah et al. 2002; Singhal et al. 2012).
The hydrolysis mechanism of serine peptidases usually proceeds in two distinct
steps. First, the nucleophilic attack by the serine hydroxyl group on the carbonyl
carbon of the substrate forms a tetrahedral intermediate (Fig. 11.1). This intermedi-
ate is stabilized by two backbone NH groups from Gly and Ser, respectively, which
provide hydrogen bonds from the oxyanion-binding site to the carbonyl oxygen
(Fig. 11.1) (Polgér 2005). The intermediate breaks down by general acid catalysis
to acyl enzyme and the ‘amino’ portion of the substrate as the first product of reac-
tion. As a result of this acylation step, the proton of the serine hydroxyl has been
transferred by the imidazole group of a histidine residue to the amine leaving group
(Fig. 11.1). In a second step, the acyl-enzyme intermediate is hydrolyzed through
the reverse pathway of acylation, but in this addition—elimination reaction a water
molecule instead of the serine residue is the attacking nucleophile (Barrett et al.
2004; Polgdr 2005). Thus, it results in the hydrolysis of the peptide bond.

The metallopeptidases, as aspartic peptidases, use a water molecule to carry out
the nucleophilic attack on a peptide bond (Fig. 11.2). A divalent metal cation, usu-
ally zinc, activates the water molecule. The metal ion is held in place by amino acid
ligands, usually three in number (Fig. 11.2). Most of the metalloproteases are
enzymes containing the His-Glu-Xaa-Xaa-His (HEXXH) motif, which forms a part
of the site for binding the metal. The water molecule is also hydrogen bonded to a
glutamic acid (Fig. 11.2). That carboxyl group serves as a general base to remove a
proton and assists the attack of the same water molecule on the peptide carbonyl.
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Again, a proton must be transferred to the leaving nitrogen atom, and this could be
derived from the glutamic acid. Thus, the glutamic acid would be acting in analogy
to one of the aspartic acid groups in the aspartic peptidases and to the histidine in
the serine and cysteine peptidases (Dunn 2001; Barrett et al. 2004).

11.3 Bacterial Alkaline Proteases

Proteases are referred to as acidic, neutral, or alkaline enzymes based on the optimum
pH for their hydrolytic activity (Rao et al. 1998). Alkaline proteases mostly include
enzymes with an optimum pH for activity between 9 and 11, an optimal temperature
between 50 °C and 70 °C, and a molecular mass in the range of 30 to 45 kDa (Singhal
et al. 2012; Jisha et al. 2013). Particularly, serine alkaline proteases comprise impor-
tant technical enzymes used in the detergent, leather, and meat industries (Bhunia
et al. 2012). Among alkaline protease-producing bacteria, there are neutralophilic,
alkalotolerant, and alkaliphilic strains (Ellaiah et al. 2002; Fujinami and Fujisawa
2010). Extremophilic bacteria adapted to more than one environmental stressor, such
as haloalkaliphiles, which survive under saline and alkaline conditions, also produce
alkaline proteases (Raval et al. 2014). Thermophilic alkaliphiles, thermophilic halo-
alkaliphiles, and psychrophilic and psychrotrophic bacteria have also been reported
to produce valuable alkaline proteases (Kasana 2010; Shrinivas and Naik 2011).
Taxonomically, one of the most studied genera of alkaline protease producers is
Bacillus (Ito et al. 1998; Rao et al. 1998). Neutralophilic strains of this genus pro-
duce important alkaline serine proteases (Table 11.1). An example is Subtilisin
Carlsberg, produced from fermentation of Bacillus licheniformis (Jacobs et al. 1985).
Moreover, alkaliphilic Bacillus spp. also constitute an important source of alkaline
proteases (Ito et al. 1998; Horikoshi 2004). Since the alkaliphilic Bacillus group was
classified into nine species (Nielsen et al. 1995), numerous novel strains have been
described and many of them are alkaline protease producers (Saeki et al. 2002;
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Kazan et al. 2005; Siegert et al. 2009; Deng et al. 2010; Denizci et al. 2010; Prakash
et al. 2010). To this group belong the commercial high-alkaline proteases Savinase®
and Esperase® (Novozymes Corp.) produced by alkalophilic Bacillus spp.
(Table 11.1). These proteases are characterized by high activity and stability at ele-
vated temperature and pH.

Other important alkaline protease producers are species of Pseudomonas and
Streptomyces (Table 11.1). A solvent and thermoalkali stable protease is produced by
Pseudomonas putida SKG-1; the protease was most active at pH 9.5 and 40 °C, and
in the presence of organic solvent exhibited 72—-191 % of relative activity (Singh
et al. 2013). Streptomyces sp. strain AH4 produces two extracellular alkaline prote-
ases, both enzymes stable within a wide range of temperature (45-75 °C) and pH
(8.0-11.5), (Touioui et al. 2015). Streptomyces sp. S7 produces an alkaline keratinase
with an optimal activity at 45 °C and pH 11 (Tatineni et al. 2008). Alkaline proteases
with interesting biotechnological properties are also produced by Stenotrophomonas
maltophilia (Waghmare et al. 2015), Serratia sp. (Bhargavi and Prakasham 2013),
and Vibrio sp. (Manjusha et al. 2013), among many other microbial strains.

11.4 Bioprospection of Alkaline Protease-Producing Bacteria
from Patagonia

11.4.1 The Patagonian Monte

Microorganisms are responsible for the turnover of soil organic carbon, energy
flow, and nutrient transformations and mineralization (Héttenschwiler et al. 2011).
Bioprospection of soil microorganisms is particularly interesting because soil is
heterogeneous and its properties vary not only across the landscape and with depth,
but also at a microenvironment scale (Burns et al. 2013). Vegetation, climate, natu-
ral events, and anthropic activities also influence the soil environment and its micro-
biota. Particularly, in arid ecosystems water availability controls soil biological
processes, and resources are spatially and temporally discontinuously distributed
(Noy-Meir 1973; Austin et al. 2004).

Soil proteases derive from different sources, including microorganisms, plants,
and animals (Vranova et al. 2013). Protease production can help microorganisms to
cope with nitrogen-limited environments such as arid soils where nitrogen is, after
water, the most important nutrient controlling productivity (Belnap 1995; Theron
and Divol 2014). The particular characteristics of arid ecosystems in addition to the
inherent soil heterogeneity lead to a diversity of microorganisms adapted to the
local prevailing conditions, showing properties such as optimal growth or extracel-
lular enzyme activity at different pHs, salt concentrations, or temperatures. This
diversity may also impact the community of protease-producing bacteria that release
different amounts or types of proteases affecting the overall soil protease activity.
Accordingly, a better understanding of the response of overall soil protease activity
to spatial and temporal soil variations could contribute to delineating strategies for
the screening of specific protease-producing microorganisms.
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Fig. 11.3 Alkaline protease activity in plant-covered patch (PCP) and intercanopy area (IC) soils
from the Patagonian Monte (Argentina), at different sampling dates (winter 2007, summers and
winters 2008 and 2009)

The arid Patagonian Monte occupies the northeastern portion of the Chubut
Province (between 42°-44°S and 64°-68°W), Patagonia, Argentina (Leon et al.
1998). The plant canopy cover is low (<60 % of the soil surface) and distributed in
a patchy structure formed by clumps of shrubs and perennial grasses surrounded by
intercanopy areas with sparse or no vegetation (Bisigato and Bertiller 1997;
Mazzarino et al. 1998). Soils are exposed to wind and water erosion, as well as
salinization and alkalinization processes associated with nonirrigated lands (Olivera
et al. 2005). In alkaline soils of the Patagonian Monte (pH 8.23-8.61), the overall
alkaline protease activity was higher in soils under plant-covered patches than in the
intercanopy areas (Fig. 11.3; Olivera et al. 2014), which was possibly associated
with the concentration of soil resources and microorganisms underneath plant
patches (Mazzarino et al. 1996; Prieto et al. 2011). Moreover, a 3-year monitoring
showed that the highest protease activity levels occurred in the winters with higher
precipitations and soil moisture (Fig. 11.3; winters 2008 and 2009). Congruently,
the best predictors of alkaline protease activity were soil moisture in combination
with microbial biomass-C and total soil-N, suggesting that dry periods with low
humidity and low N-input could affect microbial protease-producing communities
and restrict soil proteolysis and N-availability (Olivera et al. 2014).

The selective conditions of the soils from the Patagonian Monte encouraged
screening programs to isolate extracellular protease-producing bacteria with high
activity at moderate temperature and high pH values. Sampling efforts especially
concentrated in the shrub rhizosphere of plant-covered patches, taking into account
that the desert conditions contribute to a low microbial activity, and that microbial
development is more significant in the rhizosphere, as explained previously.
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From the rhizosphere of Atriplex lampa, a perennial shrub able to colonize alka-
line and saline soil microsites in the Patagonian Monte shrubland, was isolated the
protease-producing strain PAT 05. After a polyphasic taxonomic study PAT 05 was
classified in a novel species, Bacillus patagoniensis, together with strains belonging
to the phenon 4a of the alkaliphilic Bacillus group (Nielsen et al. 1995). B. patag-
oniensis PAT 057 grew between pH 7 and 10, with an optimum at about pH 8,
between 5 © and 40 °C, and with 15 % (w/v) NaCl (Olivera et al. 2005). This finding
indicated that PAT 05T was a moderately alkaliphilic bacteria, and it was also psy-
chrotolerant and halotolerant (Olivera et al. 2005). The alkaliphilic Bacillus group
constitutes an important source of extracellular enzymes for numerous industrial
processes (Ito et al. 1998; Horikoshi 2004). In PAT 05T culture supernatant, three
proteolytic bands were detected: the most intense one had a high p/ value (>10.3)
and the two slighter ones had pI values of about 5.9 and 4.6 (Olivera et al. 2006).
The most intense band corresponded to an alkaline serine protease with a molecular
mass of 29.4 kDa (Olivera et al. 2006). Its optimal pH and temperature for activity
were 11 ° and 60 °C, respectively. Interestingly, PAT 057 proteases displayed higher
activity at moderate temperatures (22 % and 38 % residual activity at 20 °C and
30 °C, respectively) than other alkalophilic Bacillus species (e.g., Bacillus clausii
GMBAE 42, 28 % relative activity at 30 °C, and B. clausii 1-52, 20 % at 40 °C) (Joo
et al. 2003; Denizci et al. 2004; Olivera et al. 2006). Moreover, PAT 05T protease
activity was stable or conserved a significant residual activity in various surfactants
(SDS, 1% w/v; Triton X-100 and Tween 20, both 1% v/v), chelators
(1,10-phenanthroline and EDTA, both 10 mM), and oxidizing-reducing agents
(H,O,, 10% v/v; DTT 1 mM), and with high NaCl concentrations (63 % residual
activity in 2 M NaCl) (Olivera et al. 2006). Altogether, PAT 05T protease activity in
high alkaline/saline conditions, its significant residual activity at moderate tempera-
tures, and its keratinolytic activity suggest that this strain is a potential source of
alkaline protease suitable for the detergent and leather industries.

11.4.2 The Southern Patagonian Coast

In marine environments, there are a high proportion of proteolytic bacteria (Atlas
and Bartha 1981). As seawater is alkaline, proteases secreted by marine bacteria are
stable and active in an alkaline pH range (Wu and Chen 2011). Hence, marine envi-
ronments are promising for the isolation of alkaline protease-producing bacteria.
Moreover, marine microorganisms from cold environments carry out their meta-
bolic processes at low temperature by means of adaptive changes in proteins (par-
ticularly enzymes), translation systems, and in cellular lipids to maintain membrane
fluidity and permeability (Russell 1990). Thus, their enzymes characteristically
show high catalytic efficiency at low temperatures, which associates with an increase
in the flexibility of the active site and, therefore, a lower thermal stability than their
mesophilic counterparts (Feller and Gerday 2003; Gerday 2013). These unique
properties of cold-active enzymes have gained much attention regarding their poten-
tial for biotechnological applications. For example, high enzyme activity at low/
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moderate temperatures is an important feature for energy saving in processes that
would be performed at room or tapwater temperature. The use of thermosensible
enzymes also allows their selective inactivation in complex mixtures (Gerday et al.
2000; Moran et al. 2001).

Even though most of the microbial communities inhabiting marine Argentinean
environments remain unexplored and unexploited (Dionisi et al. 2012), several stud-
ies focused on the isolation and characterization of marine protease-producing bac-
teria, particularly studies concentrated in the southern Patagonian coast where low
temperatures select a cold-adapted microbiota that could produce cold-active
enzymes. Some studies were conducted in the coast of Tierra del Fuego Province,
located in the southernmost part of Patagonia, where the climate is moderately con-
stantly cold and the surface seawater temperature ranged from a medium value of
9.7 °C in summer to 4.5 °C in July (Olivera et al. 2007). There, Cristébal et al.
(2011) isolated 230 cold-adapted bacterial strains from seawater and the gut of ben-
thonic organisms from the Beagle Channel; 33 % of them showed protease activity
under alkaline conditions at 4 °C and 47 % at 15 °C. Olivera et al. (2007) isolated
19 alkaline protease-producing strains from intertidal marine sediments of the Isla
de Los Estados Reserve (Argentina) that belonged to the genera Pseudoalteromonas
(8), Shewanella (6), Colwellia (3), Planococccus (1), and (1 strain) to the family
Flavobacteriaceae. Interestingly, Tropeano et al. (2013) found that the same bacte-
rial genera dominate the protease-producing bacteria from the Potter Cove marine
environment in Antarctica. From Isla de Los Estados isolates, the highest thermo-
sensitivity was shown by the alkaline extracellular proteases produced by Colwellia
sp. IE1-3 (Fig. 11.4), which residual activity after 50 min at 40 °C was only 15%
(Olivera et al. 2007). The optimum pH for IE1-3 protease activity was approxi-
mately 9 and the optimum temperature was in the range 30-40 °C (Fig. 11.5).
Moreover, the thermostability of the extracellular proteases produced by the isolates
of the different genera varied considerably, showing an increasing trend in thermal
stability from Colwellia (AG*,, 96.6-99.0 kJ mol™") < Pseudoalteromonas (AG*;,
100.6-104.8 kJ mol™") < Shewanella/Planococcus (AG*, 109.8-121.9 kJ mol™)

Fig. 11.4 Colwellia sp.
IE1-3 grown on skim milk
agar at 12 °C; clearing of
the agar around the
colonies indicated
proteolytic activity
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(Olivera et al. 2007). The estimation of AG*;,, which is the energy barrier that must
be reached by an enzyme to become thermally irreversible inactivated, resulted in a
useful approach for a comparative screening of cold-active proteases. Such results
reflected the different thermal properties of the proteases that could coexist in the
intertidal area of sandy beaches, which are exposed to cycles of changing environ-
mental conditions that probably are more complex and harsher than other marine
habitats (Brown and McLachlan 1990).

In another coastal area of Patagonia, the San Jorge Gulf (Chubut, Argentina),
Estevao Belchior and Vacca (2006) studied the role of autochthonous bacteria of the
intestinal tract of hake (Merluccius hubbsi) in fish spoilage. They isolated a protease-
producing marine Pseudoalteromonas sp. (CR41) which was a psychrotrophic,
moderately alkaliphilic and halophilic strain. It produced proteases active at alka-
line pH that hydrolyzed hake muscle proteins, but such proteolytic activity was
lower at 7 °C than at 22 °C (Estevao Belchior and Vacca 2006).

11.5 Biotechnological Applications of Alkaline Proteases:
Focus on Patagonia

Biotechnological applications of alkaline proteases have been the topic of several
reviews (Ito et al. 1998; Ellaiah et al. 2002; Fujinami and Fujisawa 2010; Singhal et al.
2012). In this section, we particularly focus on the potential usefulness of alkaline
proteases for Patagonian industries, mainly in wool and fish processing activities.



180 N.L. Olivera et al.

In Argentina, sheep raising for wool and meat production is the predominant
land use on the native Patagonian shrubland. Wool fiber is demanded by a segment
of the market that appreciates its attributes and properties. Nevertheless, current dif-
ferentiation strategies for such a market segment require industrial processes with
low environmental impacts, in addition to the improvement of wool fiber attributes
to promote wool valorization against synthetic fibers. Thus, one of the main needs
is the development of wool antifelting/shrinking treatments that permit the washing
of wool in domestic machines (Buschle-Diller 2003). Alkaline proteases with kera-
tinolytic activity (keratinases) may attenuate wool fiber scales, imparting shrink
resistance, softness, and whiteness to the wool (Buschle-Diller 2003; Shen 2010;
Ibrahim et al. 2012). In contrast to the chlorine-Hercosett method, the currently
used wool shrink-proofing process, enzymatic treatments do not produce hazardous
pollutants and favor saving water, chemicals, and energy (Kotlinska and Lipp-
Symonowicz 2011). Alkaline keratinases, such as those produced by B. patagonien-
sis PAT O5T (Olivera et al. 2006) and other microbial proteases from sheep wool
authochtonous bacteria (Iglesias et al. 2014), showed the capability to hydrolyze
wool keratin, which has high recalcitrance to proteolytic degradation from the tight
packing of its protein chains, making them interesting candidates for the develop-
ment of shrink-proofing treatments for the wool industry.

Proteases may also be applied in the treatment of high-protein wastes (Kasana
2010), such as those produced by fish- and crustacean-processing plants located near
the Patagonian ports. This kind of industry generates large amounts of solid and liquid
wastes with high organic matter content that must be managed properly to avoid envi-
ronmental pollution. By-products generated by the fish-processing sector may be as
much as 75% of the original processed material (Lopes et al. 2015). Such wastes
constitute an important source of proteins, polysaccharides, polyunsaturated fatty
acids, minerals and vitamins, and bioactive peptides (Blanco et al. 2007). Moreover,
processing of the Patagonian shrimp Pleoticus muelleri, which is generally commer-
cialized without head and frequently without shell, produces large amounts of shrimp
head, shell, and tail wastes containing chitin, proteins, lipids, and pigments. These
by-products could be used as substrates for the microbial production of valuable bio-
products. Particularly regarding protease production, cuttlefish by-products were used
for the growth of protease-producing strains in Tunisia (Souissi et al. 2008). In addi-
tion, shrimp shell from Taiwan was used as the sole carbon/nitrogen source for prote-
ase production by the alkalophilic bacteria Bacillus cereus strain TKU006 (Wang
et al. 2009). On the other hand, alkaline proteases could be applied in hydrolysates of
fish by-products to produce, for example, bioactive peptides (Lassoued et al. 2015).

11.6 Conclusions

The increasing range of technological applications of alkaline proteases requires
constant research to provide enzymes with properties fitting the new industrial
requirements and demands of the market. Such research includes the bioprospecting
of novel alkaline proteases. The microbial diversity that inhabits the different
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environments from the Argentine Patagonian region represents a valuable source of
biotechnological products that remains mostly unexplored. Even though there have
been as yet few studies about alkaline protease-producing bacteria from Patagonia,
the promising characteristics of these enzymes encourage continuing the bio-
prospection efforts. Further studies considering both novel cultivation strategies
and new approaches such as metagenomics and high-throughput screening methods
will be important to allow access to novel alkaline proteases from Patagonian bacte-
rial communities.
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Chapter 12
Extremophilic Patagonian Microorganisms
Working in Biomining

Patricia Chiacchiarini, Laura Lavalle, Maria Sofia Urbieta, Ricardo Ulloa,
Edgardo Donati, and Alejandra Giaveno

Abstract The microorganisms known as extremophiles have become a powerful
tool in the field of biotechnology. Among them, acidophilic and thermophilic micro-
organisms capable of oxidizing iron(II) or sulfur compounds are very important in
ore-processing operations as they are able to enhance the dissolution of sulfide ores.
The aim of this chapter is to describe the physiological and phylogenetic character-
istics of the main acidophilic species and communities found in geothermal and min-
ing environments in Neuquén Province, Patagonia Argentina, and the advances done
by our research group in their application to biomining and bioremediation of heavy
metals. Additionally, the chapter includes the description of a novel thermoacido-
philic archaeon from the genus Acidianus (Acidianus copahuensis) autochthonous of
the Copahue geothermal area isolated and characterized by our research group.

12.1 Introduction

The extremophiles are the microorganisms able to grow at one or more environmen-
tal conditions outside the range considered normal for human life, that is, the thermo-
philes, psychrophiles, halophiles, acidophiles, piezophiles, and alkaliphiles. Their
capacity, not only to survive but also to function under harsh conditions, gives them
vital importance in biotechnology, and they have forever changed our perceptions of
the limits of living organisms. In this chapter we pay special attention to acidophiles
because of their relevance in commercial-scale biomining and their potential appli-
cations in bioremediation (Du Plessis et al. 2007; Schippers 2007; Watling 2015).
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Acidophiles can be classified according to their optimum growth temperature:
mesophiles up to ~40 °C, moderate thermophiles between ~40 °C and ~55 °C, and
extreme thermophiles between ~55 °C and ~80 °C. The most relevant acidophiles
to biomining applications are the iron- and sulfur-oxidizing bacteria and Archaea
that grow autotrophically by fixing CO, from the atmosphere. The first used and
better characterized leaching acidophilic bacteria belong to the genus
Acidithiobacillus (formerly Thiobacillus (Kelly and Wood 2000) in the order
Gammaproteobacteria. The species of this genus are the first isolates of extremely
acidophilic sulfur- or iron(Il)-oxidizing bacteria: the mesophilic Acidithiobacillus
(At.) thiooxidans and At. ferrooxidans together with the moderately thermophilic Az.
caldus. Other important bacteria in bioleaching are the members of the genus
Leptospirillum in the phylum Nitrospirae; they are also mesophilic, extreme acido-
philes that derive energy only from the oxidation of iron(II) but not from sulfur
compounds (Schippers 2007). All the extreme thermophilic metal sulfide-oxidizing
microorganisms belong to the domain Archaea, specifically to the genera Acidianus,
Metallosphaera, Sulfolobus, and Sulfurococcus in the order Sulfolobales; most of
the mesophilic and moderately thermophilic Archaea used in biomining belong to
the order Thermoplasmatales and the genus Ferroplasma.

Our research team has been working since 1997 in fields mainly related to isola-
tion and characterization of acidophilic microorganisms from natural environments,
especially from Neuquén Province, and their application in biotechnological pro-
cesses such as metal ore bioleaching/biooxidation and heavy metals bioremediation
at the laboratory scale. We have contributed to the study of the diversity of acido-
philic microorganisms in Copahue-Caviahue geothermal region (CCG) using culture-
dependent and culture-independent approaches (Chiacchiarini et al. 2009, 2010;
Giaveno et al. 2013; Urbieta et al. 2012, 2014a). For some years now it has been clear
that the high throughput of modern molecular ecology techniques to assess diversity
and the need to obtain the microorganisms isolated for physiological and biotechno-
logical studies oblige the use of a variety of techniques for the study of any habitat.
The culture-dependent studies demonstrated that typically only 1-10 % of the total
population from any biosphere is cultivable; in contrast, culture-independent
approaches, mainly sequencing of the 16S rRNA gene, allow a more realistic picture
of the ecosystems because almost the entire microbial community is considered.
Nevertheless, traditional microbiological procedures remain essential because isola-
tion and biochemical and physiological characterization of novel species in pure cul-
ture is fundamental to develop whole-cell applications (Lutton et al. 2013).

The aim of this chapter is to describe the physiological and molecular character-
ization of the acidophilic microorganisms isolated from different environments from
Neuquén Province, Patagonian Argentina, and their applications in biomining and
bioremediation of heavy metals. The main topics described are (1) a summary of the
native acidophilic microorganisms isolated and characterized from the CCG system,
from “La Silvita” and “Andacollo” mining areas in Neuquén, Argentina; (2) a
description of a novel thermophilic archaeon isolated from the CCG system, its ver-
satile metabolic characteristics and its phylogenetic characterization; and an outline
of several examples of (3) biomining applications carried out at laboratory scale
using ores from Argentinean mines and (4) heavy metals bioremediation assays.
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12.2 The Copahue-Caviahue Geothermal System

12.2.1 Site Description

The Copahue-Caviahue geothermal (CCG) system is located on the Northwest cor-
ner of Neuquén Province, Patagonia Argentina. Its geology, geochemistry, volca-
nism, and thermalism have been studied during the past 25 years (Accorinti et al.
1991; Delpino and Bermudez 1995; Mas et al. 1996; Vallés et al. 2004; Gammons
etal. 2005; Caselli et al. 2006; Varekamp et al. 2006; Pedrozo et al. 2008). Nowadays,
this area is still very attractive for diverse scientific fields (Vélez et al. 2011; Agusto
et al. 2013; Temporetti et al. 2013; Monasterio et al. 2015). Interest in the biodiver-
sity of microorganisms that inhabit this extremely low pH natural environment has
increased significantly in recent years. Some of the studies focused on the ecology
of the bacteria, yeast, plankton, and algae communities (Judrez and Vélez 1993;
Pedrozo et al. 2001; Wendt-Potthoff and Koschorreck 2002; Lavalle et al. 2005;
Russo et al. 2008; Chiacchiarini et al. 2009; Giaveno et al. 2009b; Chiacchiarini
et al. 2010; Urbieta et al. 2012; 2014a; b).The CCG system has been the most
important study area in our research projects and it deserves special attention.
Table 12.1 shows the location, the physicochemical characteristics of the water, and
the metal concentrations obtained by inductively coupled plasma mass spectrome-
try (ICP-MS) during a sampling campaign in the dry season.

The area includes the Copahue Volcano, an andesitic stratovolcano that presents
a small acidic crater lake (pH 0.2-1.1) (37°51’S, 71°10.2°W), 2977 m a.s.l. On the
east flank of the Volcano just below the crater lake an acid hot spring (NA) emerges
and feeds the Rio Agrio, downstream there are two acidic hot springs, the South
source (VA1) and the North source (VA2). Both hot springs feed the Upper Rio
Agrio (URA, pH 0.5-2.5), the main water inputs of which are Rio Rojo, Rio Blanco,
and Rio Jara (pH 6.0). After several waterfalls the URA discharges into the glacial
Caviahue Lake (LC, pH 2.1-3.7), with a north and a south basin that overflows in
one arm through the Lower Rio Agrio (LRA, pH 2.1-6.0) (Varekamp 2004; Pedrozo
et al. 2008; Chiacchiarini et al. 2010). Approximately 10 km away LRA presents a
great waterfall named “Salto del Agrio” (SA). Finally, the LRA mixes with the Rio
Norquin and is further diluted (Varekamp et al. 2009). There is an anthropogenic
influence on this area from the presence of two small villages, Caviahue and
Copahue, that vary in population throughout the year, attracting many tourists to the
therapeutic thermal complex in the summer and to a sky sports center in the winter.
The water and sediment samples for isolation were collected during different field
campaigns from URA and LRA, the crater lake of the volcano, Caviahue Lake
(LC); and the hot springs of Copahue village: Las Maquinitas (LMi) and Las
Maidquinas (LMa). Pyrite, sulfur deposits, hematite, and jarosite were found on the
banks of the streams and pools of the system. Four of the sites sampled, Laguna
Verde Este (LVE), Bafio 9 (B9), Agua del Lim6n (AL), and Laguna Sulfurosa (LS)
are situated in the Copahue village. Three pools have been constructed to use the
naturally acidic hydrothermal water and muds for therapeutic purposes. LVE
received its name from the microalgae mats that cover its surface and borders
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(Laguna Verde means green lagoon). The water of Laguna Sulfurosa (LS) is gener-
ally muddy from the presence of colloidal sulfur and gas that emerges in some
places and becomes visible by bubbling at the surface. Las Maquinitas (LMi) site is
located near the Copahue village and present the most extreme temperature found
in the area. The sample site named Las Mdquinas (LMa) is located in the homony-
mous geothermal manifestation area; there the water samples were taken from a
moderate-temperature hydrothermal pool chosen because it is the least affected by
human activity.

12.2.2 Isolation and Characterization of Native Acidophilic
Microorganisms from the CCG System

In the CCG system, we have detected and isolated chemolitho-autotrophic and
chemolitho-heterotrophic bacteria, archaea, yeasts, and filamentous fungi. This bio-
diversity is described in the following sections.

12.2.2.1 Mesophilic and Moderately Thermophilic Prokaryotes

In a first report, we described the isolation of iron-oxidizing strains of the genus
Acidithiobacillus (on 9 K-agarose solid medium at pH 1.8), the physiology, and
molecular characterization (Lavalle et al. 2005). The analysis of 16S rRNA genes
by PCR/ARDRA using EcoRI and EcoRV enzymes was done to identify acidophilic
mesophilic bacteria.

Figure 12.1 shows the influence of temperature on specific maximum growth
rate (i) at pH 1.8 on Fe(II) for isolated strains from the CCG system and a collec-
tion strain (DSM11477). At 30 °C almost all the isolates presented the highest p

Fig. 12.1 Effect of —a— TfAgrio8
temperature on specific 1 | —®—TfAgrio9
maximum growth rate (j1) 0.144 |—A—TfAgrio10
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oxidizing acidophilics 0.124
isolated from the Caviahue 1
geothermal region (CCG) 0.10+
system and a collection 1
strain En 0.08+
< |
= 0.06-
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values, except for TfAgriolO that showed maximum p values at 35 °C. All the
native species of Acidithiobacillus (At.) ferrooxidans found in the CCG system
proved to be less susceptible to 30 °C than the At. ferrooxidans collection strain
(DSM11477), confirming the major capacity of indigenous strains for Fe(II) oxida-
tion. One of the At. ferrooxidans species isolated (TfAgrio8) presented a highest
specific growth rate on Fe(I) (x=0.14 h™') and a high productivity of iron(III) (5.6
mmol Fe** I h™!) at pH 1.8 and 30 °C. On the other hand, TfAgrio8 presented the
highest sulfuric acid productivity (17.7 mmol I"' day~') on sulfur growth. This bet-
ter performance makes it suitable for possible use for acidification in the process of
mineral leaching, solubilization of metals in groundwater, dissolution of phos-
phates, etc. (Lavalle et al. 2005).

To culture diverse acidophilic bacteria we used the overlay technique pro-
posed by D.B. Johnson with the solid media FeTSBo and FeSo (Johnson 1995).
Mesophilic iron-oxidizing bacteria grew at 30 °C as jarosite-encrusted colonies
of varying size and morphology on FeTSBo plates from samples collected from
different stations in Rio Agrio (CV, CG, LC, PG, SA, PT Puerta del Trolope, and
AN on the confluence of the Rio Agrio with the nonacidic Rio Norquin) and the
hot springs in Copahue (LVE, B9, LMi, and LMa). Additionally, moderately ther-
mophilic iron-oxidizing bacteria developed on FeTSBo plates at 45 °C from
samples collected from Upper Rio Agrio (NA, VA1, and VA2) and the hot springs
in Copahue (LS, LVE, B9, AL, LMi, and LMa). Various species of Leptospirillum,
also a chemolithotrophic iron(II)-oxidizing bacteria, were isolated and character-
ized from Rio Agrio (sampling stations CC, LC, PG, and SA) (Chiacchiarini
et al. 2010).

On the other hand, several sulfur-oxidizing acidophiles were isolated in basal
salt 0 K medium supplemented with 3 g 1! sulfur at pH 3.0 from samples collected
all through Upper Rio Agrio where pH was lower than 2.0. One of the isolates char-
acterized as At. thiooxidans (TtAgrio6) presented the highest sulfuric acid produc-
tivity (26.5 mmol 1! day™") compared to other native strains and to At. thiooxidans
DSM11478 (24.3 mmol 17! day™') (Fig. 12.2). TtAgrio6 was selected to study the
feasibility of applying a bioleaching treatment to a contaminated municipal sludge,
as we describe on Sect. 4.1.2.

Moderately thermophilic sulfur-oxidizing acidophiles grew at 45 °C on FeSo
plates only from the sampling station NA from Upper Rio Agrio. At. caldus-like
strains were isolated from B9, AL, and LMi.

Mesophilic and moderately thermophilic heterotrophic acidophiles grew on
overlay plates inoculated with samples from VA1, VA2, LVE, B9, AL, LMi, and
LMa. Heterotrophic colonies were gelatinous cream in color and presented various
sizes and morphologies. Sulfate-reducing bacteria (SRB) were cultured at 30 °C
and 45 °C from samples collected from the geothermal ponds LMa, LMi, and B9.
Fluorescent in situ hybridization (FISH) analysis using specific probes on cultures
from LMa samples showed that some of the microbial species were related to the
genera Leptospirillum, Sulfobacillus, Acidithiobacillus, Acidimicrobium, and
Ferroplasma (Giaveno et al. 2009a).
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12.2.2.2 Mesophilic Eukaryotes

In the past few years prokaryotic acidophilic microorganisms have been extensively
studied in the CCG system as has been described in this chapter. However, the
diversity of yeasts and filamentous fungi has received considerable less attention.
The first study on yeast isolation from Rio Agrio, that also included the screening of
metal-tolerant strains among the isolates, was reported by Lavalle et al. (2007). The
concentration of yeast cells observed in the water samples was variable, between 45
and 149 cfu ml! in CC, CV, and SA samples. The genera Cryptococcus and
Rhodotorula were the most abundant.

Isolated species such as Rhodotorula mucilaginosa and Sporidiobolus salmo-
nicolor were identified by polymerase chain reaction-restriction fragment length
(PCR-RFLP) analysis of the ITS1-5.8S-ITS2 region (Chiacchiarini et al. 2009).
Russo et al. presented in 2008 the first complete assessment of yeast biodiversity in
Rio Agrio.

The studies done by our research group exclusively focused on copper-, nickel-,
cadmium-, and zinc-tolerant yeasts, with the aim of using them in metal uptake assays
for bioremediation. A pink pigmented yeast isolate (Agrio-16) presented the highest
tolerance to the mentioned metals. It was phenotypically characterized to species
level according to the methods and keys proposed by Kurtzman and Fell (1998) and
genotypically characterized by PCR-RFLP analysis with enzymes Cfo, Hinfl and
Haelll. Both results confirmed that the isolate Agrio-16 belonged to the species
Rhodotorula mucilaginosa (Esteve-Zarzoso et al. 1999; www.yeast-id.com data-
base). Among filamentous fungi, species from the genera Aspergillus and Penicillium
(at least three different species) were identified (Chiacchiarini et al. 2010).


http://www.yeast-id.com/

192 P. Chiacchiarini et al.

12.2.2.3 Biodiversity in Geothermal Ponds and a Novel
Thermoacidophilic Archaea: Acidianus copahuensis

The CCG system is the habitat of a wide variety of thermotolerant and thermophilic
organisms, which are specially adapted to grow in this environment (Chiacchiarini
et al. 2010; Urbieta et al. 2012; Giaveno et al. 2013). Urbieta et al. (2014a) recently
reported the prokaryotic biodiversity of five representative ponds using two comple-
mentary molecular ecology techniques: phylogenetic analysis of 16S rRNA bacterial
and archaeal genes and FISH (or CARD-FISH) for quantitative estimation of biodi-
versity. The results, supported by multivariate statistical analysis, showed that the
biodiversity in Copahue ponds seemed to be determined by temperature. High-
temperature ponds were dominated by Archaea, mainly apparently novel representa-
tives from the orders Sulfolobales and Thermoplasmatales that had no close cultivated
relatives. A deeper description of prokaryotic biodiversity on CCG system is given in
the work published by Urbieta et al. (2012; 2014a; 2015a, b). These reports describe
in detail the species that colonized Rio Agrio and the several representative geother-
mal ponds in the area. The results presented allowed outlining preliminary geomicro-
biological models in the CCG system. Detailed reading of these works is
recommended to complete an overview of the ecological potential of the system.

Considering that most of the archaeal sequences detected in Copahue were dis-
tantly related to cultivated species and formed separate clades in the phylogenetic
tree, it is possible to consider the CCG system as an excellent biological reservoir
of potential novel species, mainly related to the sulfur cycle. In fact, we have
reported a novel indigenous thermoacidophilic archaeon from the CCG system that
we named Acidianus copahuensis ALE1 strain (DSM 29038).

We have done several studies to characterize this novel archaeon to understand
its role in the iron and sulfur biogeochemical cycles in the CCG system and to
evaluate its potential applications in biomining processes (Giaveno and Donati
2007; Giaveno 2010; Giaveno et al. 2011; Nodlovu et al. 2014). Some of these
applications are described briefly later in this chapter.

Acidianus copahuensis has been isolated from three geothermal acidic hot springs
(B9, LMi, and LMa) in Copahue. It is interesting to notice that although the three
ponds presented high temperature and low pH values, the exact environmental condi-
tions (especially temperature) differed were among the three (see Table 12.1), show-
ing that A. copahuensis has a natural growth flexibility. The details of the isolation
and characterization of A. copahuensis ALE] strain were reported by Giaveno et al.
(2013). The M88 culture medium, recommended by DSMZ (http:/dsmz.de/media/
media88.htm) for the growth of thermoacidophilic archaea (Vartoukian et al. 2010;
Stewart 2012), was supplemented with sulfur, tetrathionate, or yeast extract among
other energy sources and cultivated at 65 °C. For solid-plate cultures Gellan Gum
was used as the gelling agent because agar melts at temperatures above 50 °C (Lin
and Casida 1984; Lindstrom and Sehlin 1989). The polar lipid analysis, carried out
by thin layer chromatography, revealed the presence of diphosphatidylglycerol, phos-
phatidylinositol, phosphoglycolipids, and six different chromatographic mobility
types of glycolipids. The cell morphology of A. copahuensis ALEl strain was
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Fig. 12.3 Transmission electron micrographs (TEM) of Acidianus copahuensis cells growing in
M88 medium. Arrows denote typical S-layer present in archaeal cells. Bars a 850 nm; b 210 nm

described by Giaveno et al. (2009b) using different microscopy techniques.
Figure 12.3 shows the lobed cells of 0.5 to 1.0 pm with a typical archaeal envelope
formed by a single membrane and covered by a paracrystalline glycoprotein layer
known as the S layer that serves as protection against a hostile environment. These
characteristics are similar to other members of the order Sulfolobales.

Phylogenetic analysis based on 16S rRNA gene sequence (Fig. 12.4) shows that
strain ALE]1 clusters together with members of the family Sulfolobaceae in the class
Thermoprotei, within the phylum Crenarchaeota. However, the ALE1 strain appears
in a separate branch from the other members of the genus Acidianus reported so far.
This isolate has no close relatives according to the NCBI sequence database, not
even considering uncultured species, which is even more surprising and reinforces
the idea that A. copahuensis is autochthonous in the CCG system. Their closest rela-
tives are members of the genus Acidianus, but they show low sequence similarity:
A. hospitalis 91 %, A. infernus DSM 3191, A. ambivalens DSM 3772, A. manzaensis
NA-1, and A. sulfidivorans DSM 18786 share 90 % of sequence similarity (Segerer
et al. 1986; Fuchs et al. 1996; He et al. 2004; Yoshida et al. 2006; Plumb et al. 2007;
Kletzin 2008; Liang et al. 2012).

The genome sequence of Acidianus copahuensis was obtained using a whole-
genome shotgun (WGS) strategy with a 454-FLX Titanium pyrosequencer at
INDEAR (Argentina), as recently reported by Urbieta et al. (2014b). The draft
genome is 2,454,023 bases in length. The G-C content of the genomic DNA is
35.63 mol%. A total of 2,548 coding sequences (CDSs) and 52 structural RNAs (49
tRNAs and 3 rRNAs) were predicted. Forty-seven percent of the CDSs were classi-
fied as hypothetical proteins and 20 % as known enzymes; 34 % of the CDSs were
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Fig. 12.4 Phylogenetic tree based on 16S rRNA gene sequences showing affiliation of strain
ALE] and selected members of the order Sulfolobales. Gene Bank accession numbers are given in
parentheses. Tree was constructed using neighbour-joining and Kimura two-parameters methods.
Bootstraps values are percentages based on 1000 resamplings. 7T type strain. Bar 0.05 sequence
divergence

assigned to RAST subsystems. The genome of the A. copahuensis presents genes
that might be related to the relevant metabolic features of the strain. Key enzymes
for sulfur compound oxidation, such as sulfur oxygenase-reductase (SOR) and thio-
sulfatequinone oxidoreductase (TQO), were detected. Homologues of some of the
Fox cluster enzymes, associated with iron oxidation, were also found. The genome
presents proteins of the five major terminal oxidase complexes of Sulfolobales, so
far reported in only two species (Auernik and Kelly 2008). Carbon fixation through
the 3-hydroxypropionate-4-hydroxybutyrate cycle can be inferred by the presence
of key enzymes of this pathway. An interesting discovery is the presence of aiocAB
genes encoding arsenite oxidase, which might be an indication of a bioenergetics
use of arsenite. These genes were reported in A. hospitalis and Sulfolobus tokodaii
genomes but not in other Sulfolobales. In an all-versus-all BLASTp comparison (e
value, 1e™) to A. hospitalis (the closest sequenced relative), A. copahuensis showed
789 unique proteins, and in a comparison with Metallosphaera sedula (another
related archaeon with very similar metabolic features), 766 unique proteins were
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detected. This whole-genome shotgun (WGS) project has been deposited at DDBJ/
EMBL/GenBank under the accession N°JFZT1160895 (http://www.uniprot.org/
taxonomy/1160895) (Urbieta et al. 2014Db).

It is already known that Acidianus species are thermoacidophilic Archaea
(Segerer et al. 1986); nevertheless, the novel A. copahuensis ALEI strain shows
very interesting metabolic abilities even within the Acidianus genus. It was able to
grow at all temperatures in a range between 55 °C and 80 °C in M88 medium sup-
plemented with sucrose. Growth rate and cell numbers were influenced by tempera-
ture; the fastest growth was achieved at 75 °C with a generation time of 6.7 h. As
pH, six different values from 1 to 5 were tested at 75 °C in M88 medium supple-
mented with sucrose. Growth was detected at all pH values, but was influenced by
initial pH conditions. Optimal growth was detected at pH 3.0 with a generation time
close to 7.0 h. Additionally, A. copahuensis was able to grow aerobically under
heterotrophic and also autotrophic conditions at 75 °C when M88 medium was
supplemented with sucrose, sulfur, or tetrathionate as energy source, respectively.
Finally, A copahuensis is also able to grow anaerobically using iron (III) or sulfur as
the electron acceptor and sulfur or hydrogen as the electron donor under autotrophic
conditions. These results showed that A. copahuensis is capable of producing bio-
sulfidogenesis under anaerobic conditions (oxidation of hydrogen and reduction of
sulfur) (Giaveno et al. 2013).

12.3 Acidophilic Microorganisms from La Silvita
and Andacollo Mining Areas

Besides microbiological studies on the CCG system, our group carried out the
assessment of native microorganisms in different mineral areas of the Province of
Neuquén. Metal sulfide ores are niches to a wide acidophilic microbiota that offer
potential application in biotechnological processes.

La Silvita mine is an epithermal deposit with veins of lead in the andesitic tuffs
of Eocene, located at the northeast of the town of Loncopué (38°01'22"S,
70°32'10"W). The average grade for the ore reported is 4.18% Pb, 3.44 % Zn,
8.2 gt! Au, and 3.0 g t' Ag (Leanza et al. 2011). In the La Silvita polymetallic
mine the samples were collected from an acid mine drainage with pH 1.5 and from
an iron-rich runoff with pH 4.1. The search of microorganisms in these samples was
only focused on the species Leptospirillum ferrooxidans. The influence of pH and
temperature on the specific growth rate and ferrous iron oxidation rate of the iso-
lated species was studied to assess their performance in bioleaching processes. All
native L. ferrooxidans species showed slightly higher p than the collection strain L.
ferrooxidans DSMZ 2705 at pH 1.4 and 25 °C. For example, p for isolate Lf-LS 04
and DSMZ 2705 at 25 °C and pH 1.4 were 0.050 h™' and 0.020 h~!, and the .
were 0.19 and 0.17 g I"' h™', respectively (Lavalle et al. 2008). Additionally, data
obtained in growth kinetic assays carried out with native strains of L. ferrooxidans
in batch culture at different temperatures and pH values were used to develop an
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artificial neural network (ANN) model. The ANN is a nonlinear estimation tech-
nique widely used in data processing that has recently gained much importance
because of its range of applicability in assessing biological systems. The final ANN
model proved to be an efficient and robust tool in predicting two variables simulta-
neously, the cell concentration and ferrous iron concentration, in the growth of
strains of L. ferrooxidans, when the temperature, pH, and time were fed as inputs to
the network (Lavalle et al. 2012).

Andacollo mining district, located between the towns of Andacollo and
Huinganco, in the northwest of the Neuquén province, is another interesting loca-
tion for the study of microbial biodiversity with biomining purposes. There gold
mines are exploited by gallery excavation with the subsequent metal concentration
carried out by froth flotation. Nine samples of water, silt, and rocks were collected
from the mines Buena Vista and San Pedro, and their surrounding areas, to search
for autochthonous bioleaching microorganisms. The sampling sites included some
areas that are currently in operation and others that belong to previous waste stock-
piles. Although the results shows that iron and sulfur oxidizers were present in all
samples collected, a community obtained from a sample named Relave Viejo (an
old stockpile) showed the best performance for reaching the highest iron and copper
solubilization and acid production (Ulloa et al. 2012). The biodiversity of the envi-
ronmental samples was studied by FISH and denaturing gradient gel electrophoresis
(DGGE). The results show the presence of microorganisms belonging to the genera
Acidithiobacillus, Leptospirillum, Sulfobacillus, Desulfovibrio, and Acidovorax.
Most of the microorganisms of the genus Acidithiobacillus were related to
Acidithiobacillus (At.) ferrooxidans but high intraspecific variability within this
species was found. Archaea species were not detected by the methods used. At pres-
ent, we are studying biodiversity on Relave Viejo sample by high-throughput
sequencing of 16S rRNA genes and bioinformatics analysis tools. This work will
allow us to increase knowledge of the biodiversity in the Andacollo mining habitat
and to correlate it with other ecological parameters.

12.4 Biomining and Bioremediation Applications

Biomining is the generic term that describes the extraction of metal from ores and
concentrates using microbiological technology. This area of biotechnology has seen
considerable growth in scale and application since the 1960s following advances in
our understanding of microorganisms suitable for the task and improvement in
engineering designs for commercial biomining operations (Rawlings and Johnson
2007). Biomining includes two different processes: bioleaching and biooxidation.
Bioleaching is an effective technology for metal extraction from low-grade ores and
mineral concentrates because of its simplicity, low operating cost, and low environ-
mental pollution. Metal recovery (copper, zinc, cobalt, nickel, etc.) from sulfide
minerals is based on the activity of chemolithotrophic bacteria. In contrast to biole-
aching wherein the metal of interest is solubilized, in the biooxidation process the
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valuable metal remains in the solid phase and the surrounding undesired mineral
matrix is degraded by selective dissolution mediated by microorganisms. Mineral
biooxidation is a viable technology specially used in the pretreatment of refractory
sulfide gold ores and concentrates.

In the following sections we discuss the contributions of our research group to
the use of native microorganisms from Patagonia in the bioprocessing of ores.

Industrial activities related to metals have increasing impact on the environment
and ultimately on human life quality. To mitigate this impact, efforts must be made
to enhance metal recovery from industrial waste products, sewage sludge, and soil
contaminated with heavy metals. Bioremediation is an eco-friendly biotechnology
that has shown successful results. Here, we also provide examples of bioremedia-
tion assays carried out with acidophilic bacteria and pigmented yeast isolated from
the CCG system.

12.4.1 Mesophilic and Moderately Thermophilic
Microorganisms in Bioprocessing

12.4.1.1 Bioleaching and Biooxidation

The characteristics of the most important microorganisms involved in these pro-
cesses were mentioned in the introduction of this chapter. The main experiments
carried out by our research group using indigenous bacteria from Patagonia,
described in Sect. 3, are summarized in the following paragraphs. Bioleaching
assays performed on La Silvita and Capillitas ores and the biooxidation of a gold
concentrate from Andacollo are presented here.

La Silvita is a polymetallic sulfide mine where the main sulfides are sphalerite
(ZnS), galena (PbS), pyrite (FeS,), and chalcopyrite (CuFeS,). The proportions of
the valuable metals are 23.87 % Fe, 10.41 % Pb, 8.36 % Zn, and 0.06 % Cu. The
capacity of two native Leptospirillum ferrooxidans species (Lf-LS02 and Lf-LS04)
to catalyze the mineral leaching process was evaluated at laboratory scale (shake
flask experiments). Lf-L.S04 presented the best performance, achieving 100 % of
zinc and copper recoveries in 20 and 12 days, respectively. Iron solubilization was
42 % after 33 days. These recoveries were greater than those obtained using the
reference strain L. ferrooxidans DSMZ 2705 or in abiotic conditions (Lavalle et al.
2008). Isolate Lf-1.S04 was selected to be used in the bioleaching of La Silvita ore
in an airlift bioreactor (Giaveno et al. 2007a, b). The experiments were carried out
in a 12-1 reverse-flow airlift reactor using iron-free 9 K medium at pH 1.8, mineral
particle size <74 um, pulp density of 1%, and superficial air velocity of 0.01 m s7..
Bioleaching of copper was completed within 44 days; 98.0 % of zinc and 65.0 % of
iron were leached after 65 days. The metal recovery from La Silvita sulfide ore with
strain Lf-L.S04 was higher than recoveries obtained previously with a collection
strain of Acidithiobacillus ferrooxidans, showing the effectiveness of native species
and Lf-LS04 potential in future commercial bioleaching operations.
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Another sulfide ore from Capillitas (Catamarca, Argentina) containing mainly
marcasite (FeS,), sphalerite (ZnS), and chalcopyrite (CuFeS,) was evaluated in a
bioleaching experiment. In this case, a moderately thermophilic acidophilic consor-
tium from the CCG system was used. The consortium included species related to L.
ferriphilum, At. caldus, and an uncharacterized moderately thermophilic acidophilic
heterotrophic bacterium. A shake flask experiment was performed at 42 °C, pH 2,
pulp density of 2% w/v, and particle size <74 pm. Zinc and copper solubilization
was 80.0 % and 98.3 %, respectively, with daily maximum productivity of 4.8 ppm
zinc and 63.8 ppm copper. This moderately thermophilic consortium proved to be 6
and 40 times more efficient than the traditional chemical solubilization for each
metal, respectively, and also more efficient than another mesophilic consortium pre-
viously used (unpublished results).

Our research group also attempted the biooxidation of a gold concentrate from
Andacollo area using an autochthonous consortium obtained from samples from
Relave Viejo that showed the highest rates of iron and sulfur oxidation. The inocu-
lated system reached 50.0 % iron solubilization whereas in abiotic systems iron was
not released to the media. The presence of soluble iron indicated that the consortium
used pyrite and probably arsenopytire as energy source. Gold recovery by cyanida-
tion after biooxidation was 94.8 % in inoculated flasks and 67.0 % in abiotic systems
(Ulloa et al. 2012). These results reinforce the advantage of using indigenous micro-
organisms in biomining processes.

12.4.1.2 Bioremediation

Our research group studies the capability of certain microorganisms to be used in
the bioremediation of heavy metal-contaminated environments, mainly through dif-
ferent biotechnologies: bioleaching and biosorption. Here we describe two exam-
ples: the bioremediation of sludge by leaching using At. thiooxidans and a
biosorption assay through yeast biomass.

A strain of At. thiooxidans (TtAgrio6) isolated from the CCG system was selected
to evaluate the use of bioleaching to remediate a metal-contaminated municipal
sludge coming from a secondary sedimentary tank from Parque Industrial of
Neuquén wastewater treatment. Bioleaching experiments were carried out in shake
flasks containing the sewage sludge and elemental sulfur. TtAgrio6 culture was able
to solubilize 70 % of zinc and 25 % of chromium. At the end of the bioleaching
process, the metal concentrations in the treated mud were below the legal permitted
values (Chiacchiarini et al. 2010).

Biosorption has emerged as an important cost-effective alternative for the
removal of toxic metal from industrial effluents because conventional techniques
such as ion exchange, membrane filtration, oxidation—reduction, chemical precipi-
tation, adsorption, reverse osmosis, and evaporative recovery are high cost and have
negative impact on the environment (Wang and Chen 2009). Microorganisms such
as yeasts are potential bioremediators, removing metals via active or passive uptake
(Volesky 2003). Consequently, several yeast strains isolated from Rio Agrio were
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tested for copper, nickel, cadmium, and zinc tolerance. The isolate Agrio-16, char-
acterized as Rhodotorula mucilaginosa, was selected to study its ability to uptake
copper and nickel from diluted solutions. The results showed that Agrio-16 was
efficient in the removal of Cu(II) and Ni(II), especially at low pH values (2.5-4.5).
The maximum sorption capacity for Ni(I) uptake was 62.4 mg g~! and 68.9 mg g™
at pH 2.5 and 4.5, respectively, and 160.5 mg g~! for Cu(II) (Lavalle et al. 2007).

12.4.2 Thermophiles in Biomining

Although the first microorganisms used in biomining were essentially mesophiles or
moderate thermophiles, biodiversity studies (especially sequencing of the whole
microbial community by 16S rRNA genes) on samples from industrial applications,
particularly tanks, began to reveal the presence of thermophilic bacteria and Archaea.
Bioleaching and biooxidation are highly exothermic processes (more than 30 MJ kg™
of oxidized sulfur). The use of mesophiles requires cooling systems that increase the
cost of the processes and are energy consuming (Petersen 2010). Some of the thermo-
philes used in biomining are At. caldus, Acidimicrobium, Sulfobacillus, and Ferroplasma
with an optimum temperature range between 45 °C and 55 °C and extreme thermo-
philes with optimum temperatures between 60 °C and 85 °C, as the Archaea from the
genera Sulfolobus, Acidianus, and Metallosphaera. Also, thermophiles present a viable
alternative to the bioleaching of refractory mineralogical species such as arsenopyrite
(FeAsS), enargite (Cu;AsS,), and chalcopyrite (CuFeS,) (Du Plessis et al. 2007).

12.4.2.1 Strategy to Optimize Gold Recovery

To evaluate the behavior of a thermophilic consortium, and more specifically the role
of Acidianus copahuensis, in a biooxidation process we designed an assay using a
polymetallic sulfide refractory gold ore concentrate processed in the Andacollo ore
treatment plant and concentrated by flotation (Giaveno 2010). Metals with commer-
cial interest, such as Au (160 ppm), Ag (288 ppm), Fe (24.1%), Pb (2.8 %), Zn
(1.2%), and Cu (0.3 %) were detected in the sample. It is interesting to remark that
arsenic concentration (1523.4 ppm) was high enough to have inhibitory effect. The
mineralogical composition exhibited quartz (SiO,), feldspar (KAISi;Og), pyrite
(FeS,), arsenopyrite (AsFeS), sphalerite (ZnS), chalcopyrite (CuFeS,), and traces of
galena (PbS). The presence of pyrite and arsenopyrite in the ore indicated that much
of the gold might be occluded in the mineral matrix, which is an obstacle to tradi-
tional commercial exploitation. The assay, that included an abiotic control, was per-
formed in shake flasks at 150 rpm, 75 °C, with 1% pulp density in M88 culture
medium at pH 2. The abiotic control showed a rapid increase in pH, probably caused
by the dissolution of basic species present in the ore. In inoculated systems pH
decreased from the activity of sulfur-oxidizing microorganisms (Fig. 12.5). In spite of
the high arsenic content in the ore, microbial activity was not completely inhibited.
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Fig. 12.5 Percentages of metals solubilized and pH evolution along the Andacollo ore biooxida-
tion assay using a thermophilic consortium

The thermophilic consortium efficiently solubilized zinc and copper (Fig. 12.5).
Iron solubilization is associated with pyrite dissolution, and it is a parameter that
allows following the evolution of the biooxidation process. The abiotic control
showed no appreciable iron solubilization because the increased pH favored pre-
cipitation of iron compounds and impeded pyrite dissolution. Gold recovery was
similar to that obtained using a mesophilic native consortium from Andacollo
mines; however, the thermophilic consortium achieved maximum gold recovery
faster, increasing the process productivity (Giaveno 2010).

12.5 Conclusions

In our research work during the past years, we have detected and/or isolated quite
interesting acidophilic species and consortia from regional mine ores and the
Copahue Caviahue Geothermal system in Neuquén, Patagonia. Particularly, we
have isolated, characterized, and reported a novel species of thermoacidophilic cre-
narchaeon, Acidianus copahuensis.

We have presented several reports concerning technical application in biomining
bioremediation of heavy metals at the laboratory scale. Bioleaching using acido-
philic iron- and sulfur-oxidizing microorganisms has been successfully applied to
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the recovery of metals from sulfide minerals and in the pretreatment (biooxidation)
of refractory gold minerals.

On the other hand, techniques based on noncultured microorganisms have shown
the great biodiversity present in mining environments such as Andacollo and in the
fascinating CCG system. Our results show there is an extremophilic microbial rich-
ness waiting to be characterized and, most importantly, cultivated. To achieve these
goals, it will be necessary to extend our understanding on various aspects of acidic,
high-temperature ecosystems as well as the biochemistry and growth requirements
of the extreme microbial life that inhabits them.
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Chapter 13
Microorganisms from Patagonian Aquatic
Environments for Use in Aquaculture

Cynthia Sequeiros, Marisa E. Garcés, Melania Fernandez,
Sergio F. Martinez Diaz, Diego Libkind, and Nelda Lila Olivera

Abstract Argentinean Patagonia is an extensive area scarcely explored from the
microbiological point of view. Pristine and cold aquatic Patagonian environments as
well as their fauna harbor a microbial diversity with interesting characteristics for
application in aquaculture. This chapter presents the importance of aquaculture in
recent decades and the problems associated with its fast and intensive development.
We focus on Patagonian microorganisms and their products with potential application
in aquaculture either as probiotics or as a source of specific nutritional components
(i.e., astaxanthin). Thus, we analyze the probiotic characteristics of different bacteria
from marine and freshwater environments. We also pay particular attention to antimi-
crobial agent production (i.e., bacteriocins) and adhesion properties of such strains.
Moreover, we introduce Patagonian native yeasts as a promising natural source of
astaxanthin and other valuable compounds for fish and crustacean aquaculture.
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13.1 Introduction

Aquaculture is one of the fastest growing food-producing sectors and today pro-
vides almost half of all fish for human food (FAO 2014). With worldwide aquacul-
ture expanding, the risks associated with the emergence and transmission of
pathogenic bacteria have increased. The frequent use of antibiotics in aquaculture
farms has led to the emergence of antibiotic multiresistant strains (Heuer et al.
2009). In addition, consumer awareness for safe food has also increased, highlight-
ing the importance of searching for new strategies in aquaculture feeding and health
management (Balcdzar et al. 2006; Lara-Flores 2011).

Probiotics or beneficial microorganisms have emerged as remarkable feed addi-
tives in aquaculture, and now they are routinely incorporated into commercial fish
feed formulations (Merrifield and Zhou 2011). During the past decade, much
research has highlighted the potential benefits of probiotics for aquatic animal
health and performance (Verschuere et al. 2000; Nayak 2010; Merrifield et al. 2010;
Pérez-Sdanchez et al. 2014). The use of microorganisms and their products as feed
additives for aquaculture is also having a strong global growth (Hasan 2001).
Aquaculture probiotics and natural feed additives are used for several purposes such
as to enhance the immune system, to promote growth, to achieve desired meat and
skin pigmentation, and to improve the organoleptic properties of farmed organisms
(Hasan 2001; Lovatelli and Chen 2009).

Patagonia is one of the largest natural regions in southern South America, where
aquatic environments include the glaciers and lakes of the Andean Patagonia, shal-
low lakes and rivers of the Patagonian Plateau, and extensive marine coasts (Quirds
and Drago 1999). These diverse aquatic environments and their microbial communi-
ties still remain substantially understudied. Such mostly pristine environments con-
stitute a source of microorganisms adapted to extreme conditions (low temperature,
high ultraviolet radiation, etc.) with potential new biotechnological properties.

This chapter focuses on Patagonian microorganisms and their products with
potential application in aquaculture either as probiotics or as a source of specific
nutritional components. Particularly, we discuss the probiotic characteristics of bac-
terial strains from marine and freshwater environments, and the production of astax-
anthin (used to provide a pinkish-red color to salmon, trout, and crustaceans) and
other valuable compounds produced by native yeasts.

13.2 The Importance of Microorganisms in Aquaculture

13.2.1 Probiotic Bacteria as an Environmentally
Friendly Alternative

In aquaculture, farmed animals are in constant interaction with the aquatic environ-
ment. Opportunistic pathogens in high densities can be ingested either with the
feed or through the water (Verschuere et al. 2000). Thus, the adjacent ambient envi-
ronment has a much larger influence on the health status of farmed aquatic animals
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than on terrestrial animals. Aquaculture probiotics are defined as live microorgan-
isms that when provided via the diet or rearing water produce benefits on the host
by modifying the host-associated or ambient microbial community, by ensuring
improved digestion and feed utilization, by stimulating the immune system and
reproductive efficiency, or by improving the water quality and controlling patho-
gens (Verschuere et al. 2000; Merrifield et al. 2010). Consequently, probiotic bacte-
ria could benefit not only the host but also the surrounding environment.

Disease in aquatic organisms can result from imbalance among the physico-
chemical properties of the aquatic environment, the cultured organisms, and the
presence of opportunistic pathogens within farm systems. Probiotics have the capa-
bility to act on these three components, preventing disease (Fig. 13.1).

Multiple mechanisms have been proposed to explain the beneficial effects of pro-
biotics. The main actions are the production of antimicrobial compounds (i.e., organic
acids, hydrogen peroxide, bacteriocins), the competition for adhesion sites and nutri-
ents, the probiotic enzymatic contribution to host digestion, the enhancement of host
immune responses, the improvement of water quality, and the disruption of quorum
sensing (Verschuere et al. 2000; Balcdzar et al. 2006; Merrifield et al. 2010).
Figure 13.2 shows possible probiotic modes of action on aquaculture components.

In the assessment of the probiotic potential of a microorganism, an essential
attribute is its ability to inhibit fish and other aquatic organism pathogens, which is
evaluated through in vitro tests or in vivo challenge tests (Verschuere et al. 2000;
Balcdzar et al. 2007; Kesarcodi-Watson et al. 2008). Probiotic bacteria producing
inhibitory compounds in the intestine of the host, on its surface, or in the water
environment are thought to constitute a barrier against opportunistic pathogen pro-
liferation, reducing disease problems and economic losses in aquaculture
(Verschuere et al. 2000). As a result of their metabolism, some bacteria have the
capability to produce antagonistic compounds such as hydrogen peroxide, diacetyl,
siderophores, organic acids, and bacteriocins, which makes them good candidates
as prophylactic and therapeutic agents (Verschuere et al. 2000; Gatesoupe 2008).
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Fig. 13.2 Possible probiotic modes of action on aquaculture components

Another attribute considered as a good criterion for aquaculture probiotic prese-
lection is the ability of a microorganism to compete for adhesion sites (Verschuere
et al. 2000; Balcdzar et al. 2006). This attribute is related with the microbial capabil-
ity to adhere to epithelial cells and mucosal surfaces, which may contribute to pro-
tect skin surfaces, gills, and the gastrointestinal tract against pathogen invasion
(Verschuere et al. 2000; Vine et al. 2004).

The sources and the criteria used for the isolation and the selection of microorgan-
isms are critical to achieve efficient probiotics. This process should include rigorous
microorganism assessments under in vitro and in vivo conditions, pilot testing, and
scaling. Probiotic candidates should not be pathogenic, not only for the host species
but also for aquatic animals in general and for human consumers (Merrifield et al.
2010). It would be desirable that new probiotics will not present a risk to the host or
have neither virulence nor antibiotic resistance genes (Verschuere et al. 2000).

Frequently, novel probiotic bacteria are isolated from wild or cultivated organ-
ism microbiota and different environments. Bacteria with probiotic potential for
aquaculture include gram-negative strains from the genera Vibrio (Austin et al.
1995; Riquelme et al. 2001), Pseudomonas (Spanggaard et al. 2001), Shewanella
(Varela et al. 2010; Tapia-Paniagua et al. 2012), Aeromonas (Brunt and Austin
2005), and Roseobacter (Ruiz-Ponte et al. 1999). Gram-positive strains such as
Bacillus spp. (Moriarty 1998; Rengpipat et al. 1998; Newaj-Fyzul et al. 2007;
Ghosh et al. 2007; Zhou et al. 2009; Lin et al. 2012; Moreira de Souza et al. 2012)
and lactic acid bacteria (LAB) (Robertson et al. 2000; Panigrahi et al. 2005; Kim
and Austin 2006; Balcdzar et al. 2007; Vendrell et al. 2008; Gatesoupe 2008;
Merrifield et al. 2011; Pérez-Sanchez et al. 2011a) have also been applied in aqua-
culture. Many of the probiotic strains used in vivo belongs to LAB, mainly to the
genera Lactobacillus, Carnobacterium, Lactococcus, Leuconostoc, Enterococcus,
and Pediococcus (Pérez-Sanchez et al. 2014). Bacillus strains have also been exten-
sively used in aquaculture (Pérez-Sdnchez et al. 2014). Both gram-positive groups
are Generally Recognized as Safe (GRAS) by the Food and Drug Administration
(FDA), meaning that these bacteria are not harmful to animals or humans.
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A large number of bacteria investigated for aquaculture applications were iso-
lated from farmed fish or from different sources within hatcheries (Table 13.1). On
the other hand, fewer strains come from pristine environments (Table 13.1). The
latter are generally more sensitive to antibiotics than are hatchery isolates (Pérez-
Sdnchez et al. 2011b; Sequeiros et al. 2015). However, they are possibly not as
adapted to hatchery conditions as those isolates from farms.

13.2.2 Yeasts as a Natural Source of Feed Additives

Yeasts are a large and heterogeneous group of eukaryotic microorganisms sorted
within the phyla Ascomycota and Basidiomycota. They are widely distributed in
nature and have been even found as part of the gut microbiota of both wild and
farmed fish (for a review, see Gatesoupe 2007; Navarrete and Tovar-Ramirez 2014).
Yeast are used in biotechnology for different purposes, such as production of fer-
mented foods, alcoholic fermentation, recombinant protein and vitamin synthesis,
and biological control (for a review, see Johnson 2013a, b). Because of its excellent
nutritional content and availability (given their wide industrial applications), yeast
and its components are extensively used in feed for terrestrial and aquatic animals.
Currently, additional applications as a functional feed additive (probiotic live yeast),
their cellular components (cell walls, yeast extracts), or as a source of products of
higher purity such as p-glucans and nucleotides are being developed (Encarnacao
2016). Industrial yeasts are commonly used in aquaculture, either as live food
organisms, or after processing as a feed ingredient (Stones and Mills 2004). It has
been shown that yeasts or their derivates can enhance growth, survival, and gut
maturation, and improve the immune and antioxidant systems in fish and shrimps
(Burgents et al. 2004; Ozorio et al. 2010; Andrews et al. 2011). Yeasts are well
known in animal nutrition because they can act as a producer of polyamines, which
enhance intestinal maturation (Peulen et al. 2000); furthermore, they are good
sources of vitamins B, E, and D, as well as single cell proteins, essential amino
acids, lipids, and in some cases even carotenoids that can provide color and antioxi-
dant activity. Comparable to bacteria, beneficial effects of some yeast species when
used as probiotics are the results of simultaneous action of various mechanisms
such as modulation of some aspects of local and systemic immune responses, trap-
ping of bacterial toxin or pathogenic bacterial cells on the yeast surface, and main-
tenance of intestinal epithelium integrity (dos Santos Martins and Nicoli 2015). The
larger cell size of yeasts (can be a hundred times larger than bacterial cells) may
explain the fact that the introduction of a low yeast population (10* CFU g~!) through
the feed can induce beneficial effects in the host (Navarrete and Tovar-Ramirez
2014). The mechanisms responsible for probiotic yeast survival in the digestive
system are still scarcely known. A cellular protective role of lipid droplets against
stress conditions has been recently suggested (Zamith-Miranda et al. 2016). Several
studies have shown that yeasts can successfully replace part of dietary fish meal in
different fish species (Mahnken et al. 1980; Rumsey et al. 1991; Oliva-Teles and
Goncalves 2001; Fournier et al. 2002; Olvera-Novoa et al. 2002; Sealey et al. 2007).
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Table 13.1 Aquaculture probiotics from different sources tested in vivo
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Probiotic strains

Source

Tested species

References

Vibrio sp. C33 and

Hatchery seawater

Scallop larvae

Riquelme et al.

Pseudomonas sp. 11 (fish-rearing water), (Argopecten (2001)

Chile purpuratus)
Aeromonas media strain American Type Silver perch (Bidyanus | Lategan et al.
A199 Culture Collection, bidyanus) (2004)

ATCC 33907. Fish
farm effluent,

England
Lactococcus lactis CLFP | Salmonids of fish Rainbow trout Balcdzar et al.
100, Leuconostoc farms, Spain (Oncorhynchus mykiss) | (2007)

mesenteroides CLFP 196
and Lactobacillus sakei
CLFP 202

Carnobacterium
maltaromaticus and C.
divergens

Rainbow trout from
fish farms, Scotland

Rainbow trout
(Oncorhynchus mykiss)

Kim and Austin
(2006)

Leuc. mesenteroides
CLFP 196 and Lb.
plantarum CLFP 238

Salmonids of fish
farms, Spain

Rainbow trout
(Oncorhynchus mykiss)

Vendrell et al.
(2008)

Lb. rhamnosus (GG)

American Type
Culture Collection,
ATCC 53103. Human
feces, United States

Rainbow trout
(Oncorhynchus mykiss)

Panigrahi et al.
(2007))

Lb. plantarum CLFP 3, L.

lactis CLFP 25 and Leuc.
mesenteroides CLFP 68

Rainbow trout from
fish farms, Spain

Rainbow trout
(Oncorhynchus mykiss)

Pérez-Sanchez
etal. (2011a)

Pseudomonas

Fish farms, Denmark

Rainbow trout
(Oncorhynchus mykiss)

Spanggaard
et al. (2001)

L. lactis AR21

Rotifer mass culture,
Belgium

Rotifer (Brachionus
plicatilis)

Shiri Harzevili
et al. (1998)

L. lactis D1813

Wild shrimps from
Tachibana Bay, Japan

Kuruma shrimps
(Marsupenaeus
Japonicus)

Maeda et al.
(2014)

Lb. paracasei subsp.
tolerans F2

Ramnogaster arcuata
from Bahia Blanca
Estuary, Argentina

Rainbow trout
(Oncorhynchus mykiss)

Lépez Cazorla
et al. (2015)

Lb. pentosus H16

Merluccius hubbsi

Artemia franciscana

Garcés et al.

from coast of the (2015)
Chubut Province,
Argentina
Carnobacterium sp. Lgnningdahl and Atlantic salmon Robertson et al.

strain K1

Hardanger culture
stations, Norway

(Salmo salar)

(2000)

Despite all of this, only a few species of yeast are used commercially in the aqua-
culture industry (Table 13.2), the most widely commercialized species being
Saccharomyces cerevisiae, the same species (although different strains) with which
bread, some beer styles, some wine varieties, spirits, and bioethanol are produced
(Coutteau et al. 1990). Therefore, many of these strains are better known as baker’s
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yeast or brewer’s yeast. The former comes as a pure and primary culture, grown
under strict conditions on a sugar substrate such as molasses, making a very consis-
tent base for the production of yeast extracts, autolyzed yeast, yeast cell walls, and
their derivate nucleotides and p-glucans. In contrast, brewer’s yeast is normally
generated as a by-product of beer production in brewery industries, and after alco-
holic fermentation it eventually becomes a residue that can be exploited for aqua-
culture feed. The nutritional content is similar but less consistent to that in baker’s
yeast, and contains more trace minerals such as selenium and chromium (Tacon
2012). Another source of S. cerevisiae yeasts is from bioethanol production indus-
tries where they are harvested after having performed alcoholic fermentation of
sugarcane, beet sugar, or grain syrup. Selling prices are normally low for this type
of yeast; however the quality, and the protein content, are less consistent (Tacon
2012). Within Saccharomyces cerevisiae, the probiotic attributes of the boulardii
subgroup of strains have been attributed to effects on enteric pathogens, intestinal
barrier function integrity, antiinflammatory effects, immune stimulation, and tro-
phic effects on the intestinal mucosa (Jacobson 2015). Current research is identify-
ing new yeast probiotics outside the S. cerevisiae ssp. boulardii cluster. For example,
Candida utilis (current valid name is Cyberlindnera jadinii), also known as torula
yeast, is being used for some time in aquaculture given it has been tested as a pro-
tein source in diets for aquatic animals, and it has been found that feed acceptance
and survival are not affected when used as partial fish meal replacement (Martin
etal. 1993). Experiments with this yeast have been carried out using tilapia (Olvera-
Novoa et al. 2002), abalone (Britz 1996), and shrimp (Gamboa-Delgado et al.
2016), among others. Nowadays, this yeast has been commercially available for
decades given that several companies have achieved massive production of this
yeast for commercial purposes. In addition, the halotolerant yeast Debaryomyces
hansenii has been considered an excellent probiotic candidate in fish aquaculture as
in several experiments it showed capability to enhance growth, survival, and gut
maturation and to improve the immune and antioxidant systems in fish larvae and
juveniles (Navarrete and Tovar-Ramirez 2014).

Another important yeast for aquaculture is Phaffia rhodozyma (synonym
Xanthophyllomyces dendrorhous). In contrast to previous cases, this yeast belongs
to the basidiomyectous fungi and possesses several unique characteristics, being the
most important in terms of this chapter for its unique ability to accumulate the valu-
able carotenoid pigment astaxanthin (Andrewes and Starr 1976). Astaxanthin is
fundamental for fish and crustacean coloration given animals cannot synthesize
carotenoids, which must be provided in their feed for deposition into the flesh, cara-
pace, or plumage (fish, crustaceans, or birds, respectively). Astaxanthin is valuable
commercially mainly for pigmentation of salmonids raised in aquaculture. It is the
most expensive ingredient in salmonid feeds, and it has an estimated market more
than US $200 million per year (Schmidt et al. 2011). This market is supplied pri-
marily by chemically synthesized astaxanthin and, based upon not just its applica-
tions in coloring but also its antioxidative and health-promoting properties (Guerin
et al. 2003), the global astaxanthin commercial market has grown continuously in
the last decade (Schmidt et al. 2011). However, because the synthesis is relatively
difficult and expensive compared to simpler carotenoids such as -carotene, several
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companies and academic laboratories have investigated biological sources of astax-
anthin. Among these sources, P. rhodozyma and the microalga Haematococcus plu-
vialis have attracted much interest because of their ability to synthesize high levels
of astaxanthin and because P. rhodozyma can reach high cell densities in fermentor
cultures (>50 g dry cell weight per liter) (Echevarri-Erasun and Johnson 2002).
Since its discovery in 1977 it was suggested that P. rhodozyma could be a source of
astaxanthin for salmonids raised in aquaculture (Johnson et al. 1977, 1980a) and as
a carotenoid source for other animals (Johnson et al. 1980b). One of the main draw-
backs of utilizing P. rhodozyma as a commercial astaxanthin source is the low levels
of astaxanthin found in wild isolates and the thick cell wall and capsule of the yeast,
which apparently hinders astaxanthin uptake (Echevarri-Erasun and Johnson 2002).
However, through mutation strategies (chemical mutagenesis and random screen-
ing) several astaxanthin-hyperproducing strains have been developed that accumu-
late more than 10,000 pg g™! dry yeast. Companies have adopted some of these
strains for industrial production and commercialization of astaxanthin. These
hyperproducing mutants have been valuable for the elucidation of genes involved in
astaxanthin biosynthesis, which allowed genetic engineering as an alternative way
of generating improved strains. For this, genetic tools were developed that allow
directed transformation of P. rhodozyma strains (Adrio and Veiga 1995).

Regarding the limited absorption of astaxanthin because of the yeast’s thick cell
wall, interesting processes have been developed to circumvent this problem. For
example, the co-inoculation with Bacillus circulans into fermentors of growing
P. rhodozyma facilitated uptake of the pigment by rainbow trout by the secreted
lytic enzymes that partially hydrolyzed the cell wall (Johnson 2003; Okagbue and
Lewis 2008). Mechanical breakage also facilitated uptake of the astaxanthin in the
flesh of rainbow trout. Other means of pigment liberation by the yeast, including
optimization of drying conditions, mechanical breakage, and enzyme treatment,
have been developed by the biotechnology industries (Schmidt et al. 2011).

The accumulating knowledge of the biology, genomics, and metabolomics of
P. rhodozyma will have a marked impact on the development of improved strains
and industrial production processes.

13.3 Patagonian Microorganisms and Their Products
with Potential Application in Aquaculture

13.3.1 Probiotic Potential of Bacteria from Marine
and Freshwater Environments

To obtain new and more effective probiotics, it is desirable to explore environments
with microorganisms adapted to extreme environmental conditions, which may be
useful in varying conditions that take place in aquaculture production. The
Patagonian region is known for possessing unique features, including lower tem-
peratures than in similar areas of the Northern Hemisphere during winter periods
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and particularly high temperatures in summer (Paruelo et al. 1998). It is expected
that under these conditions highly tolerant bacteria may be isolated to be used in
fluctuating environmental conditions.

In Argentina, the screening of bacteria with probiotic properties for use in aqua-
culture started a few years ago (Pasteris et al. 2009, 2011; Sequeiros et al. 2010,
2015; Sica et al. 2012; Ferndndez 2013; Garcés et al. 2015; Lopez Cazorla et al.
2015). These studies characterized the strains through in vitro and in vivo experi-
ments. Table 13.3 shows some bacteria isolated from organisms (algae, inverte-
brates, and fish) and from marine sediments (northeast coast of Chubut Province)
and freshwater sediments (Rio Santa Cruz, Rio Chubut) in Patagonia, with antimi-
crobial activity against fish pathogens.

Lactococcus lactis TW34 showed a strong inhibitory activity against Lactococcus
garvieae and other gram-positive fish pathogens (Table 13.3). L. garvieae is the
etiological agent of lactococcosis, an emerging pathology affecting different wild
and farmed fish species all over the world (e.g., rainbow trout, yellowtail, tilapia,
and catfish) in both marine and freshwater aquaculture (Vendrell et al. 2006;
Aguado-Urda et al. 2011; Reimundo et al. 2011). TW34 antimicrobial activity is the
result of the production of a bacteriocin that was identified as Nisin Z (Sequeiros
etal. 2015). This bacteriocin was highly thermostable, retaining antimicrobial activ-
ity even after autoclaving (121 °C for 15 min), (Sequeiros et al. 2010). It was also
very stable in a wide pH range (3-7), showing a slight activity decreasing from
pH 9 up to 11 (Sequeiros et al. 2010). Moreover, its activity remained constant up
to 6 months when it was stored at —20 °C (Sequeiros et al. 2010). Figure 13.3 shows
Nisin Z structure, a lantibiotic peptide containing thioether-bridged amino acids
(lanthionines and methyllanthionines) (Chatterjee et al. 2006). These thioether rings
are responsible for the high thermostability, acid tolerance, and high antimicrobial
activity of this class of bacteriocin (de Vuyst and Vandamme 1994; Kuipers 2010).
To date, only two strains from marine origin have been described as Nisin Z produc-
ers: L. lactis subsp. lactis isolated from the intestine of olive flounder from Busan,
Korea (Heo et al. 2012) and L. lactis TW34 (Table 13.3). Interestingly, TW34 bac-
teriocin activity was stable at a wider pH range than bacteriocin from L. lactis from
olive flounder. The knowledge about bacteriocins from marine microbial sources is
at an early stage. Nisin is the only bacteriocin approved for food applications, and
the European Union regulates the authorization, marketing, and use of probiotics as
feed additives. L. lactis TW34 as a Nisin-producing strain would be a promising
alternative for application as a feed additive in the prevention of lactococcosis in
aquaculture systems (Sequeiros et al. 2015). Moreover, L. lactis TW34 showed high
sensitivity to a wide variety of antibiotics, which is highly valuable for the safe use
of the probiotic (Sequeiros et al. 2010). As the optimal temperature for TW34 anti-
microbial activity production was as low as 15 °C (four times higher than at 30 °C),
this strain is particularly attractive for salmoniculture (Sequeiros et al. 2010). For
example, rainbow trout is sensitive to lactococcosis and its optimum water tempera-
ture for culture is below 21 °C (FAO 2005-2015).

Another interesting marine bacterium isolated from the Patagonian coast was
Lactobacillus pentosus H16 (Table 13.3). Its antimicrobial activity against Vibrio
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Fig. 13.3 Schematic representation of the primary structure of posttranslationally modified Nisin
Z. Lanthionine and methyllanthionine characteristic structures forming the thioether rings are
labeled a—e. Dehydrated residues are dark shaded and those forming lanthionine and methyllan-
thionine bridges are clear shaded

alginolyticus and Aeromonas salmonicida was associated with a pH decrease, pos-
sibly caused by the production of organic acids characteristics of LAB metabolism,
which suppresses the growth of many other bacteria (Garcés et al. 2015). In chal-
lenge in vivo experiments, H16 prevented Artemia franciscana mortality when it
was administered previously to V. alginolyticus inoculation (Garcés et al. 2015).
These in vivo results were attributed to several H16 protective mechanisms against
fish pathogens, including its antimicrobial activity and its capability to produce cell-
bound biosurfactants and selectively adhere to mucosal surfaces. All this conferred
H16 competitive advantages for a rapid colonization of the intestinal tract and the
displacement of pathogenic strains.

13.3.2 Native Yeasts as Source of Valuable Compounds

Patagonian natural habitats have proven to be an incredible resource of biotechno-
logically relevant yeasts, as is depicted in Chap. 18 of this book. Among these, a
few species have potentiality for aquaculture and are reviewed in this section.

As previously mentioned, Saccharomyces, in particular S. cerevisiae, is by far
the most used and studied yeast, and thus the yeast is subjected to larger research
and experimental trials in aquaculture. However, several other yeasts are becoming
gradually more important, such as Cyberlindnera jadinii (Candida utilis),
Debaryomyces hansenii, and Phaffia rhodozyma (Table 13.2).

Auvailability of yeast biomass in Patagonia is mainly related to the wine industries
and most recently to the high number of craft breweries that emerged in the Andean
Patagonia. Although brewer’s yeast is being currently used for animal feed, to the
best of our knowledge none of this yeast biomass has been yet tested for the use
in local aquaculture. Autochthonous strains of Saccharomyces cerevisiae in Patagonia
are mostly related to wineries (reviewed in Chap. 15 of this book); however, at least
two isolates were obtained from natural environments (Libkind et al. 2011). However,
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the dominant Saccharomyces species in the region are the psychrotolerant S. uvarum
and S. eubayanus, both of which are considered natives of the Andean Patagonian
forests (Libkind et al. 2011). The latter was originally described in Patagonia and is
considered one of the ancestors of the lager yeast, with which lager beer is brewed.
The application of S. eubayanus for the brewing industry is a matter of current study,
which will possibly result in innovative beers but also in a good source of new yeast
biomass for its assessment as a feed additive for aquaculture. We believe both species
have potential as a source of SCP (single cell protein) and vitamins, but whether they
have any probiotic activity as their sister species S. cerevisiae remains to be tested.
The fact that these species are cold adapted might ensure better fitness of survival in
the aquaculture systems of Patagonia when compared to mesophilic yeasts such as
Cyberlindnera jadinii and S. cerevisiae. Further studies are required to assess the
potentiality of these Patagonian autochthonous yeasts for aquaculture.

Several studies have accumulated relative to the biodiversity and biotechnology
of carotenoid-synthesizing yeasts native from Patagonian natural environments, in
particular, Andean water bodies of glacial origin. Interesting yeasts belonging to the
basidiomycetous genera Rhodotorula, Rhodosporidium, Sporobolomyces,
Sporidiobolus, Cystofilobasidium, Dioszegia, and Phaffia were isolated and identi-
fied from Patagonian natural habitats (Libkind et al. 2003, 2009a; de Garcia et al.
2007; Russo et al. 2008; Branddo et al. 2011). Novel species from Patagonia for all
these genera, except Phaffia, were obtained and many have already been formally
described (Libkind et al. 2005, 2009b, 2010). The ability to produce cell biomass
and carotenoid pigments for specific isolates and species has been tested using
semi-synthetic medium (MMS), and agro-industrial byproducts (cane molasses,
corn syrup, raw malt extract) as carbon sources. Maximum pigment production
(300 pg g™") was achieved by the strain CRUB 1046 (Libkind and van Broock 2006).
This strain was later recognized as a novel yeast species and was described as
Cystofilobasidium lacus-mascardii (Libkind et al. 2009b). We also studied fatty
acids (FA) profiles in six carotenoid-producing yeast species isolated from temper-
ate aquatic environments in Patagonia. Total FAs ranged from 2% to 15 % of dry
biomass. Linoleic, oleic, palmitic, and a-linolenic acids were the major FA constitu-
ents, which accounted for as much as 40 %, 34 %, 13 %, and 9 % of total FAs,
respectively. The high percentage of polyunsaturated fatty acids (PUFAs) found in
Patagonian yeasts, in comparison to other yeasts, is indicative of their cold-adapted
metabolism. Our results suggested that Patagonian yeasts may be considered an
interesting source of essential PUFAs. C. lacus-mascardii produced about 13 % of
its dry weight in lipids constituted mainly by linoleic acid (Libkind et al. 2008a).

As aresult of their multiple interesting traits, the production of biomass and carot-
enoid pigments by the Patagonian native species Cystofilobasidium lacus-mascardii
was optimized using factorial design and surface response techniques and then scaled
to 10-1 fermentors. After the optimization, the yeast produced 33 % more carotenoid
pigments and the composition detected was torularodin (16.9 %), torulene (25 %),
y-carotene (20.3 %), p-carotene (6.7 %), and several unknown pigments (31.1%)
(Libkind 2006). Live yeast biomass of this species was later applied during 2 months
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as feed additive for reared rainbow trout, showing good acceptance and no evidence
of negative effects when compared to controls (Libkind and Baez unpublished).

Probably the most interesting case is that of the native Patagonian populations of
the astaxanthin-producing yeast Phaffia rhodozyma, which were obtained from fun-
gal stromata samples in Andean Patagonia and in fewer occasions also from fresh-
water samples (Libkind et al. 2007, 2008b; Branddo et al. 2011). Patagonian
populations were found to be genetically different from those found in the Northern
Hemisphere and those later obtained in natural environments in New Zealand and
Australia (Libkind et al. 2007; David-Palma et al. 2014). The production of astax-
anthin in these unique Patagonian populations was confirmed as well as the accu-
mulation of unusually high proportions of PUFAs (70.5 %). The production level of
the pigment in these native wild isolates was low for biotechnological purposes but
provides a new genomic background for genetic improvements. The complete
genome sequence of a representative strain of the Patagonian population was
recently obtained (Bellora et al., submitted).

13.4 Conclusions

A wide variety of compounds with potential application in aquaculture such as bac-
teriocins, biosurfactants, carotenoid pigments, organic acids, and polyunsaturated
fatty acids are synthesized by different Patagonian strains. These microorganisms
could become a potential source of compounds of biotechnological importance. It is
therefore necessary to continue with screening programs to improve our limited
understanding about the Patagonian microbial world, including new metagenomic
techniques in combination with proteomics.
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