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1.1. Marine microbes and their role 

Ocean covers more than 70 % of the earth’s surface among three major habitats of the 

biosphere which provides large space for living organisms, most importantly microbes. 

Majority of the life forms on Earth were likely originated from microbes in the ocean. 

The word microbes include extensive and diverse communities of viruses, bacteria, 

protists and fungi with different morphological, ecological and physiological 

characteristics. They present everywhere in the ocean, from the surface waters of the sea 

to lower and abyssal depths, from coastal to the offshore, and specialized niches like blue 

waters of coral reefs to deep-sea hot hydrothermal vents (Das et al. 2006).  

Ocean water holds up to one million microorganisms per millilitre and several thousands 

of microbial types. Overall, the number of microorganisms in marine ecosystem is 

reported to be 1030 cells but very little explored in their diversity. Enormous research 

activities on the biogeography of marine microorganisms have been carried out, but still 

many unknowns persist, hence more effort is required to clarify and understand their 

complexity (Hunter-Cevera et al. 2005). 

The marine ecosystem is characterized by the hostile parameters, for instance salinity, 

high pressure, low temperature and absence of light in the deep-sea; presence of light, 

low nutrients in open ocean surface waters, etc. Marine heterotrophic bacteria have 

adapted themselves to withstand in this environment by means of Na+ requirement for 

their growth because it is necessary to maintain the osmotic environment to protect the 

cellular integrity (Das et al. 2006).  

Distribution of bacteria is purely based on sea water temperature, salinity, pH, nutrients 

and other physicochemical constraints. More than 90 % of bacteria in the oceans are 
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Gram-negative in nature because of their cell wall structure and their adaptation to 

survive in saline environment. Their cultivable rates are 0.001 – 0.1 % (Ferguson et al. 

1984). 

In a food chain, bacteria play significant role in both the starting and ending point. They 

provide first production of particulate food-stuff by converting the dissolved organic 

matter, and they are responsible for the decisive breakdown of organic matter which 

leads to the returning of nutrients. Also, their unique metabolisms permit to carry out 

various functions and they are central catalysts in biogeochemical cycles which are not 

possible by other organisms (Li and Dickie 1996).  

Marine bacteria ruled the Earth for nearly 2 billion years. All of Earth’s biogeochemical 

cycles were established during the age of bacteria (from 3.5 – 1.8 bya). So far, the role of 

bacteria as nature’s recyclers is well-understood, their importance as a food source is less 

known. Nurtured by groups of dissolved organic carbon, marine bacteria play a 

fundamental role in marine food webs offering nutrition to small microorganisms. In this 

manner, they bring back energy in the form of carbon compounds that might otherwise 

be vanished to the system. This microbial loop, the constituent of marine food web that 

recycles most of the minerals (biologically important nutrients) and captures energy from 

dissolved organic matter, correspond to a primary component of marine food webs, 

particularly in the open ocean. To credit their significance in the world ocean, 

researchers nowadays often refer to water column bacteria as bacterioplankton 

(Chamberlin and Dickey 2008). 

Since bacteria have the ability to grow rapidly and the relative ease with which they can 

be manipulated, bacteria are the workhorses for the fields of molecular biology, 

biochemistry and genetics. By making mutations in bacterial DNA and observing the 
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resulting phenotypes, researchers can conclude the function of genes, enzymes and 

metabolic pathways in bacteria, and then apply this knowledge to more complex 

organisms (Sanatan 2008).  

Marine ecosystem consist of Estuaries, Intertidal zone, Continental shelf, Coral reefs, 

Ocean banks, Pelagic zone, Littoral zone, Seamounts, Hydrothermal vents, Cold seeps, 

Demersal zone, Kelp forests, Neritic zone, Straits, Oceanic zone and Benthic zone. The 

focus of the present study will be on bacterial communities from hydrothermal vent 

ecosystem. 

1.2. Hydrothermal vent ecosystem and bacteria  

1.2.1. Hydrothermal vents  

Hydrothermal vents are associated with sea-floor spreading zones, generally occurs in 

mid-ocean ridges where two tectonic plates are moving apart and in basins near volcanic 

island arcs. Magma pockets are the energy engines which creates volcanic activity. The 

molten rock (800–1,200 °C) beneath the magma discharges lavas onto the sea floor over 

time periods ranging from <10 years to >50,000 years between eruptions (Hammond 

1997). Since the tectonic plate activities takes place, the sea water sinks directly through 

the crevices in the crust and exposed to the magma chambers.  The cold water becomes 

heated up by the magma and then collects metals and minerals from the molten rocks, 

and shot up out of an opening into the sea water (Brooks 2006) which forms chemical 

plume. 

Numerous hydrothermal venting sites and faunal assemblages at many mid-ocean ridges 

and back-arc basins have been explored since from the discovery of hydrothermal vents 

along the Galapagos Ridge in 1977 (Corliss et al. 1979). These explorations have come 
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out with clear global biogeography of vent organisms with individual regions in various 

oceans (Rogers et al. 2012). Many of these hydrothermal vents are reported along the 

East Pacific Rise, Juan de Fuca, Gorda, Galapagos, Hawaiian and Explorer Ridges, Mid-

Atlantic Ridge, Mariana Trough, Okinawa Trough, and Central and Southeast Indian 

Ridges (Desbruyeres 2006) (Fig. 1.1). 

 

Fig. 1.1. Global distribution of hydrothermal vent fields 

Water emerging from the hot regions of some hydrothermal vents will be a supercritical 

fluid, which have physical properties between those of a gas and a liquid. In contrast to 

the ambient seawater, the temperature of superheated water in hydrothermal vents is 

above 400 °C. Most recently, hottest ever measured hydrothermal fluid temperature (464 

°C) was reported from the active venting Sisters Peak chimney on the Mid-Atlantic 
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Ridge (Perner et al. 2014). The depth of these hydrothermal vents varies and maximum 

recorded in Mid-Atlantic Ridge which is up to 7,700 meters 

(https://microbewiki.kenyon.edu/index.php/Deep_sea_vent). Based on venting activity, 

the crevices in the venting ocean floor may enlarge in size and spread from 5-9 cm per 

year or as fast as 9-16 cm per year (Jones 1985). 

Hydrothermal vent sites are far from uniform. Within the individual communities, the 

distributions of organisms are affected by the environmental gradient created by mixing 

of vent fluids with ambient sea water. Compared to other deep-sea communities, 

hydrothermal vents show much higher productivity but the species diversity is less (Van 

Dover 2000a). Giant tubeworms, bristle worms, yellow mussels, clams, and pink sea 

urchins are some of the animals found in the distinctive ecological systems that surround 

the hydrothermal vents. Deep-sea hydrothermal vents provide a sort of micro-niches that 

are likely habitats for physiologically different thermophilic and hyperthermophilic 

micro-organisms (Prieur et al. 1995).  

Investigation of active hydrothermal vents revealed the records of brightly coloured 

tubeworm communities and of groups of clams, gastropods and crabs in the volcanically 

driven hot vents. Nutrient supplements for these macrofauna are supported by several 

colonies of thermotolerant Archaea/Bacteria that flourish in the absence of sunlight 

(Baross and Hoffman 1985; Gold 1992; Wirsen et al. 1993; Takai et al. 2001). 

1.2.2. Metals and elements in hydrothermal vents 

Hydrothermal fluids are enriched with high levels of sulphide (H2S), hydrogen (H2), 

methane (CH4), manganese (Mn), and other transition metals (Fig. 1.2) like iron, lead, 

zinc, copper, cobalt and aluminium, whereas levels of oxygen is low (Jones 1985). 
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Because of these enriched elements and metals, the pH always tends to be in low level 

(3-5).  

Metal compositions and concentrations may vary from deep-sea vent to shallow vents 

and also vary from region to region. Sarradin et al. (2008) confirmed the presence of Fe, 

Cu, Zn, Pb, Cd from an active hydrothermal field on the East Pacific Rise (EPR) in 

which Fe is the predominant metal (5–50 μM) followed by Zn and Cu whereas, Cd and 

Pb are present at the nM level. Cardigos et al. (2005) reported the presence of Fe (8.8-

89.2 μM), Mn (0.5-6.8 μM), Pb (1.9-3.6 nM), Co (30-40 nM) and Cd (5-6 nM) from 

white and yellow zones in shallow water hydrothermal vents at DJCS (Azores, Portugal). 

The below picture explain the details of how various metals and elements get involved 

into the hydrothermal system. 

 

Fig. 1.2. Hydrothermal circulation in a mid-oceanic ridge (MOR) system (Photo 

courtesy: Wouldloper) 
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1.2.3. Deep and shallow water hydrothermal vents 

The environmental conditions in shallow hydrothermal vent regions vary from those in 

deep-sea hydrothermal systems and terrestrial hot springs with respect to temperature, 

water pressure, pH, salinity, sunlight, etc (Hirayama et al. 2007). Shallow water 

hydrothermal vent ecosystems are widespread that have been previously understudied 

when compare with deep-sea ecosystems (InterRidge, http://www. interridge.org/).  

Deep sea hydrothermal vents are highly productive ecosystems where 

chemolithoautotrophic microorganisms mediate the transfer of energy from the 

geothermal source to the higher trophic level (Jannasch and Mottl 1985). Relative to the 

majority of the deep sea, the areas around shallow submarine hydrothermal vents are 

biologically much higher productive, swarming complex communities with the energy 

gained from the chemicals dissolved in the vent fluids.  

The shallow-water vents differ from their deep-sea counterparts mainly by the presence 

of light. At shallow-water vents, photosynthetic organisms such as benthic microalgae 

and cyanobacteria are present (Sorokin 1991) and thus primary production by 

photosynthetic organisms can take place (Dando et al. 1995). On the other hand, 

oxidized sulphur compounds are used by many heterotrophic members of the Archaea 

and Bacteria as electron acceptors for the anaerobic degradation of organic matter, 

although some can grow autotrophically.  

However, the most commonly understood mode of metabolism thought to dominate the 

deep-sea hydrothermal vent microbial communities is chemolithoautotrophy, principally 

through the oxidation of iron compounds and reduced sulphur compounds (Jannasch and 

Mottl 1985). The habitat for these organisms is the anoxic parts of the hydrothermal 
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system, and correspondingly many of them are thermophiles or hyperthermophiles (Karl 

1995).  

Usually there is a high biomass of mostly endemic, but species poor fauna that depends 

on chemosynthesis based production at deep-sea vent mid-ocean ridges (Tunnicliffe 

1991). But contrastingly, shallow water vents tend to have a low biomass of more 

diverse fauna with few endemic species (Morri et al. 1999; Kamenev et al. 1993; Dando 

et al. 1995). Only a few examples are known of vent endemic species occurring in 

shallow water, e.g., a vestimentiferan, Lamellibrachia satsuma, in Kagoshima Bay, 

Japan (Miura et al. 2002) and a crab, Xenograpsus testudinatus in Kagoshima Island (8–

20 m depth), Taiwan (Jeng et al. 2004). 

Hydrogen sulfide, a crucial component for the chemosynthetic processes, provides 

energy for hydrothermal vent communities, which can have toxic effects on organisms 

which are not adapted to function at high concentrations. Thermophilic bacteria and 

archaea which may possibly live at temperatures more than 100 °C are taken a great deal 

of adaptation to survive in close proximity to hydrothermal vents. More than 500 animals 

that have been discovered at vent sites which appear to live exclusively with vent 

communities (Van Dover 2000a). 

1.2.4. Bacterial diversity in shallow water hydrothermal vents 

Shallow submarine hydrothermal systems exposed to sunlight are expected to harbor 

more complex microbial communities, because there is in situ primary production by 

means of chemolithotrophs and phototrophs as well (Hirayama et al. 2007). Several 

shallow water hydrothermal vents have been investigated worldwide (eg. Dando et al. 

1995 ; Hoaki et al. 1995 ; Pichler et al. 1999 ; Amend et al. 2003; Prol-Ledesma et al. 
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2004 ; Mohandass et al. 2012). However, only limited information is available on 

microbial community structures in shallow submarine hydrothermal systems. 

Hydrothermal vents and cold seeps are some of the extreme environments that strongly 

select the patterns of species diversity, life strategies, classical ecological pathways, 

altering food webs and force organisms to find different pathways to survive with the 

hostile environmental conditions. Shallow water hydrothermal vents create extreme local 

conditions by naturally releasing free gas and hot water which are strongly variable in 

space and time, and are often transient. These systems have been reported from several 

oceans including off the coasts of California, New Zealand, Iceland, Japan, Papua New 

Guinea and Mexico and from the Mediterranean Sea (Zeppilli and Danovaro 2009). 

The abundance of the prokaryotic community and biomass in shallow water 

hydrothermal vent (Milos Island, Greece) having on average of 1.34 × 108 cells g−1 

which was equivalent to areas not affected by hydrothermal activity (Giovannelli et al. 

2013). 

Culturable heterotrophic bacterial population and their composition were investigated in 

relation to environmental parameters in a shallow water hydrothermal vent off the Island 

of Vulcano (Gugliandolo and Maugeri 1998). The occurrence of heterotrophic bacteria 

from the venting seawaters has also been shown by measurements of heterotrophic 

bacterial activity (Tuttle et al. 1983). Moreover, heterotrophic sulphur oxidizers 

belonging to the genera Acinetobacter, Pseudomonas, and Vibrio have been described in 

hydrothermal vent environments (Durand et al. 1994). Heterotrophic members like 

Alcaligenes, Bacillus, Brevibacterium, Halomonas, Micrococcus, Pseudoalteromonas 

and Staphylococcus were also reported in white and yellow zones of D. João de Castro 

Seamount (DJCS), Azores (Mohandass et al. 2012). 



10 
 

Teske et al. (2000) investigated the species diversity, phylogenic affiliations and 

environmental occurrence patterns of thiosulfate oxidizing bacteria from the Galapagos 

hydrothermal vent samples. The sulphur-oxidizing bacteria (SOB) were investigated 

from various hydrothermal vents with respect to different depths e.g., Thiomicrospira at 

8 meter deep (Brinkhoff 1999), Thiobacilli and Achromatium at less than 30 m deep 

(Dando et al. 1995) and Thioploca at 46 m deep (Dando and Hooper 1997). 

Hirayama et al. (2007) explored the microbial communities in a shallow submarine 

hydrothermal system near Taketomi Island, Japan, using culture-dependent and culture-

independent approach. The most abundant culturable microorganisms from the fluid and 

the mat were autotrophic sulphur oxidizing Thiomicrospira spp., thermophilic 

Sulfurivirga caldicuralii, sulfate-reducing Desulfovibrio spp., iron-reducing 

Deferribacter sp., and sulphur-reducing Thermococcus spp. Whereas, culture 

independent molecular analyses revealed the dominance of γ-Proteobacteria, ε-

Proteobacteria and δ-Proteobacteria. 

Davis and Moyer (2008) explored the complete view of microbial diversity in 

hydrothermal seamounts based on their collection of microbial mats from Axial, Loihi, 

and volcanoes of the Mariana Arc and backarc. They found either ε-Proteobacteria or ζ-

Proteobacteria at most of the locations. From this point of view, Huber et al. (2010) 

exclusively studied the abundance and diversity of ε-Proteobacteria using 454 tag 

sequencing approach in 14 low temperature vent fluids from five volcanically active 

seamounts of the Mariana Arc. ε-Proteobacteria constituted the majority of the 

population along the shallow water hydrothermal vents including Milos Island, with an 

average contribution of 60 % to the total diversity (Giovannelli et al. 2013). Shallow-sea 
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hydrothermal system in offshore NE Taiwan was also predominated by ε-Proteobacteria 

(Tang et al. 2013). 

Rassa et al. (2009) reported the colonizing microbial populations at Loihi Seamount and 

which was the first study to show ζ-Proteobacteria as the dominant colonizers in a 

hydrothermal vent ecosystem. Recently, Li et al. (2013a) carried out phylogenetic 

analyses of 16S rRNA sequences and the aprA functional gene from two low-

temperature hydrothermal fields at the Southwest Indian Ridge. He reported ζ-

Proteobacteria, Pseudoalteromonas, Leptothrix, and Pseudomonas as potential Fe and 

Mn oxidizers and Firmicutes, Burkholderiaceae, Sphingomonadaceae, and 

Caulobacteraceae as potential Fe and Mn reducers in the low-temperature hydrothermal 

environments.  

Maugeri et al. (2013) revealed the signatures of Proteobacteria groups in fluid and 

sediment samples from submarine vent of Panarea Island (Italy). In their study he 

concluded that α-Proteobacteria, γ-Proteobacteria, δ-Proteobacteria and ε-

Proteobacteria dominated the sediment community, whereas β-Proteobacteria, α-

Proteobacteria, γ-Proteobacteria and ε-Proteobacteria were more abundant in fluid. 

1.3. Molecular techniques for bacterial phylogeny 

Morphology and physiological properties may usually helps to classify living organisms 

but the same have always helpless when we consider microbes. Comparisons of the 

information content of microbial macromolecules, especially nucleic acids and proteins 

would be more accurate than traditional methods. When two microbes are very closely 

related, we can expect that the macromolecular sequence of the individual units to be 

more similar than two unrelated organisms (Munn 2011).  



12 
 

Traditionally bacteria were identified based on its morphological and physiological 

properties using Bergy’s manual systems of classification (based on morphology, Gram 

stain, spore stain, motility, enzyme activities, and utilization of several substrates as sole 

carbon and energy sources, etc.). In addition to that, Sasser (1990) formulated a 

technique to identify bacteria based on cell wall fatty acid methyl ester (FAME) 

composition. However, these techniques could not able to differentiate closely related 

species and even genus level in some cases. In the 1970s, Carl Woese and his research 

team established the use of smaller subunit ribosomal RNA (rRNA) sequencing in order 

to develop an improved view of microbial diversity.  

The smaller subunit rRNA gene has hypervariable regions, where sequences have 

diverged over evolutionary time (Fig. 1.3). These variable regions are often flanked by 

designed primers from the sequences of strongly-conserved regions.  

 

Fig. 1.3. Variable regions in 16S rRNA gene (Photo courtesy Peterson et al. 2008) 
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Molecular approaches for the investigation of microbial communities, based on the PCR 

amplification and cloning the genes of 16S and 23S rRNA of the small subunit and larger 

subunit of the ribosome  have led to insights into the community diversity and structure 

of microbial systems (Bintrim et al. 1997). These molecular techniques have revealed 

new phylogenetic lineages of microorganisms, several of which serve as the major 

component in a given microbial community.  

Knowledge of microorganisms in the environment had been depended mainly on studies 

of pure cultures in the laboratory. However, culture dependent analysis may not explore 

the entire microbial community in a particular ecosystem since only <0.1 % microbes are 

cultivable. But culture independent approach is required only a gene sequence to identify 

the organism in terms of its phylogenetic type. For metagenomic studies, nucleic acids 

can be isolated from environmental samples and amplified with ribosomal RNA genes 

and microbes can be identified at the phyla, family, genus, even up to species levels by 

comparing the sequence homology (Fig. 1.4) from rDNA database (Ward 1992). 

Since smaller subunit ribosomal gene based identification gives only general diversity of 

microbes, researchers designed a technique to identify the microbial groups and their 

functions. Other than the universal 16S rRNA genes, recent studies were authenticated 

by identifying the functional genes or particular groups of bacteria from a particular 

environmental sample. 

Microbial diversity and their roles in the ecosystem functioning can be revealed by 

targeting a specific genes involved in a pathway. Some of the genes targeted for 

analysing the microbial communities are, MmoX/MmoxY genes targeting for soluble 

methane monooxygenase enzyme (Miguez et al. 1997), PmoA genes targeting for 

particulate methane monooxygenase enzyme (McDonald and Murrel 1997), mxaF gene 
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targeting for methanol dehydrogenase (Lau et al. 2013), MnxG genes targeting for 

Bacterial Manganese(II) Oxidase (Dick et al. 2008a), nifH gene encoding for nitrogenase 

(Mehta et al. 2003), sox genes targeting for sulphur oxidation (Hugler et al. 2010), CA 

gene targeting for carbonic anhydrase enzyme (Dobrinski et al. 2010). 

 

 

Fig. 1.4. Flow chart showing the microbial community analysis by metagenomic 

approach (Adopted from Amann et al. 1995) 
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Recently, powerful sequencing technologies have been developed to investigate the 

actual microbial diversity, and have been used to study the microbial diversity and 

richness in environmental samples (Venter et al. 2004). The Illumina sequencing system, 

allowing to read maximum number of operational taxonomic units (OTUs), has initiated 

a new era in the study of microbial phylogeny by offering a large number of individual 

sequence reads and their uniqueness (Bartram et al. 2011). 

1.4. Potential applications of hydrothermal vent bacteria 

Though many microorganisms already available in public collections, investigation of 

extremophilic organisms from various extreme environments like hydrothermal vents, 

cold seeps, and subterranean environments are required either with cultural methods or 

DNA based molecular approaches to enhance the possibility of finding novel bioactive 

compounds. Extremophiles are distinctive which are adapted to thrive in ecological 

niches such as extreme pH, high or low temperatures, high salt concentrations and high 

pressure. Therefore, biological systems and enzymes can function at temperatures 

between -5 and 130 °C, pH 0-12, salt concentrations of 3-35 % and pressures up to1000 

bar (Bertoldo et al 2002). 

Microorganisms inhabiting in extreme environments are often produce polymers and 

unusual enzymes to survive in high temperatures or in high concentrations of H2S and 

heavy metals (Maugeri et al. 2002). Bacterial exopolysaccharides (EPS), especially those 

from mesophilic Vibrio and Alteromonas strains isolated from hydrothermal vents, which 

is currently under evaluation for therapeutic uses (Querellou 2003). The major areas 

concerned are cardiovascular diseases and tissue regeneration (proangiogenic 

effects/antithrombotic). Studies conducted by Guezennec (2002) on anticoagulant 
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activities of the EPS showed that native EPS were deprived of effects whereas sulphated 

derivatives were active.  

Gugliandolo et al. (2012) characterized thermophilic bacilli from Panarea Island (Italy) 

to identify useful biomolecules for industrial purposes and environmental applications. 

The study revealed that, many of the bacilli were thermophilic, alkalophilic and 

haloalkalophilic in nature. Most of the Bacillus spp. produced gelatinase, lipase and 

amylase, and some of them were resistant to mercury.  

Erra-Pujada et al. (2001) isolated and purified type II pullulanase from Thermococcus 

hydrothermalis and characterized for pullulanolytic and amylolytic activities. 

Undoubtedly, pullulanases can be used in tandem with other amylolytic enzymes for the 

conversion of starch to glucose, maltose or fructose syrups (Saha and Zeikus 1989).  

Cornec et al. (1998) investigated on thermostable esterases from hyperthermophilic 

archaeal and bacterial strains isolated from deep-sea hydrothermal vents. The esterase 

activity exhibited a half-life of 22 h at 99 °C and of 13 min at 120 °C, and retained its 

entire initial activity after incubation at 90 °C for 8.5 h without any substrate and/or 

cofactor. These findings confirm the potential of microbes originated from hydrothermal 

vents. 

Lipases from microbial origin have been used as an important biocatalyst in biomedical 

applications. Since, their tremendous catalytic action in a variety of organic solvents, 

they could be used for the synthesis of compounds of pharmaceutical concern. Majority 

of the isolates from hydrothermal vent region in Aeolian Islands (Italy) showed lipolytic 

and amylolytic activities (Gugliandolo et al. 1998). 
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Thermostable enzymes from microbial origin have received huge attention during last 

two decades. Enzymes that have optimum activity at higher temperatures and pH are 

widely used in household detergents, food, textile, pulp, paper, chemical and leather 

processing industries (Podar and Reysenbach 2006).  

Apart from the production of thermostable enzymes and EPS, hydrothermal vent 

microbes play a vital role in metal recovery and detoxification. Further, they are actively 

participating in the oxidation and reduction reaction. Metal and sulphate reducing 

bacteria are two biogeochemically important groups having suitable physiology for metal 

precipitation and immobilization. These microorganisms can interact with heavy metals 

in a variety of ways to decrease the metal mobility and solubility. Current understanding 

on these microbes is limited, and research has to be conducted to investigate how these 

metal and sulphate reducing organisms behave in contaminated sites (Tango and Islam 

2002).  

Rathgeber et al. (2002) isolated high numbers of Tellurite- and selenite-reducing strains 

from the seawater samples near hydrothermal vents, bacterial films, and sulfide-rich 

rocks in Juan de Fuca Ridge in the Pacific Ocean. Growth of these bacterial members in 

K2TeO3 or Na2SeO3 amended media resulted in the accumulation of metallic tellurium or 

selenium. Around 10 bacterial groups (most of them are belong to Pseudoalteromonas) 

could tolerate upto 2,500 μg mL-1 of K2TeO3, and upto 7,000 μg mL-1 of Na2SeO3.  

Vetrini et al. (2005) isolated several bacteria resistant to mercury from hydrothermal 

fluids in EPR. Four moderate thermophiles (most of the isolates belonging to the genus 

Alcanivorax), and six mesophiles from the vent plume were resistant to >10 μM Hg(II) 

and reduced it to elemental mercury [Hg(0)]. These heavy metal resistant and 

detoxifying hydrothermal vent bacteria may promise in environmental applications.  
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Understanding the bacterial diversity and its significance over the shallow water 

hydrothermal vents, the proposed study was executed to find out the bacterial community 

from a newly identified vent Espalamaca (Azores), North Atlantic Ocean with following 

objectives: 

 Investigation of culturable and non-culturable bacterial diversity from the shallow 

vent, Azores using molecular analysis 

 Metal/elements tolerance (Mn, Fe, Pb and S) and detoxifying potential of vent 

bacteria 

 Investigation on physiological enzymes of the vent isolates and its 

biotechnological potential 

 Comparative studies on bacterial diversity from the vent and non vent site 

  



Chapter 2 

 

 

 

 

 

Culture dependent bacterial phylogeny from 

shallow water hydrothermal vent of 

Espalamaca (Faial, Azores) 
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2.1. Introduction 

The hydrothermal vent ecosystem is known for its higher temperature with various gases, 

elements and metals. Biological productivity at the deep sea hydrothermal vents (>200 

m) is not maintained by photosynthetic products, but rather by the chemosynthesis of 

organic matter by vent microbes, using energy from chemical oxidations to produce 

organic matter from CO2 and mineral nutrients (Tunnicliffe 1991; Van Dover 2000b). 

While, geochemically reactive shallow water hydrothermal vents (<200 m) are exposed 

to sunlight and their biological production is maintained by photosynthesis as well as 

chemosynthesis. Shallow hydrothermal vents offer a variety of habitats to metabolically 

diverse microbes. Though cultivation based methods alone cannot explore the entire 

microbial community, they do elaborate their metabolic activities in biogeochemical 

cycles which can be applied in environmental biotechnology.  

In general, hydrothermal vent environment represents highly productive ecosystems; the 

important primary producers in vent food webs are the bacteria that oxidize sulphur, 

methane, hydrogen, and iron (Kelley et al. 2002; Hugler et al. 2010). Thus hydrothermal 

vent researchers have focused on the isolation of specialists like thermophilic and 

chemosynthetic microbes (Sievert et al. 1999; Rusch et al. 2005). But the roles of 

heterotrophic bacteria which are adapted to metal rich environments have rarely been 

addressed (Raghukumar et al. 2008; Mohandass et al. 2012). Further, various elements 

present in the shallow hydrothermal vents are oxidized and utilized by heterotrophic 

bacterial groups as electron acceptors (Sievert et al. 2000a) although they do not depend 

only on this for their growth. 

Knowledge of hydrothermal vent bacterial community may offer significant information 

because they react quickly to changes in the concentrations and availability of metals 
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within their environment. Little is known about how microorganisms from marine 

hydrothermal environments interact with metals, but their interactions are generally 

described in one of three ways: the metals are toxic and illicit a response; they are 

oxidized or reduced to conserve energy in dissimilatory reactions; or they are taken up 

and utilized in assimilatory reactions (Holden and Adams 2003). Previous studies 

demonstrated that heterotrophic bacteria not only function as decomposers, but also 

channel the dissolved organic and inorganic nutrients into higher trophic levels through 

microbial food-web (Azam et al. 1983; Azam 1998). Since heterotrophic bacteria are 

highly abundant in the ocean and play a significant role in the biogeochemical cycle of 

carbon, nitrogen and sulphur (Copley 2002; Karl 2002), it is necessary to study their 

diversity and adaptations to various elements and metals in the hydrothermal vent 

ecosystem. 

A new shallow hydrothermal vent field was discovered during 2010 at a depth of 35 m 

which is located close to the Faial Island, just outside the Espalamaca (38°33’N; 

28°39’W). Research on various aspects to understand this shallow water hydrothermal 

vent is going on. This chapter focused on four main issues. One is to know the culture 

dependent bacterial phylogeny, second to understand the community variation of 

bacterial diversity between the vent and non-vent, the third to know what made the 

bacterial species survive in their respective ecosystem and the fourth one to estimate the 

new/ novel bacterial species. 
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2.2. Materials and methods 

2.2.1. Geological setting 

The Azores is an archipelago of nine islands situated in the North Atlantic. These islands 

spread across an extent of 617 km and are aligned along major tectonic lineaments 

generally trending WNW-ESE. All islands rise from volcanic edifices sitting on a rugged 

elevation roughly delineated by the 2000 m depth contour and named the Azores Plateau 

(Needham and Francheteau 1974). Faial and Pico are two islands located in the central 

group of the Portuguese archipelago of the Azores (Northeast Atlantic). Both islands are 

estimated to have emerged during the Pleistocene (800 and 270 ky BP respectively) and 

are located east of the Mid-Atlantic Ridge. A 5 km wide shelf unites both islands 

creating a unique shallow water structure in an archipelago where seafloor elsewhere 

between islands typically exceeds depths of 1000 m (Quartau et al. 2002; Quartau et al. 

2003).  

A passage which is 6 km-wide in its narrowest section currently separates Faial and Pico. 

Large expanses of this inter-island shelf are shallower than 100 m and a sill straddling 

between the Espalamaca head land (Faial Island) to Madalena (Pico Island) bears a 

maximum depth of 63 m (Tempera 2009). 

In Faial Island, the Espalamaca degasification low temperature hydrothermal field has 

been discovered (Fig. 2.1) in the Faial-Pico channel off the Espalamaca headland (Faial 

Island, Azores, NE Atlantic). The main venting area, named Espalamaca vent field, 

extends for a few tens of meters at approximately 35 m depth. The area has been 

surveyed in detail, during summer 2010, with a multibeam echosounder. Gas emissions 

can be observed venting out of sediment, as well as through cracked hard ground. 
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Preliminary analyses of the gaseous discharges from vents suggest that they are mainly 

composed of CO2, with low concentrations of methane, no sulphur, temperature as high 

as 35 °C and pH values of 5.7 (Colaço personal communication). This hydrothermal field 

is also integrated in a larger protected area designated Baixa do Sul (Canal Faial-Pico) 

recently classified and integrated the Faial Island Natural Park. 

 

Figure 2.1. Sampling site of the shallow-water hydrothermal vent of Espalamaca in the 

Azores Islands, Portugal. The asterisk indicates the sampling site, located between Faial 

and Pico Islands. 
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2.2.2. Sampling and analysis 

Surface, bottom water and sediment samples were collected from venting and non-

venting areas at Espalamaca. Sterile polycarbonate tubes were used to collect sediment 

samples and Niskin samplers were used to collect water samples. Samples were 

immediately brought to the laboratory, University of Azores and maintained at 4 °C until 

analysis done. In the vent, the sediments samples were collected from two regions; one 

from the bubbling area with crevice (VSD) and the other from the bubbling area without 

crevice (VSG) (Figure 2.2). Samples were collected by scuba diving during October 

2010 under Indo Portugal bilateral program and in August 2012 the samples were 

collected by the Portuguese counterpart and sent to India for analysis. All the samples 

were transported with ice packs and the analyses were carried out at University of 

Azores, Portugal and CSIR-National Institute of Oceanography, Goa, India. 

2.2.3. Enumeration and isolation of culturable heterotrophic bacteria 

One hundred micro litres of serially diluted water and sediment samples were spread 

plated on the nutrient agar (M001, Himedia) prepared in 50 % sea water (SWNA). pH of 

the medium was maintained at 5.7 for vent bottom water and sediment samples. Surface 

water of the vent and all the non vent samples were maintained at a pH of 8.2. All the 

plates were incubated at 30 ± 2 °C up to 72 h and final counts of colonies were made. 

Morphologically different bacterial isolates were quadrant streaked several times to 

obtain pure cultures. 

2.2.4. Enumeration and isolation of metals and element tolerant bacteria 

To enumerate the bacteria tolerant to manganese and lead, quarter strength nutrient broth  
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Figure 2.2. Espalamaca hydrothermal vent site. Yellow arrow indicates the presence of 

crevice from which the bubbles are coming out (a) and white arrow indicated the bubbles 

coming out without any crevice (b). 
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prepared in 50 % seawater with 1.8 % agar amended with 1 mM MnCl2 and 1 mM 

Pb(NO3)2 respectively were used. Heterotrophic iron bacteria were isolated using 1 mM 

FeSO4 and 0.02 % (w/v) yeast extract prepared in 50 % seawater (modified slightly from 

Johnson et al. 2009). Bacteria tolerant to sulphur were isolated using sodium thiosulfate 

(Na2S2O3), i.e. yeast extract 2.0 g, bacteriological agar 18 g, sodium thiosulfate 5.0 g 

(Pandey et al. 2009) prepared in 50 % sea water. One hundred micro litres of serially 

diluted seawater and sediment samples were spread plated on the above media and the 

plates were incubated in dark at 30 ± 2 °C up to 72 h and the colonies were counted. 

Morphologically different bacterial isolates from each media were quadrant streaked 

several times on the respective media to obtain pure cultures. Pure cultures obtained 

were stored at 4 °C for short time and at -80 °C with 30 % glycerol for long term storage.  

Methanotrophic populations were also assessed using nitrate mineral salts media (NMS) 

as described by Whittenbury et al. (1970). The NMS medium composed of separately 

autoclaved group A (g L-1: CaCl2.2H2O – 0.554, KNO3 – 0.25, FeSO4.7H2O – 0.1, 

CuSO4.5H2O – 0.05, ZnSO4.7H2O – 0.05, MnCl2.4H2O – 0.05, CoCl2.6H2O – 0.05, 

Na2MoO4.2H2O – 0.5 in 500 mL seawater) and group B (g L-1: Na2HPO4.2H2O – 0.3, 

KH2PO4 – 0.002 in 500 mL distilled water) aseptically mixed together and plated. 

Serially diluted seawater and sediment samples (100 μL) were spread plated on NMS 

medium. The plates were incubated under air/CH4 condition over a period of 7 days in 

dark. Methanotrophic colonies were counted after the incubation period. 

Colonies which appeared on various isolation media were characterised based on their 

size, shape, colour, elevation and texture etc., were assigned with respective strain 

numbers and stored at 4 °C for further analysis. 
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2.2.5. 16S rRNA gene sequencing and phylogenetic analysis 

Bacterial cultures stored at 4 °C were taken out and grown overnight on the above 

mentioned (Section 2.2.3 and 2.2.4) respective liquid media. Cells were centrifuged at 

8000 rpm for 10 min and Genomic DNA was extracted with DNeasy Blood and Tissue 

Kit (Qiagen) according to the manufacturer’s instructions. For 16S rRNA gene 

amplification, eubacterial primers 27F (5’-AGA GTT TGA TCC TGG CTC AG-3’) and 

1492R (5’-GGT TAC CTT GTT ACG ACT T-3’) were used (Lane 1991). PCR 

amplification was performed in 50 μL reaction volume containing 5 μL of 10X reaction 

buffer, 5 μL of 15 mM MgCl2, 4 μL of 2.5 mM dNTP, 2 μL of each primer (10 pmol μL-

1), 1 μL of template (25–50 ng), and 0.5 μL of Taq DNA polymerase (5 U μL-1, Genei) 

and made up with sterile double-distilled H2O. PCR profile consisted of initial 

denaturation at 94 °C for 5 min followed by 35 cycles of 94 °C for 60 s, 53 °C for 60 s, 

72 °C for 90 s and a final extension of 7 min at 72 °C.  

The presence of genomic DNA and PCR products was confirmed with 1.0 % agarose gel 

electrophoresis in TAE buffer (1.0X Tris Acetate EDTA buffer). Briefly, 2-5 μL of DNA 

samples were mixed with 6X loading buffer in the ratio of 1:5 and loaded into the 1.0 % 

agarose gel. The electrophoresis was programmed at 80 V for 50 min and the DNA 

fragments were visualized under a UV transilluminator (Advanced American 

Biotechnology, USA). 

The PCR products were gel-purified using a Gel Extraction Kit or purified with PCR 

cleanup kit (Sigma) according to the manufacturer’s instructions. The purified PCR 

products were sequenced on automated sequencer 3130xl Genetic Analyzer (Applied 

Biosystems, Foster City, CA) with the bacterial primers 27F, 518F and 1492R. The 

sequences thus obtained were combined to get nucleotide sequences of 16S rRNA gene 
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using DNAbaser software (version 3.5.3). The PINTAIL 1.0 program (Ashelford et al. 

2005) was used for chimera checking and no differences were detected from our 

sequences. The acquired nearly-complete sequences were subjected to BLASTn on the 

National Center for Biotechnology Information (NCBI) and EzTaxon 2.1 server (Kim et 

al. 2012a) to identify the sequences with the highest similarity. 16S rDNA sequence 

similarity levels of ≥99 % were considered as a same species, whereas phylotypes 

clustered in a particular genus with <99 % sequence similarity was considered as 

potential novel species. Multiple and pairwise sequence alignment were performed using 

Clustal X (Thompson et al. 1997). Neighbour-joining (Saitou and Nei 1987) algorithm 

was used to reconstruct phylogenetic trees using MEGA 5 (Tamura et al. 2011). The 

topology of the phylogenetic tree was evaluated by bootstrap analysis with 1,000 

replications. 

2.2.6. Accession numbers for bacterial 16S rRNA gene sequences 

The sequences obtained from this study were submitted to GenBank with accession 

numbers from KC534142 to KC534459. 

2.2.7. Statistical analysis 

Rarefaction analysis was performed by plotting the number of phylotypes/ OTUs 

observed against the total number of isolates using EcoSim700 (Gotelli and Entsminger 

2004) to estimate the representation of phylotypes. Good’s coverage of bacterial isolates 

was calculated using the formula C = [(1-(n1/N)]*100 where C is the homologous 

coverage, n1 is the number of OTUs appearing only once, and N is the total number of 

isolates observed. Shannon and Chao I indices were calculated using online program 

(http://fastgroup.sdsu.edu/cal_tools.htm). 
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2.3. Results 

2.3.1. Bacterial retrievability  

Total heterotrophic bacterial populations which appeared on SWNA were one order 

higher in venting sites when compared to the nonvent area (Table 2.1). The Mn amended 

media help to retrieve double the counts of heterotrophic bacteria from the nonvent water 

samples (5.55 × 104 and 2.38 × 104 CFU mL-1). Media with Pb were almost equal to 

SWNA (2.38 × 104 CFU mL-1) from nonvent surface water (2.45 × 104 CFU mL-1). In 

the vents especially in bottom waters, the Mn added media resulted low counts compared 

to SWNA. The ratio of retrieval rates in Mn and Pb amended media to SWNA exhibited 

13.38 % and 11.54 % respectively. Whereas the Fe amended media in the VSG sediment 

showed much higher population than the heterotrophic counts. The ratio of Fe media to 

SWNA in VSG was 346.1 %, supposed to be the highest bacterial retrievability (5.33 × 

105 CFU g-1) than any other metals/elements implemented. In case of thiosulfate, the 

ratio of Ts amended media to SWNA was found to be 30–60 % in all the samples. 

Methanotrophs were retrieved one order less when compared to other groups except in 

vent sediments (105 CFU g-1) (Table 2.1). 

Addition of metals in the isolation media will attract the metal tolerant bacteria since the 

hydrothermal vent regions are rich with various metals and elements. At the same time 

growth of the bacteria should not be hampered by low or high concentrations of metals 

used in the medium. Keeping the above things in mind, we have chosen 1 mM 

concentration for two reasons. One is based on earlier literature. Studies conducted by 

Fernandes et al. (2005) on Mn oxidizing bacteria reveals that 1 mM concentrations could 

retrieve maximum number of organisms and increasing beyond leads to lesser retrieval 
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rates. Second to salvage potential metal tolerant bacteria, this could be used further for 

removal of heavy metals. 

Table 2.1. Abundance of culturable bacteria on various isolation media from shallow 

water hydrothermal vent and non-vent site at Espalamaca 

 

 

Media 

Vent site  Non-vent site 

Surface 

water* 

Bottom 

water* 

Crevice 

sediment§ 

Non-

crevice 

sediment§ 

Surface 

water* 

Bottom 

water* 

South 

sediment§ 

SWNA 1.22×105 7.62×104 8.27×105 1.54×105 2.38×104 2.65×104 3.70×104 

dSWNA+Mn 9.00×104 1.02×104 4.73×105 1.15×105 5.55×104 4.80×104 3.06×104 

dSWNA+Pb 8.25×104 8.80×103 5.70×105 7.43×104 2.45×104 1.85×104 1.00×104 

dSWNA+Ts 3.65×104 2.40×104 3.70×105 6.00×104 1.30×104 8.50×103 2.20×104 

dSWYE+Fe ND ND 2.71×105 5.33×105 ND ND 2.70×104 

NMS (CH4) 6.70×103 1.22×103 1.97×105 1.74×105 5.10×103 2.40×103 7.03×103 

Proportions to SWNA (%) 

dSWNA+Mn 73.77 13.38 57.19 74.67 233.1 181.1 82.07 

dSWNA+Pb 67.62 11.54 68.92 48.24 102.9 69.81 27.02 

dSWNA+Ts 29.91 31.49 44.74 38.96 54.62 32.07 59.45 

dSWYE+Fe ND ND 32.76 346.1 ND ND 72.97 

SWNA – Nutrient agar in 50 % seawater; dSWNA+Mn –25 % nutrient agar in 50 % 

seawater with 1 mM MnCl2; dSWNA+Pb –25 % nutrient agar in 50 % seawater with 1 

mM Pb(NO3)2; dSWNA+Ts – 25 % nutrient agar in 50 % seawater with 0.5 % Na2S2O3; 

dSWYE+Fe – 0.02 % yeast extract in 50 % seawater with 1 mM FeSO4; NMS (CH4) – 

nitrate mineral salts media for methanotrophs; ND – Not detectable; *CFU mL-1; §CFU 

g-1 
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Based on morphological characteristics, a total of 318 bacterial colonies which appeared 

on various isolation media mentioned above were selected for 16S rRNA gene 

sequencing analysis. The analysis results indicated a total of 113 phylotypes from this 

study and their colony characteristics were given in Table 2.2. 

2.3.2. 16S rRNA gene based diversity 

Highly diversified bacterial phylotypes spanned nearly 30 families and six phyla, 

Actinobacteria, Bacteroidetes, Firmicutes, α-Proteobacteria, β-Proteobacteria and γ-

Proteobacteria. γ-Proteobacteria dominated with 68.7 % (152/221) in the vent and 62.8 

% (61/97) from the nonvent; α-Proteobacteria, 16.7 % (37/221) of the vent isolates and 

29.9 % (29/97) of the nonvent; Firmicutes 3.2 % (7/221) of the vent isolates and 4.1 % 

(4/97) of nonvent; β-Proteobacteria 0.45 % (1/221) of the vent and 3.1 % (3/97) of the 

nonvent. Bacteroidetes (10 %) and Actinobacteria (0.9 %) were only retrieved from vent 

samples. The details of the phylotypes and novel taxa obtained are given in Figure 2.3. 

2.3.3. Diversity of vent bacteria 

A total of 113 phylotypes were obtained from 318 sequences in which 95 phylotypes 

were from the vent. γ-Proteobacteria was found to be the dominant phyla with its 

members like Alcanivorax, Amphritea, Halomonas, Marinobacter, Pseudoalteromonas, 

Vibrio, etc., and covered 53 OTUs which belong to 16 genera. Vibrio, established with 

13 different species (Fig. 2.4), was found to be the dominant genus and all the Vibrio 

species were retrieved from the vent sediments. Among the 53 OTUs, 10 were expected 

to be novel taxa since their identities with the type strain sequences were lower than 99 

%. Further the phylogenetic relationship executed with neighbouring sequences 

expressed distinct variations which were clearly noticeable in the phylogenetic tree (Fig.  
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Table 2.2. Characteristics of the bacterial phylotypes isolated from Espalamaca 
 
Strains  Gram 

Reaction 

Size Shape Colour  Elevation Margin texture Opacity 

VBW004 - 6-8 Irregular White Umbonate Entire Smooth Transparent  

SSW083 - 1 Circular White Raised   Entire Smooth Opaque 

VBW095 - 1 Circular Yellow Raised   Entire Smooth Opaque 

VBW098 - 1 Circular Pink Raised   Entire Smooth Opaque 

VSW114 - 0.5 Circular Pale 

yellow 

Raised   Entire Rough Opaque 

VBW122 - 0.5 Circular White Raised   Entire Smooth Opaque 

VBW206 - Pinpoint Circular White Raised   Entire Smooth Opaque 

VSW210 - 1 Circular White Convex   Entire Smooth Iridescent 

SBW235b - 1.5 Circular Blackish Raised   Entire Smooth Opaque 

VSW306 - 0.5 Circular Yellow Raised   Entire Smooth Opaque 

VSW310 - 0.5 Circular White Raised   Entire Smooth Translucent 

VSG724 - 2-4 Irregular White Flat Entire Watery  Transparent 

VSG829 - 1.5 Circular White Flat Entire Watery  Transparent 

VBW240 - 1 Circular Yellow Raised   Entire Smooth Opaque 

VSD707 - 0.5 Circular Pale 

yellow 

Raised   Entire Smooth Translucent 

VBW088 - Pinpoint  Circular Yellow Raised   Entire Smooth Opaque 

VSG820 - Pinpoint  Circular White Raised   Entire Smooth Opaque 

VSG922 - 1.5 Circular White Raised   Entire Rough Opaque 

VSW331 - 1  Circular White Convex   Entire Smooth Opaque 

VBW339 - Pinpoint  Circular White Flat Entire Smooth Translucent 

VBW123 - 0.5-1 Circular White Raised   Wavy Smooth Opaque 

SSW136 - 0.5 Circular White Convex   Entire Smooth Opaque 

SSW234 - 2 Circular Brownish Raised   Entire Smooth Opaque 

SSW084 - Pinpoint Circular White Convex    Entire Smooth Translucent 

VSW109 - Pinpoint Circular Pale 

yellow 

Raised   Entire Smooth Iridescent 

SSW321 - Pinpoint Circular Pale 

yellow 

Raised   Entire Smooth Opaque 

VBW011 - 1 Circular White Raised   Entire Smooth Opaque 

VSG534 - 4-5 Irregular White  Raised Entire Smooth Opaque 

VSD616 - Pinpoint Circular White  Raised Entire Smooth Opaque 

VSG528 - 4 Circular White  Raised Entire Smooth Opaque 

VSG826 - 3 Irregular White  Raised Wavy Smooth Opaque 

SSA928 - 2 Circular White  Flat Entire Rough Opaque 

VSW332 - 2 Circular White  Raised Entire Smooth Iridescent 

VSG927 - 1 Circular Yellow Raised Entire Smooth Opaque 



32 
 

VSG924 - Pinpoint Circular White  Raised Entire Smooth Opaque 

VSD909 - 1 Circular White  Crateriform Wavy Smooth Opaque 

VSG533 - 3 Circular White  Raised Wavy Smooth Opaque 

VSD915 - 2 Circular White  Umbonate Entire Smooth Opaque 

VSD914 - 2 Circular White  Umbonate Entire Smooth Opaque 

VBW118 - 1.5 Circular White  Umbonate Wavy Smooth Opaque 

VSG530 - 4 Circular White  Raised Entire Smooth Opaque 

VSG523 - 4 Circular White  Raised Entire Smooth Translucent 

VSD910 - 0.5 Circular White  Raised Entire Smooth Opaque 

VSD905 - 1 Circular White  Raised Entire Smooth Opaque 

VSD904 - 0.5-1 Irregular White  Flat Wavy Watery Translucent 

VSG521 - 5 Circular White  Raised Entire Smooth Opaque 

VSD902 - 2 Circular White  Raised Entire Watery Opaque 

VSD502 - 2 Circular White  Raised Entire Smooth Opaque* 

VSD817 - 20 Circular White  Raised Entire Smooth Translucent 

VSD513 - 4-6 Irregular White  Raised Entire Smooth Opaque 

VSD715 -  Filamentous White Raised Wavy Smooth Opaque 

VSD706 -  Filamentous White Raised Wavy Smooth Opaque 

VSD901 - 1-1.5 Circular White  Raised Entire Smooth Iridescent 

SSW087 - 3-5 Circular White  Umbonate Entire Smooth Translucent 

VSG538 - 1 Circular White  Raised Entire Watery Translucent 

VSG718 - Pinpoint Circular White  Raised Entire Smooth Opaque 

VSG522 - 4 Circular White  Raised Entire Smooth Opaque 

VBW335 - 2 Circular White  Raised Entire Smooth Opaque 

VSW333 - 1 Circular White  Raised Entire Smooth Opaque 

SSA636 - 4 Circular White  Raised Entire Smooth Opaque 

VSW334 - 1.5 Circular White  Raised Entire Watery Transparent 

VSW111 - 1-3 Irregular White  Flat Entire Smooth Iridescent 

VSW029 - 1.5 Circular White  Raised Entire Smooth Opaque 

VSD709 - 1 Circular White  Raised Entire Smooth Opaque* 

VSW108 - 1 Circular White  Raised Entire Smooth Translucent 

VSG622 - 3 Circular White  Raised Entire Smooth Transparent 

VSG620 - 1 Circular White  Raised Entire Smooth Opaque 

VSW212 - Pinpoint Circular Yellow Raised Entire Smooth Transparent 

VSG558 - 1 Circular White  Raised Entire Watery Transparent 

VSD557 - 2 Circular White  Raised Entire Smooth Translucent 

VSD511 - 1 Circular White  Raised Entire Smooth Opaque 

VSG525 - 2 Circular White  Raised Entire Smooth Opaque 

VSW026 - 1 Circular White  Raised Entire Smooth Opaque 

VSD503 - 3 Circular White  Raised Entire Smooth Opaque 

VSD505 - 1 Circular White  Raised Entire Smooth Opaque 

VSD501 - 1.5 Circular White  Raised Entire Smooth Opaque 
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-, Negative; +, Positive; *, Luminescent 

 

SSA547 - 4 Circular Brownish Raised Entire Smooth Opaque 

SBW227 - 5 Circular White  Umbonate Wavy Smooth Transparent 

SBW226 - Pinpoint Circular White  Raised Entire Smooth Transparent 

SSA729 - 3.5 Circular White  Raised Entire Smooth Opaque 

SSA934 - 4-5 Irregular White  Raised Entire Smooth Opaque 

SSA835 - 1.5 Circular White  Raised Entire Smooth Translucent 

SSA728 - 1 Circular White  Raised Entire Smooth Opaque 

SSW096 - 1 Circular Yellow Raised Entire Smooth Opaque 

VSW102 - 0.5 Circular Yellow Raised Entire Smooth Opaque 

VBW303 - 1.5 Circular White  Raised Entire Smooth Opaque 

VSD907 - 0.5 Circular White  Raised Entire Watery Translucent 

VBW126 - 1 Circular Yellow Raised Entire Smooth Opaque 

VBW014 - 1 Circular White  Raised Entire Smooth Opaque 

VSW307 - 1 Circular White  Raised Entire Smooth Opaque 

VSW103 - 1 Circular White  Raised Entire Smooth Opaque 

VSW062 - Pinpoint Circular White  Raised Entire Smooth Opaque 

VSW105a - 1 Circular Brownish Raised Entire Smooth Opaque 

VBW206 - Pinpoint Circular White  Raised Entire Smooth Opaque 

SSW320 - 0.5 Circular White  Raised Entire Smooth Opaque 

SSW231 - Pinpoint Circular White  Raised Entire Smooth Opaque 

VSW306 - 0.5 Circular Yellow Raised Entire Smooth Opaque 

VSG725 - 1 Circular Yellow Raised Entire Rough Opaque 

VBW129 - 1-2 Irregular White  Umbonate Wavy Smooth Opaque 

VSW214 - Pinpoint Circular White  Flat Entire Smooth Transparent 

VSW215 - 0.5 Circular Yellow Flat Entire Smooth Opaque 

VSW209 - Pinpoint Circular White  Raised Entire Smooth Opaque 

VBW204 - 1.5 Circular Yellow Raised Entire Smooth Opaque 

VSD814 - 3 Circular White  Raised Entire Smooth Opaque 

VSG821 - 1 Circular Yellow Raised Entire Smooth Opaque 

VBW147 + 1 Circular White  Raised Entire Smooth Iridescent 

VSG726 + 1 Circular Blackish  Raised Entire Smooth Opaque 

VSD609 + 5 Circular Cream Raised Entire Smooth Opaque 

VSD607 + 4 Circular White  Raised Entire Smooth Opaque 

VBW023 + 3 Irregular White  Umbonate Entire Smooth Transparent 

SSA550 + 5 Circular Cream Raised Entire Smooth Opaque 

VBW089 - 1 Circular Cream Raised Entire Smooth Opaque 

VBW127 + Pinpoint Circular Yellow Raised Entire Smooth Opaque 

VBW090 + 1.5 Circular Yellowish Raised Entire Smooth Opaque 
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2.5a). This may be confirmed with polyphasic taxonomic approaches. The second major 

phylum of this study was found to be α-Proteobacteria which was covering 20 OTUs 

belonging to 12 genera. The major contributors were Erythrobacter, Hyphomonas, 

Sulfitobacter and Thalassospira each with 3 species. Further, 55 % of the α-

Proteobacteria obtained from venting area was found to be novel species and their 

evolutionary relationships with their closest matches are represented in Figure 2.5b. The 

phyla Bacteroidetes contributed 12 phylotypes; Aequorivita, Arenibacter and Maribacter 

contributed 2 species each and the remaining genera were found to contain only one 

each. An interesting result of this investigation, Bacteroidetes group was only retrieved 

from the venting site. In addition to this, around 42 % of Bacteroidetes comprised of 

potential novel species and their phylogenetic relationships with closely related taxa are 

presented in Figure 2.5c. The 16S rRNA genes from Actinobacteria, Firmicutes and β-

Proteobacteria were less prominent sequences observed in the venting area with 7, 1 and 

2 OTUs respectively. 
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Figure 2.3. Distribution of bacterial Phylotypes (given in numbers) over various phyla 

from (a) vent and (b) nonvent samples. The set labelled with ‘identified at species level’ 

contains phylotypes with ≥99 % 16S rRNA sequence similarity. The set ‘novel species’ 

represents phylotypes that belong to novel species considering the threshold level of ≤99 

% 16S rRNA gene sequence similarity. 
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 Vibrio harveyi ATCC 14126T(X74706) 
 VSD715 

 Vibrio rotiferianus LMG 21460T(AJ316187) 
 Vibrio campbellii ATCC 25920T(X74692) 

 VSD707 
 Vibrio plantisponsor MSSRF60T(GQ352641) 
 Vibrio diazotrophicus ATCC 33466T(X74701) 

 Shewanella basaltis J83T(EU143361) 
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 Shewanella hafniensis P010T(AB205566) 
 Shewanella putrefaciens LMG 26268T(X81623) 

 Pseudoalteromonas mariniglutinosa KMM3635T(AJ507251) 
 Pseudoalteromonas prydzensis MB8-11T(U85855) 
 VSG919 
 Pseudoalteromonas byunsanensis FR1199T(DQ011289) 

 Pseudoalteromonas donghaensis HJ51T(FJ754319) 
 Pseudoalteromonas lipolytica LMEB 39T(FJ404721) 
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 Sulfitobacter donghicola DSW-25T(EF202614) 
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 Maribacter stanieri KMM 6046T(EU246691) 
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Figure 2.5. Phylogenetic relationships of representative novel taxa obtained from vent 

and nonvent regions of Espalamaca based on Neighbor-Joining analysis of 16S rRNA 

gene sequences data. The percentage of replicate trees in which the associated taxa 

clustered together in the bootstrap test (1000 replicates) is shown next to the branches. 

Bootstrap percentages of >50 % are shown on the nodes. The evolutionary distances 

were computed using the Maximum Composite Likelihood method. Bacillus 

methylotrophicus (KC534272) was used to assign an out-group for figure a, b & c. 

Microbulbifer thermotolerans (AB124836) was used as out-group for figure d. 

(a) Phylogenetic relationships of novel species belong to γ-Proteobacteria; 

(b) Phylogenetic relationships of novel species belong to α-Proteobacteria; 

(c) Phylogenetic relationships of novel species belong to Bacteroidetes; 

(d) Phylogenetic variations of Alcanivorax isolates. The numbers from 1 – 6 

indicates, 6 possible groups of novel taxa belong to the genus Alcanivorax 
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2.3.4. Diversity of nonvent bacteria 

Phylogenetic analysis of nonvent bacteria revealed that the 16S rRNA gene clusters 

differ greatly compared to the nearby shallow vents. A total of 97 bacterial colonies 

tested from the nonvent area resulted in 39 phylotypes affiliated to 4 phyla, α-

Proteobacteria, β-Proteobacteria, γ-Proteobacteria, and Firmicutes. As in the venting 

area, γ-Proteobacteria was found to be the dominant phyla in the nonventing area. It 

contributed 24 phylotypes belonging to 10 genera. Pseudoalteromonas was found to the 

dominant genus containing 7 bacterial species, followed by Marinobacter with 3 species 

(Fig. 2.4). Around 25 % of the nonvent γ-Proteobacteria belongs to novel taxa. The 

second most abundant phylogenetic class in the nonvent bacteria was found to be α-

Proteobacteria with 12 phylotypes belonging to 10 genera. As in the venting area 

Hyphomonas dominated (3 species) followed by Erythrobacter (2 species). Nearly 42 % 

of α-Proteobacteria taxa were accounted to be novel including 1 potential new genus. 

On the other hand, only 2 clusters appeared in Firmicutes affiliated to Bacillus and 

Brevibacillus whereas the phylum β-Proteobacteria contains only one cluster affiliated 

to Limnobacter sp. 

2.3.5. Comparative analysis of vent and nonvent bacterial diversity 

Overall 221 bacterial colonies from vent samples and 97 bacterial colonies from nonvent 

samples were selected for the culturable diversity analysis. The numbers of vent bacterial 

isolates were nearly double compared to nonvent, this was due to an extra sediment 

sample from the venting site (details are given in materials and methods section) and 

another reason is comparatively more distinct colonies appeared in the vent than in the 

non vent. Gene sequence results indicated 113 OTUs (95 OTUs from venting area and 39 

OTUs from nonventing area). Though the number of OTUs varied, the rarefaction curve 



41 
 

clearly indicated that the venting area was richer with more number of species than the 

nonvent. There were 21 phylotypes belonging to 13 genera observed to be common in 

both the areas i.e. Alcanivorax, Amphritea, Brevibacillus, Citreicella, Erythrobacter, 

Halomonas, Hyphomonas, Marinobacter, Pseudidiomarina, Pseudoalteromonas, 

Pseudomonas, Sagittula and Sulfitobacter. Pseudoalteromonas and Vibrio detected to be 

major genera in this investigation. All Vibrios exclusively came from the vent samples 

whereas Pseudoalteromonas was retrieved in both the areas. Even though γ-

Proteobacteria followed by α-Proteobacteria were supposed to be the dominant 

phylogenetic classes in the analyzed area, Bacteroidetes also contributed significantly in 

the venting area with 12 different phylotypes. Actinobacteria was the least prominent 

phylum observed from the vent samples with 2 species. In addition to that, phyla 

Firmicutes and β-Proteobacteria were common in both the areas. 

A total of 33 novel taxa were recovered during this investigation. This number may 

slightly increase when we perform DNA-DNA hybridization for a few other strains 

although their 16S rRNA gene sequence similarity was found to be ≥99 %. For example, 

we came across 3 phylotypes of novel Alcanivorax; however, when we constructed a 

phylogenetic tree for the Alcanivorax isolates we were able to get 6 different clusters 

(Fig. 2.5d). 

2.3.6. Statistical analysis 

The Shannon index (H′) for venting area was observed to be higher (4.183) than the 

nonvent ones (3.305). At the same time Chao I richness estimator gave a stronger 

richness in the venting area (233.61) than in the nonvent (161.9). Coverage values were 

almost equal in both the sampling areas (74.66 in vent and 77.31 in nonvent) (Table 2.3). 

These results strongly indicated that the venting area is diversified with a variety of 
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bacteria while in the nonvent area even though it is located very close to the vent, the 

bacterial diversity was comparatively low. 

Table 2.3. Distribution of bacteria, number of phylotypes obtained, their diversity 

indices and coverage of OTUs from vent and nonvent 

Sampling 

area 

No. of bacterial 

isolates 

No. of 

Phylotypes 

Shannon 

index (H') 

Good’s 

coverage (C) 

Chao I 

Vent 221 95 4.183 74.66 233.61 

Nonvent 97 39 3.305 77.31 161.40 

Rarefaction analysis conducted with various phylotypes retrieved from the SWNA and 

metal amended media revealed high richness in bacterial species from the vent. Only in 

thiosulfate media the species richness in nonvent were comparable with vent taxa 

whereas all other media yielded a higher number of phylotypes in the vent samples (Fig. 

2.6). On the other hand low retrieval of bacterial isolates was observed in Fe amended 

medium. In fact the water samples did not give any bacterial colony when 1 mM Fe was 

added hence we did not study rarefaction analysis for Fe medium. 
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Fig. 2.6. Rarefaction curves of operational taxonomic units based on 16S rRNA gene. 

Bacterial isolates were grouped into OTUs based on sequence similarity of ≥99 %. 

(a) Overall OTUs from vent and nonvent samples 

(b) OTUs from the isolation media seawater nutrient agar 

(c) OTUs from the isolation media seawater nutrient agar with 1 mM MnCl2 

(d) OTUs from the isolation media seawater nutrient agar with 1 mM Pb(NO3)2 

(e) OTUs from the isolation media seawater nutrient agar with 0.5 % Na2S2O3. 
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2.4. Discussion 

Bacterial association with hydrothermal systems is generally described in one of 4 ways 

based on their habitat. First, microbes in the crevices below the surface; second, 

microbes on the outer surface of sulphide deposits; third, microbes associated with 

invertebrates and fourth, microbes within the plume of hydrothermal fluid in the 

overlying seawater. Except the first one, the remaining habitat microbes are generally 

mesophilic aerobic bacteria and some of them can oxidize Mn and Fe for their 

respiration (Kelly et al. 2002; Holden and Adams 2003). Hence the exploration of 

shallow water hydrothermal bacterial communities provides interesting insights on 

bacterial interactions with hydrothermal vent fluids and adaptations towards various 

elements. 

The main drawback of using basic/normal nutrient media was that it could yield only a 

moderate level of bacterial diversity. In this investigation we have amended Mn, Fe, Pb 

and thiosulfate in the diluted nutrient media to overcome this limitation. Use of diluted 

nutrient media may give way to oligophilic bacteria (Watve et al. 2000). But, studies like 

this usually recommended with low nutrient and high supply of metals (substrates) so 

that the bacteria could attack the metals in a better way. Though some researchers have 

preferred mineral media amended with metals, researchers have also used the diluted 

nutrient media supplying with metals (Fernandes et al. 2005; Jaysankar et al. 2008) for 

good retrieval of metal tolerant bacteria. We have used the full strength nutrient media 

without metals to isolate vast groups of heterotrophic bacteria. The results were 

obviously interesting because we could retrieve 95 OTUs from vent and 39 OTUs from 

nonvent area. Innovative culturing methods like preparation of isolation media with the 

seawater recreates physical and chemical conditions found in the ocean very similarly to 
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the organically rich media (Suzuki et al. 1997). Different combination of metals in the 

regular media prepared in seawater really helped to get maximum colonies with very 

distinct morphology.  

The mean values of heterotrophic bacterial numbers in water and sediment samples of 

Hydrothermal Vent off the Island of Vulcano (Eolian Islands, Italy), were 0.22 × 104 

CFU mL-1 and 14 × 104 CFU g-1 respectively (Gugliandolo and Maugeri 1998) whereas 

in this study, we could retrieve 9.9 × 104 CFU mL-1 and 49 × 104 CFU g-1 respectively. 

This indicates that hydrothermal fluids of Espalamaca have a rich and diverse bacterial 

load. This higher bacterial abundance may be due to the Azorean vent fluids which have 

much higher trace elements and gas concentrations than the ambient Atlantic seawater 

(Colaco et al. 2006) to raise high bacterial numbers. 

The 16S rRNA gene sequence data of the Espalamaca bacterial isolates were compared 

with the public database NCBI GenBank and those with a similarity level of ≥99 % 

sequence identity were assigned as same species. The standard value of DNA-DNA 

relatedness for defining a species is less than 70 % (Wayne et al. 1987) which was 

achievable with ≤97 % of 16S rRNA gene homology (Stackebrandt and Goebel 1994). 

Although most of our sequence similarity level was ≥97 %, some of the reports 

represented ≥97.5 % and ≥98 % of sequence identity to assign similar species (Hirayama 

et al. 2007; Moissl et al. 2007). However, recent studies authenticated that 16S rRNA 

sequence similarity level of ≥99 % can cover DNA-DNA hybridization values of ≥70 % 

and less than 99 % match was considered as a novel species (Peeters et al. 2011). Hence, 

we opted to use cut off level of 99 % for assigning novel taxa. More than half of the vent 

and nearly 41 % of nonvent α-Proteobacteria possessed potential novel taxa 

respectively. Though γ-Proteobacteria was found to be a major phylum comparatively it 
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yielded less number of novel taxa i.e. 19 % and 25 % from vent and nonvent 

respectively. Bacteroidetes, the phylum found to thrive only in the venting area 

(Espalamaca), also held 42 % of novel bacteria. Even though the 16S rRNA gene 

sequence similarity exceeds 99 % and the closest relatives are found to be very few, 

many literatures reported various novel taxa by doing DNA-DNA hybridization with the 

closest type strains (Dastager et al. 2011; Qin et al. 2012). From this point of view we 

have pooled 15 Alcanivorax isolates (from this study) to check their phylogenetic 

relationships with their neighbour species. All of them have close relations with only 2 

type strains A. borkumensis and A. jadensis. From the phylogenetic tree it is evident that 

there are 6 different clusters (Fig. 2.5d) whereas only 3 phylotypes were observed to 

contain less than 99 % sequence similarity (Fig. 2.5a). This may be confirmed by DNA-

DNA relatedness. 

We conducted a simple analysis to explain the effect of more constrained and relaxed cut 

off points with 98 and 99.5 % similarity respectively. This analysis had shown a total of 

13 novel taxa when we used constrained cut off level, whereas the relaxed cut off level 

could yield 60 novel taxa overall. Even though various cut off rates indicate distinct 

number of novel species from the study site it is concluded that minimum 13 strains 

should be novel. However, in the present study we are reporting 33 novel taxa from our 

study area by sticking with a cut off value of 99 %. 

The 16S rRNA gene sequence data of this study concluded the abundance of six different 

phylogenetic classes from the venting area and four from nonvent area. γ-Proteobacteria 

was found to be the dominant phylum in both the vent (69 %) and nonvent (63 %) 

regions, but they were diversified with distinct species depending on the area. 

Phylogenetic analysis of DGGE from the shallow hydrothermal vent of Southern 
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Tyrrhenian Sea by López-García et al. (2003) and Maugeri et al. (2010) in the Rainbow 

hydrothermal sediment at MAR libraries also support the dominance of γ-Proteobacteria 

in the vents. Podgorsek et al. (2004) reported the abundance of α- and γ-Proteobacteria 

by culture dependent approach from low-temperature hydrothermal fluids of the North 

Fiji Basin. Studies from the shallow submarine hydrothermal vent in Taketomi Island, 

Japan were also supportive of γ-Proteobacteria dominancy in the vents (Hirayama et al. 

2007). Cho and Giovannoni (2004) revealed that members of γ-Proteobacteria have 

been found not only from the hydrothermal vent systems but also in most of the Oceans. 

Bacteroidetes thrive in a variety of marine ecosystems including hydrothermal vents 

(Sievert et al. 2000b; Kormas et al. 2006). Members of this group are prevalent in marine 

ecosystems where they play a key role in degradation of organic matters (Gómez-Pereira 

et al. 2012). In this investigation we could obtain 12 phylotypes, 11 of them belonging to 

Flavobacteria and one reported to be Sphingobacteria. This result suggested that the 

abundance of Bacteroidetes depends on the amount of organic matter generated and their 

absence in the nonvent area could be due to less generation of organic matters compared 

to venting area of Espalamaca. This was supported by Kirchman (2002) by saying 

representatives of the class Flavobacteria are believed to play a significant role in the 

degradation of complex organic matter. Current data from the Espalamaca indicate that 

42 % of Bacteroidetes belongs to the novel taxa and their roles need to be identified. 

Phyla Bacteroidetes are not only present in the warm water vents but also exist in the 

cold ecosystem like Antarctica with large number of novel taxa (Peeters et al. 2011). 

Members of Actinobacteria form a relatively small fraction at hydrothermal vents 

compared to non-thermal environments (Thornburg et al. 2010). However, in this study 

we could come across 2 OTUs of Actinobacteria from the vents and none from the 
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nonvent regions. Members of ε-Proteobacteria, distinguished as characteristics of deep 

and shallow hydrothermal systems (Thornburg et al. 2010; Campbell et al. 2006), were 

not observed in this investigation. Although culture dependent bacterial diversity 

approach did not show the culturability of ε-Proteobacteria, culture independent 

molecular analysis revealed the abundance of such groups in hydrothermal vent systems 

(Hirayama et al. 2007). On the other side, 77 % of bacterial isolates were reported to be 

Firmicutes in the shallow water hydrothermal vent of DJCS Azores (Mohandass et al. 

2012); however, in the present study we could retrieve only 7 OTUs out of 113. This 

may be due to inconsistency in the concentration of elements and gases present over the 

study area. 

Out of the total 113 OTUs, 21 OTUs were observed to be common in vent and nonvent. 

In the remaining 92 OTUs, 74 belong to vent and 18 to the nonvent. Here we report the 

number of phyla obtained from this study area is very high and only one third of the 

genera were reported previously by the earlier researches from various shallow water 

hydrothermal vents, including Alteromonas, Aurantimonas, Bacillus, Erythrobacter, 

Flexibacter, Halomonas, Hyphomonas, Idiomarina, Marinobacter, Photobacterium, 

Pseudoalteromonas, Pseudomonas, Shewanella, Staphylococcus, Sulfitobacter, 

Thalassospira and Vibrio (Gugliandolo and Maugeri 1998; Sievert et al. 2000b; 

Templeton et al. 2005; Sudek et al. 2009; Mohandass et al. 2012). Each of the studies 

explored different kinds of bacterial community with some common species. But in the 

current study most of the bacteria were not reported earlier and are being reported for 

first time in shallow water vents; at the same time these groups were reported in various 

marine environments. Some of the bacteria which were reported in other shallow vents 

like Alcaligenes, Brevibacterium, Colwellia, Halobacillus, Halothiobacillus, 

Micrococcus, Rhodomicrobium, Sulfurivirga, Thioalkalivibrio, Thiomicrospira, 
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Xanthomonas, etc. (Moyer et al. 1995; Hirayama et al. 2007; Maugeri et al. 2009; 

Mohandass et al. 2012) were not found in the Espalamaca vent. This might be due to the 

bacterial preferences in accordance to their habitat choice or on the physico-chemical 

and nutritional requirements. 

Members of Vibrio and Pseudoalteromonas were observed to be predominant in this 

investigation. This result was coincident with Hirayama et al. (2007), where aerobic 

heterotrophs isolated from hydrothermal system of Taketomi Island, Japan were 

associated with Pseudoalteromonas and Vibrio. Though a variety of Vibrio species were 

reported from various marine environments, the present investigation concludes that the 

abundance of Vibrio occurred only in the venting area especially from the vent sediments 

whereas Pseudoalteromonas presence has been recorded in both seawater and sediment 

samples. The role of heterotrophic sulphur oxidizers belonging to the genera 

Acinetobacter, Pseudomonas, and Vibrio have been described previously in 

hydrothermal vent (Durand et al. 1994). Organisms reported for Mn and Fe oxidization 

by Sudek et al. (2009) from Vailulu’u Seamount was comparable to our investigation 

because most of their genera were found to be common e.g. Alteromonas, Aurantimonas, 

Halomonas, Hyphomonas, Idiomarina, Marinobacter, Photobacterium, 

Pseudoalteromonas, Pseudomonas, Shewanella, Thalassospira and Vibrio. The 

interesting thing we noticed from the new vent Espalamaca was that it could harbour 

more number of phylotypes than the Vailulu’u Seamount. Since most of the isolates were 

obtained through the metal amended media we could expect better survival over metals/ 

element. Some of the isolates like Halomonas and Marinobacter localized with 

hydrothermal vent, deep-sea and sub-seafloor were already reported for their 

involvement in metal cycling (Kaye et al. 2011). 
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Our previous study on cultured bacterial diversity conducted at DJCS, a close by shallow 

water hydrothermal vent located in the Azorean Island explored 10 different RFLP 

patterns which belong to Alcaligenes, Bacillus, Brevibacterium, Halomonas, 

Micrococcus, Pseudoalteromonas and Staphylococcus (Mohandass et al. 2012). But in 

Espalamaca we could obtain only the former 4 genus and the later 3 were certainly not. 

But in this investigation we could retrieve more number of bacterial isolates to 

accomplish the maximum culturable diversity compared to DJCS. Bacteroidetes and α-

Proteobacteria members were not observed in the DJCS site, but at the same time 

Actinobacteria, Firmicutes, β-Proteobacteria and γ-Proteobacteria members were 

common between DJCS and Espalamaca. However, DJCS was rich with gram positive 

spore producers while Espalamaca is rich with gram negative non-spore producers. This 

information disclosed that the bacterial populations and diversity varies from one vent to 

other at the same time some similarities also can be seen. 

In conclusion, the diversity of culturable bacteria analysed from the Azorean shallow 

water vent Espalamaca region gives a unique bacterial phylogeny. In general the 

bacterial genera which are normally reported from other shallow water vents were 

minimized but at the same time these vents were overloaded with many uncommon 

bacteria. Espalamaca has a slightly higher population than the hydrothermal vent off the 

Island of Vulcano (Eolian Islands, Italy). Bacteriological data on culture dependent 

organisms from this study brings many new phylotypes in to the existing bacteriological 

database. Espalamaca diversified with 55 % of the new taxa into a class α-

Proteobacteria and 19 % to γ-Proteobacteria. The phylum Bacteroidetes appeared only 

in the vent samples and was able to bring 42 % of novel phylotypes from this ecosystem. 

Metal amended media helped to isolate maximum number of bacteria for phylogenetic 

analysis. The rarefaction and Shannon index clearly indicated that the venting area was 
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always richer with more species than the nonvent. This area looks a highly potent and 

promising site for many new taxa which may have various interesting applications in 

bioremediation especially in metals. 
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3.1. Introduction 

Introduction of molecular tools has greatly expanded our understanding on microbial 

community structure and composition at the distinctive ecosystems like hydrothermal 

vents (Lentini et al. 2014). For gene sequence based molecular framework, only a gene 

sequence is required to identify the organism in terms of its phylogenetic type. In brief, 

DNA can be recovered from the environmental samples and probed for genes with 

specific functional activities and organisms can be identified at the kingdom, family, 

genus and even up to species levels based on sequence homology by comparing various 

portions of DNA coding for ribosomal RNA (Ward 1992).  

Cultivation based methods are not well suited for investigation of the general 

composition of microbial communities in a particular ecosystem (Amann et al. 1995) 

since cultivable rate of microbes in the Ocean was found to be in the range of 0.001 – 0.1 

% (Ferguson et al. 1984). So far culture independent molecular technique using 16S 

rRNA gene have been successfully studied for investigating the microbial communities 

in various hydrothermal systems (e.g. Moyer et al. 1995; Polz and Cavanaugh 1995; 

Sievert et al. 2000b; López-García et al. 2003; Yang et al. 2011). 

The Azorean Islands (Portugal) provide accessible sampling sites for studying 

microorganisms inhabiting in hydrothermal vent ecosystems. D. Joao de Castro 

seamount (DJCS, located between the islands of Terceira and Sao Miguel) and 

Espalamaca (located in Faial–Pico channel off the Espalamaca headland) are well 

documented in the aspect of microbiology (Raghukumar et al. 2008; Mohandass et al. 

2012) from the Azores Island. Most recently we investigated the molecular diversity of 

culture dependent bacteria using 16S rRNA gene sequencing from the vent Espalamaca 

(Chapter 2). The results indicated that culturable fractions of Proteobacteria were 
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dominant followed by Bacteroidetes, Firmicutes and Actinobacteria. Many of those were 

novel bacteria and they were not having previous records for their existence in such 

environments. 

In this investigation, we present a metagenomic data of 16S rRNA gene clone library of 

the bacterial communities present in shallow water hydrothermal vent of Espalamaca and 

its close non-vent site. Data were also compared with few other shallow water 

hydrothermal vents of similar type. 

3.2. Materials and methods 

3.2.1. Site description and sample details 

Location of the study area and its details are specified in Chapter 2, section 2.2.2. 

Surface and bottom sea water and sediment samples were collected from the shallow 

hydrothermal vent and non-vent sites in Espalamaca (38°33’N; 28°39’W) during April 

2014 by scuba divers. Around 20 g of sediments collected in a sterile polycarbonate 

tubes and 5 litres of water samples collected in Niskin samplers. Samples were 

immediately brought to the laboratory, University of Azores and maintained at -20 °C 

until DNA extraction. 

3.2.2. Genomic DNA Extraction 

Seawater samples (2.5 L) were filtered using 0.2 μ cellulose nitrate filters (Sartorius). 

Genomic DNA was extracted from the filtered papers using E.Z.N.A water DNA kit 

(D5525, Omega) following the manufacturer’s instructions. Genomic DNA from the 

sediment samples was extracted in 2 steps. In initial extraction we followed the method 

of Luna et al. (2006) with phenol-chloroform. Briefly, 2.5 g sediment samples were 
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mixed with 6.75 mL of DNA extraction buffer (100 mM Tris-HCl [pH 8.0], 100 mM 

Na2EDTA [pH 8.0], 100 mM sodium phosphate [pH 8.0], 1.5 M NaCl, 1 % Cetyl 

trimethylammonium bromide) and 50 μL of proteinase K (10 mg mL-1) and horizontally 

mixed at 225 rpm (30 min, 37 °C). After mixing, 750 μL of 20 % SDS was added, and 

the samples incubated in a water bath at 65 °C for 2 h, with gentle inversions every 20 

min. The supernatant was collected after centrifugation at 6000 g (10 min, room 

temperature) and transferred into sterile 50 mL Falcon tubes. The sediment pellets were 

extracted two times more by adding 2.25 mL of the extraction buffer and 0.25 mL of 20 

% SDS, vortexing for 10 s, incubating at 65 °C for 10 min, and centrifuging as described 

before. Supernatants from all these three cycles of extractions were combined and 

purified with phenol-chloroform. DNA was then precipitated with 100 % chilled ethanol, 

crude nucleic acids pellets were washed with 70 % ethanol and resuspended in sterile 

distilled water. In second step, the purification of the above DNA samples was carried 

out by E.Z.N.A. Soil DNA kit protocol (D5625, Omega). 

3.2.3. Agarose gel electrophoresis 

The presence of genomic DNA was confirmed with 1.0 % agarose gel electrophoresis 

with TBE buffer (0.5X Tris Borate EDTA buffer). Briefly, 5 μL of DNA samples were 

mixed with 6X loading buffer in the ratio of 1:5 and loaded into the 1.0 % agarose gel. 

The electrophoresis was programmed at 80 V for 50 min and the DNA fragments were 

visualized using MiniBis Pro gel documentation system (DNR Bio-Imaging systems). 

3.2.4. PCR amplification of 16S rRNA gene  

Bacterial 16S rRNA genes were amplified using eubacterial primer sets 27F (5'-

AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') 
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(Lane 1991). The polymerase chain reaction (PCR) mixture (50 μL final volume) 

contained template DNA (≈ 100 ng), 10X PCR buffer, 40 mM deoxynucleoside 

triphosphates, 2.5 mM MgCl2, 20 pmol each primer, and 1 U Taq DNA polymerase 

(Ambion, Life technologies). Amplification profile consisted of an initial denaturation 

step (94 °C for 5 min) followed by 30 cycles of denaturation at 94 °C for 60 s, annealing 

at 55 °C for 30 s, and extension at 72 °C for 90 s. Final extension was kept at 72 °C for 

10 min. PCR products were examined by 1.0 % agarose gel electrophoresis with TBE 

buffer as indicated in section 3.2.3. 

PCR products (triplicate for each sample) were pooled and purified with a gel-extraction 

kit (Promega) according to manufacturer’s instructions.  

3.2.5. Cloning and library construction 

Purified PCR products were cloned into CloneJET PCR Cloning Kit (Thermo Scientific).  

The cloning reaction consisted of 2 μL of purified PCR product, 10 μL of 2X reaction 

buffer, 5 μL of sterile distilled water and 1 μL of DNA blunting enzyme. The reaction 

mixture was incubated at 70 °C for 5 min and chilled on ice. To this reaction mixture, 1 

μL of pJET1.2 cloning vector (50 ng μL-1) and 1 μL of T4 DNA ligase were added. This 

ligation mixture (20 μL) was incubated at 20 °C for 4 h and stored at -20 °C until 

transformation experiment starts. 

The above ligation mixture (20 μL) was added to a vial of competent Escherichia coli 

DH5α cells (200 μL) and incubated on ice for 30 min. The cells were given heat shock at 

42 °C for 90 seconds without shaking and immediately transferred to ice. After 5 minutes 

of incubation on ice, 800 μL of sterile LB broth (Luria-Bertani, Merck) was added to this 

mixture and shaken horizontally (225 rpm) at 37 °C for 1 h. Various volumes (50, 100 
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and 200 μL) from the above broth culture were spread plated onto LB agar plates 

containing ampicillin (50 μg mL-1) and incubated at 37 °C for 16 h to obtain individual 

bacterial colonies. 

Well isolated colonies were inoculated into 1.5 mL of LB broth containing ampicillin (50 

μg mL-1) and incubated overnight at 37 °C with shaking (150 rpm). Plasmids were 

isolated and purified from the clones using Plasmid MiniPrep kit (Invitrogen) following 

the manufacturer’s instruction. The plasmids were subjected to PCR amplification using 

pJET1.2 primers, for screening the positive clones (clones with inserts). 

3.2.6. DNA sequencing and phylogenetic analysis 

The purified plasmids from the positive clones were directly sequenced using an 

automated sequencer 3130xl Genetic Analyzer (Applied Biosystems, CA) with 27F and 

pJET1.2 primers (Thermo Scientific). Obtained partial sequences were trimmed using 

DNA baser software version 3.0 and vectors were removed using NCBI online program 

VecScreen (http://www.ncbi.nlm.nih.gov/tools/vecscreen/). Chimeric sequences were 

removed using an online tool Decipher (Wright et al. 2012). Nonchimeric sequences 

were submitted to BLAST search program in NCBI to find the closest neighbour 

sequences in GenBank and for phylogenetic analysis. To generate taxonomic profiles, 

the assembled sequences were assigned to taxonomic groups by using RDP (Ribosomal 

Database Project) classifier. Sequences with >97 % were assigned as same phylotype and 

aligned using Clustal W sequence alignment program (Thompson et al. 1994). 

Phylogenetic trees were constructed with neighbour-joining (Saitou and Nei 1987) 

algorithm using MEGA 5.2 software (Tamura et al. 2011) with bootstrap values based on 

1,000 replications (Felsenstein 1985). The sequences were submitted to GenBank with 

accession numbers KP303396 – KP303589. 
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3.2.7. Statistical analysis 

Shannon and Simpson diversity indices were calculated using online program 

(http://www.changbioscience.com/genetics/shannon.html). Rarefaction analysis was 

performed by plotting the number of phylotypes against the total number of clones using 

EcoSim700 (Gotelli and Entsminger 2004). Good’s coverage was calculated using the 

formula C = [(1-(n1/N)]*100 where C is the homologous coverage, n1 is the number of 

phylotypes appearing only once, and N is the total number of clones. 

3.3. Results 

3.3.1. Bacterial diversity from hydrothermal vent region 

After chimera removal, we analysed 100 clones from sediments (EVSd), 29 clones from 

bottom water (EVBw) and 24 clones from surface water (EVSw). Highly diverse 

bacterial 16S rRNA gene community structures were found from the shallow 

hydrothermal vent region in Espalamaca. The sequences were affiliated with 

Acidobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Deferribacteres, Firmicutes, 

Gemmatimonadetes, Ignavibacteriae, Planctomycetes, Proteobacteria (includes α, γ, ε, 

δ, ζ subdivisions), Spirochaetes and Verrucomicrobia. Relative proportions of the 

different groups in each clone library were summarized in Figure 3.1. 

3.3.1.1. Proteobacteria 

The phylum Proteobacteria was found to be dominant with 59 clones (38 phylotypes) in 

the hydrothermal vent region which includes α, γ, ε, δ and ζ subdivisions. Among them, 

half of the bacterial clones were affiliated to γ-Proteobacteria, representing 12.5 %, 13.8 

% and 22.0 % of clones in the EVSw, EVBw and EVSd libraries respectively. The genus 
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Colwellia was abundant in the sediment samples with 7 clones. Marinobacterium was 

the only common genus between EVBw and EVSd libraries; otherwise all other 

phylotypes were sample specific. 

 

Fig. 3.1. Relative abundance of bacterial phylogenetic groups in sediments and water 

samples of shallow hydrothermal vent (EVSw, EVBw and EVSd) and non-vent (ESSw, 

ESBw and ESSd) at Espalamaca, Azores 

Eighteen clones (12 phylotypes) were affiliated with α-Proteobacteria, representing 12.5 

%, 34.5 % and 5.0 % of clones in the EVSw, EVBw and EVSd libraries respectively. 

Highly diverse α-Proteobacteria groups were found in EVBw when compared to other 
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two libraries and other subdivisions of Proteobacteria. Eight out of 18 clones were 

belonging to SAR11 clusters, interestingly all the clones were observed only in seawater 

libraries, not in vent sediments. 

Bacterial sequences belong to ε, δ and ζ subdivisions of Proteobacteria were also 

observed in the study area. Four clones (3 phylotypes) were affiliated with δ-

Proteobacteria belong to the families Syntrophobacteraceae (1 clone) and 

Geobacteraceae (3 clones). Four clones (2 phylotypes) were affiliated to ε-

Proteobacteria and grouped into the family Campylobacteraceae. Only one clone each 

of δ-Proteobacteria and ε-Proteobacteria were observed in EVBw, remaining clones are 

strictly observed in EVSd. Four clones (2 phylotype) belonging to the family 

Mariprofundaceae of ζ-Proteobacteria were observed only in the sediment library 

(EVSd). Detailed phylogenetic position and evolutionary relationships of clone 

sequences belong to Proteobacteria are given in Figure 3.2a. 

3.3.1.2. Bacteroidetes  

Bacteroidetes was the second dominant phyla observed in this study with 39 clones (17 

phylotypes). The clones were closely related to the families Cryomorphaceae, 

Flammeovirgaceae, Flavobacteriaceae, Porphyromonadaceae and one unidentified 

group. Bacteroidetes clones were consistent with all the 3 libraries, representing 29.2 %, 

13.8 % and 28.0 % of clones in the EVSw, EVBw and EVSd libraries respectively. Four 

phylotypes from EVBw and 3 phylotypes from EVSw libraries were obtained and none 

of them were common. Whereas, 15 phylotypes were found in EVSd library in which 

one phylotype was observed to be common with EVSw and 4 phylotypes were common 

with EVBw. 
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Fig. 3.2. Neighbour-joining tree showing the evolutionary relationship of phylotypes 

based on 16S rRNA gene sequences from hydrothermal vent EVSd library (a, 

Proteobacteria; b, other groups). Bootstrap analysis was performed with 1,000 

replications and the values above 50 % are indicated at the nodes. 1, Bacteroidetes; 2, 

Chloroflexi; 3, Ignavibacteriae; 4, Acidobacteria; 5, Firmicutes; 6, Deferribacteres; 7, 

Gemmatimonadetes; 8, Spirochaetes; 9, Verrucomicrobia; 10, Planctomycetes 

 

3.3.1.3. Planctomycetes 

Twenty one clones (11 phylotypes) were belong to the phylum Planctomycetes, 

accounted for 4.2 %, 10.3 % and 17.0 % in the EVSw, EVBw and EVSd libraries 

respectively. Majority of the clones were belonging to the family Planctomycetaceae and 

few of the clones were belonging to the family “Candidatus Brocadiaceae”. The 

sequences closely related with the genus Blastopirellula were common in all the 3 

libraries. On the other hand, sequences closely related to the genus Pirellula was found 

to be common in EVSd and EVBw libraries. Remaining phylotypes were strictly 

obtained from the sediments (EVSd). 

3.3.1.4. Cyanobacteria and Chloroflexi  

A total of 13 clones (5 phylotypes) were affiliated to the phylum Cyanobacteria, 

interestingly they retrieved only from the seawater samples. Cyanobacteria accounted 

for 33.3 % and 17.2 % in the EVSw and EVBw libraries respectively. Cyanobacteria 

were observed to be predominant (33.3 %) in the surface seawater when compared to 

Bacteroidetes (29.2 %) and Proteobacteria (25.0 %). All the 5 phylotypes observed in 
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this group were belonging to 4 different families namely, Bacillariophyta, 

Cryptomonadaceae, Chlorarachniophyceae and Family II. 

There were 11 clones belonging to the phylum Chloroflexi in which 6 phylotypes were 

observed. These clones accounted 8.3 %, 3.4 % and 8.0 % clones in the EVSw, EVBw 

and EVSd libraries respectively. These 6 phylotypes represents 3 different families, 

Anaerolineaceae, Ardenticatenaceae and Caldilineaceae.  

3.3.1.5. Firmicutes, Verrucomicrobia, Acidobacteria and other minor groups 

Three clones (1 phylotype) were belonging to the phylum Verrucomicrobia and 2 clones 

(1 phylotype) were affiliated with the phylum Firmicutes. Acidobacteria, 

Deferribacteres, Spirochaetes, Gemmatimonadetes and Ignavibacteriae were some of 

the other phyla observed in this venting region with one clone each. It is noteworthy to 

mention here that all of these minor groups were observed only in the sediment library 

(EVSd). Phylogenetic position and evolutionary relationships of clone sequences belong 

to the phylogenetic groups other than Proteobacteria are given in Figure 3.2b. 

3.3.2. Bacterial diversity from non-vent region 

We analyzed 128 clones from three clone libraries of the non vent samples (81 clones 

from sediments, 24 clones from bottom water and 23 clones from surface seawater). As 

like venting site, high diversity in bacterial communities was observed in the non-vent 

region also. The sequences were affiliated to the phyla Acidobacteria, Actinobacteria, 

Bacteroidetes, Candidate Division GN03, Chloroflexi, Cyanobacteria, Deferribacteres, 

Deinococcus-Thermus, Firmicutes, Lentisphaerae, Planctomycetes and Proteobacteria 

(includes α, γ, ε, δ, subdivisions). Relative proportions of these groups in each clone 

library were summarized in Figure 3.1. 
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3.3.2.1. Proteobacteria 

The phylum Proteobacteria was predominant in the non-vent region with 68 clones (41 

phylotypes) which includes α, γ, ε and δ and subdivisions. Among them, more than 50 % 

of the bacterial clones (22 phylotypes) were affiliated with γ-Proteobacteria, 

representing 26.0 %, 45.8 % and 25.9 % of clones in the ESSw, ESBw and ESSd 

libraries respectively. Alteromonadaceae, Halomonadaceae, Oceanospirillaceae, 

Pseudoalteromonadaceae, Hahellaceae, Colwelliaceae, Ectothiorhodospiraceae, 

Vibrionaceae, Piscirickettsiaceae, Methylococcaceae and some unidentified families 

were observed from the non-vent γ-Proteobacteria clones. 

Twenty clones (10 phylotypes) were affiliated with α-Proteobacteria, contributing 47.8 

%, 16.7 % and 6.2 % of clones in the ESSw, ESBw and ESSd libraries respectively. The 

predominant phyla observed form the surface seawater samples was α-Proteobacteria 

followed by γ-Proteobacteria. Majority of the clones (8 clones each) were belonging to 

the family Rhodobacteraceae and SAR11 groups. Hyphomonadaceae, Methylocystaceae 

and Rhodospirillaceae were some other families observed from this region. Similar to 

the venting region, SAR 11 groups were observed only from the water samples. 

Eight clones (8 phylotypes) were represented the subdivision of δ-Proteobacteria. 

Interestingly, all of them were retrieved from sediment samples contributing 8.6 % 

clones to the ESSd library. These clones were affiliated with the families, 

Syntrophobacteraceae, Cystobacterineae, Desulfobulbaceae, Desulfarculaceae, 

Desulfobacteraceae and Campylobacteraceae. Two clones (1 phylotype) were belonging 

to the phylum ε-Proteobacteria and both the clones were observed in sediment library 

(ESSd). Phylogenetic relationships of clone sequences belong to Proteobacteria are 

given in Figure 3.3a. 
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3.3.2.2. Bacteroidetes 

Seventeen clones consisting of 15 phylotypes belong to the phylum Bacteroidetes. Only 

one clone represents ESBw and remaining clones were found in the ESSd library, 

contributing 4.2 % and 19.8 % respectively. Majority of the clones were grouped into the 

family Flavobacteriaceae followed by Marinilabiliaceae, Cryomorphaceae, 

Saprospiraceae, Sphingobacteriaceae, Rhodothermaceae and Flammeovirgaceae. 

3.3.2.3. Actinobacteria 

A total of 12 clones (6 phylotypes) were belonging to the phylum Actinobacteria, 

accounting 8.7 %, 20.8 % and 6.2 % clones in the ESSw, ESBw and ESSd libraries 

respectively. Five clones represented the family Acidimicrobineae, four clones 

represented the family Actinomycetales and one clone belong to Iamiaceae and 

Euzebyales. Actinobacteria was found to be the second dominant in the ESBw library. 

Interestingly, Actinobacteria groups were not recovered from the venting region of 

Espalamaca. 

3.3.2.4. Planctomycetes, Chloroflexi and Cyanobacteria  

Ten clones (6 phylotypes) were affiliated with Planctomycetes, accounted for 4.3 %, 8.3 

% and 8.6 % respectively in the ESSw, ESBw and ESSd libraries. These clones were 

closely affiliated to the families Planctomycetaceae, Phycisphaeraceae and “Candidatus 

Brocadiaceae”. A total of 5 clones (4 phylotypes) were belonging to the phylum 

Chloroflexi, representing 4.3 and 4.9 % of the clones in the ESSw and ESSd libraries 

respectively. Two clones each were affiliated to the family Leptolinea and the remaining 

one was unidentified. Four clones (3 phylotypes) were belonging to the phylum 

Cyanobacteria, representing 8.7 and 2.5 % respectively in the ESSw and ESSd libraries.
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 JF344108 Uncultured gamma proteobacterium clone RODAS-130 
 ESSd-C8 

 AB239038 Uncultured gamma proteobacterium clone BJS81-146 
 ESSd-C41 

 ESSd-D63 
 JQ580039 Uncultured gamma proteobacterium clone FII-AN098 
 ESSd-C70 

 ESSd-C49 
 GU230349 Uncultured gamma proteobacterium clone ARTE12 242 

 ESSd-D15 
 KF616768 Uncultured bacterium clone AS3730incBP1C05 

 ESSd-C55 
 EU700149 Uncultured bacterium clone STU7 

 ESSd-D37 
 ESSd-D22 

 JQ727090 Uncultured bacterium clone PINFEBE05 
 ESSd-C6 
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 ESSd-D92 

 JN837485 Pseudoalteromonas sp. SM20310 
 ESSd-D18 

 FJ937703 Uncultured bacterium clone ColneEstuary CH3NH2 G03 
 ESSd-C31 

 KJ442651 Alpha proteobacterium PR-1 
 ESSd-D46 
 HF558839 Uncultured bacterium clone 50005P2 1 
 ESSd-D89 
 FJ873341 Uncultured bacterium clone bOHTK-80 

 ESSd-D59 
 FJ716860 Uncultured bacterium clone E7 10.2 1 
 ESSd-C61 

 AM745160 Uncultured alpha proteobacterium clone GoM161 Bac79 
 ESSd-D19 

 FJ516825 Uncultured delta proteobacterium clone TDNP LSbc97 
 ESSd-C14 

 JQ678445 Uncultured bacterium clone JdFBBkgd27 
 ESSd-C54 
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 KC682648 Uncultured bacterium clone TuiMs LR3H3 
 ESSd-C35 

 JQ579897 Uncultured Bacteroidetes bacterium clone FII-TR102 
 ESSd-C94 

 ESSd-D91 
 ESSd-D7 
 FN553441 Uncultured sediment bacterium clone 251-1 
 HQ588489 Uncultured bacterium clone AMSMV-10-B7 
 ESSd-C63 
 ESSd-C1 

 AM997863 Uncultured deep-sea bacterium clone Ucb15372.1 
 ESSd-C85 

 JQ580007 Uncultured Bacteroidetes bacterium clone FII-AN066 
 ESSd-D86 

 EF218994 Uncultured bacterium clone BR45 
 ESSd-C2 

 ESSd-C84 
 ESSd-D20 
 AY580695 Uncultured Bacteroidetes bacterium clone PI 4q7d 

 ESSd-D24 
 GU230422 Uncultured Flavobacterium sp. clone ARTE12 243 
 ESSd-C40 

 EU925914 Uncultured bacterium clone 149H54 
 ESSd-C65 

 AB694300 Uncultured bacterium clone OTU045 Xeno Clone02 
 ESSd-C68 

 GQ348961 Uncultured bacterium clone SHAG559 
 ESSd-C72 
 JN639304 Uncultured bacterium clone wt3-21 

 ESSd-D48 
 ESSd-C5 

 JQ726963 Uncultured bacterium clone EDWOCTA01 
 ESSd-D72 

 JX223564 Uncultured bacterium clone EMIRGE OTU s5t4a 5933 
 ESSd-C30 

 JN522168 Uncultured organism clone SBZI 677 
 ESSd-C17 

 JN869072 Uncultured bacterium clone AN82 
 ESSd-C15 

 KC010007 Uncultured Chloroflexi bacterium clone 4 123 
 ESSd-C86 

 GU196053 Uncultured bacterium clone pTVGB34 
 ESSd-D58 

 JN886903 Uncultured Acidobacterium sp. clone C-B96 
 ESSd-C51 

 GQ866094 Uncultured bacterium clone F1-6 
 ESSd-D33 

 JX504408 Uncultured bacterium clone bac291c 
 ESSd-D84 

 JF774787 Uncultured bacterium clone B7 T2d 
 ESSd-C79 
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 AM997407 Uncultured deep-sea bacterium 16S rRNA gene clone Ucn15732 
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 AB099989 Uncultured bacterium clone IheB3-34 
 ESSd-C46 

 EU617882 Uncultured bacterium clone C13S-66 
 ESSd-D14 

 FJ203345 Uncultured bacterium clone SHFG767 
 ESSd-C10 

 JF272090 Uncultured bacterium clone 8S38 
 ESSd-C22 

 EU491268 Uncultured bacterium clone P9X2b2H11 
 ESSd-C75 
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 AY494689 Uncultured planctomycete clone PLANCTO1 
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Fig. 3.3. Neighbour-joining tree showing the evolutionary relationship of phylotypes 

based on 16S rRNA gene sequences from non-vent ESSd library (a, Proteobacteria; b, 

other groups). Bootstrap analysis was performed with 1,000 replications and the values 

above 50 % are indicated at the nodes. 1, Bacteroidetes; 2, Deinococcus-Thermus; 3, 

Cyanobacteria; 4, Chloroflexi; 5, Acidobacteria; 6, Deferribacteres; 7, Candidate 

Division GN03; 8, Firmicutes; 9, Actinobacteria; 10, Lentisphaerae; 11, Planctomycetes 

 

3.3.2.5. Acidobacteria, Firmicutes and other minor groups 

A total of 5 clones were affiliated to Acidobacteria with 3 phylotypes. Acidobacterial 

clones were only recovered from the ESSd library and belong to the groups Gp4, Gp21 

and Gp22. Both the clones were originated from ESSd library. Two clones (2 phylotype) 

were affiliated to Deinococcus-Thermus, two clones (1 phylotype) were belonging to 

Deferribacteres and one clone each belongs to the phyla Lentisphaerae, Firmicutes and 

Candidate Division GN03. Evolutionary relationships of phylotypes from clone 

sequences are given in Figure 3.3b. 

3.4. Discussion 

Studies on microbial communities inhabited in the deep-sea hydrothermal venting 

regions of Atlantic Ocean have been attempted along the Lost City (Gerasimchuk et al. 

2010), Rainbow (Nercessian et al. 2005), Ashadze (Roussel et al. 2011), Logatchev 

(Reed et al. 2009) and Lucky Strike vent fields (Cŕepeau et al. 2011). However, 

microbial explorations from the shallow hydrothermal vent counter parts are still poorly 

explored in the Atlantic Ocean. Present investigation provides a new insight in to the 

bacterial communities thriving in the shallow water hydrothermal vent of Espalamaca 
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(Azores, North Atlantic) and how the microbial communities vary from other shallow 

hydrothermal vent fields. 

Culture dependent analysis from the shallow hydrothermal vent of Espalamaca (Chapter 

2) revealed that the presence of γ-Proteobacteria (68.7 %), α-Proteobacteria with (16.7 

%), Bacteroidetes (10 %), Firmicutes (3.2 %), Actinobacteria (0.9 %) and β-

Proteobacteria (0.45 %). Former four phylogenetic groups were also obtained in 

metagenomic clone library analysis whereas minor groups like Actinobacteria and β-

Proteobacteria were not observed in vent clone libraries. However, many uncultured 

clones recovered from the same venting regions were belonging to more than 10 phyla. 

This may be the first report on culture independent microbial community analysis in 

shallow hydrothermal vent, Azores. 

Genomic information of unculturable microbes from metagenomic clone libraries can 

help in understanding their physiology and their role in the ecosystem (Khandeparker et 

al. 2014). Most of the 16S rRNA gene sequences obtained from the clone libraries was 

closely related with the uncultured neighbours in the GenBank database. At the same 

time, we tried to identify the sequences through RDP database to know closely related 

organisms. The online tool Decipher helped to find out around 9 chimeric sequences 

from the clone libraries which were omitted for further analysis. 

Bacterial community structure obtained from this investigation was compared with the 

other shallow water hydrothermal vent regions reported from different Oceans (Table 

3.1) to find out the similarities and variations between them. The comparative study 

revealed that the phylum Proteobacteria (especially ε-, γ- and δ-Proteobacteria) was 

consistently present in every hydrothermal vent fields. It is not surprise because the 

phylum Proteobacteria is the most dominant and diverse group of the microbial 
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assemblage (Gupta et al. 2000). However, Proteobacteria subdivisions and their 

proportions varied from one region to another. Apart from that, the presence of 

Bacteroidetes was observed almost in all the venting regions except in Loihi Seamount 

(Table 3.1). 

Generally ε-Proteobacteria groups were predominant in the shallow hydrothermal vents 

of Loihi Seamount (Moyer et al. 1995), Milos Island (Giovannelli et al. 2013) and Juan 

de Fuca Ridge (Zhou et al. 2009). It is noteworthy to cite that the ε-Proteobacteria group 

have also been reported to represent a major part of microbial communities at deep-sea 

hydrothermal vents (Longnecker and Reysenbach 2001; Lopez-Garcia et al. 2003). 

Results from their investigation revealed that ε-Proteobacteria accounted significant part 

in the domain bacteria, between 40 and 80 % from the 16S rRNA clone libraries. 

However, microbial communities in the present study revealed that the composition of ε-

Proteobacteria were only 3 % in total which is contrast to other hydrothermal vents. It is 

worth mentioning here that the ε-Proteobacteria clone sequences were affiliated to the 

order Campylobacteriales which are generally mesophilic and microaerophilic in nature 

(Miroshnichenko 2004). Further, one of the phylotype (clones EVBw-F45 and EVSd-

A78) belong to the phylum ε-Proteobacteria was closely related with the GenBank 

sequence HE576785, interestingly it was reported from microbial mat in Lucky Strike 

hydrothermal vent field (Mid-Atlantic Ridge). In addition to that, clones EVBw-F45 and 

EVSd-A78 are closely related with the genus Arcobacter in RDP database which are 

reported to be the producers of elemental sulphur in filamentous form from the oxidation 

of sulphide (Wirsen et al. 2002). This information reveals that even though mesophilic ε-

Proteobacteria groups are present in low level in the study area, their involvements in 

sulphur oxidation process are more essential especially in these types of environments. 
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Table 3.1. Bacterial community in Espalamaca vent (present study) compared with few other shallow water hydrothermal vents  

Bacterial community EVSd, 

Espalamaca  

Loihi  

Seamount 

Photic zone, South 

Tonga Arc 

MV1,  

Milos 

MV2,  

Milos 

Juan de Fuca 

Ridge 

α-Proteobacetria 5.0 - 8.0 - - - 

β-Proteobacetria - - - - - 3.7 

ε-Proteobacetria 3.0 60.5 17.0 60.0 59.0 52.4 

γ-Proteobacetria 22.0 33.4 33.0 7.0 20.0 17.1 

δ-Proteobacetria 2.0 2.1 8.0 5.0 6.0 9.8 

ζ-Proteobacetria 4.0 - - - - - 

Bacteroidetes 28.0 - 11.0 20.0 6.0 3.7 

Cyanobacteria - - 0.4 2.0 - - 

Planctomycetes 17.0 - 9.0 - 3.0 - 

Chloroflexi 9.0 - 4.9 - - - 

Acidobacteria 1.0 - 3.0 - - - 

Actinobacetria - - 3.4 - 3.0 - 

Firmicutes 2.0 - 0.7 - - - 

Verrucomicrobia 3.0 - - - - - 

Deferribacteres 1.0 - 0.4 - - - 

Spirochaetes 1.0 - 1.1 - - - 

Ignavibacteriae 1.0 - - 2.0 3.0 - 
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Deinococcus-

Thermus 

- - - - - 6.1 

Gemmatimonadetes 1.0 - - - - - 

Others - 2.1 - - - 7.3 

Unknown - - - 4.0 - - 

Reference Present study Moyer et al. 

1995 

Murdock et al. 2010 Giovannelli 

et al. 2013 

Giovannelli et al. 2013 Zhou et al. 

2009 

-, not reported. 



73 
 

γ-Proteobacetria groups were predominant in shallow hydrothermal vent of Espalamaca 

which is coinciding with the South Tonga Arc, South Pacific Ocean (Murdock et al. 

2010). α-Proteobacteria and γ-Proteobacteria are known to form large clusters in all of 

the marine environments (Fuhrman et al. 1993, Suzuki et al. 1997). Other bacterial 

groups observed from this study were also in similar pattern to the South Tonga Arc 

vents, for instance domination of γ-Proteobacetria followed by other Proteobacteria 

groups, Bacteroidetes, Planctomycetes, Chloroflexi and even minor groups like 

Acidobacteria, Verrucomicrobia and Deferribacteres. On the other side, huge variations 

of bacterial communities were observed between our results and other shallow 

hydrothermal vent fields indicated (Table 3.1). The present investigation revealed more 

than 15 phylogenetic groups, which is comparatively higher from the earlier records 

(Table 3.1).  

In Milos and Juan de Fuca Ridge, the numbers of phylogenetic groups were around 7 and 

in Loihi Seamount, numbers of phylogenetic groups were reported to be 3 excluding few 

unknown groups. This may perhaps due to less number of clones sequenced. Whereas, in 

South Tonga Arc vents, they sequenced more number of clones hence the number of 

phylogenetic groups were more than 10. Even though number of clones sequenced from 

our EVSd library (n=100) was less than South Tonga Arc vent photic zone, we could 

detect more phylogenetic groups. Apart from these clone libraries (compared in Table 

3.1), recently advanced technologies like illumina sequencing, provides more number of 

reads (more than 10,00,000) which could explore much entire phylogenetic groups. For 

instance, Lentini et al. (2014) analysed prokaryotic communities from a shallow 

hydrothermal site in Eolian Islands (Italy), elucidated by illumina sequencing 

technology, which resulted about 35 phylogenetic groups.  
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Bacteria of the SAR11 groups often dominate the marine microbial communities in both 

the surface and deep waters of the ocean and potentially mediate a large portion of the 

dissolved organic matter flux (Malmstrom et al. 2004). Though they are not in large 

proportion, we have observed considerable number of SAR11 clones from Espalamaca 

waters (7 clones from venting regions and 8 clones from the nonventing region), 

accounting for 8.3 %, 17.2 %, 21.7 % and 12.5 % of clones from EVSw, EVBw, ESSw 

and ESBw libraries respectively. The phylogenetic positions of each clones belong to 

SAR11 groups obtained from this study are given in Figure 3.4. Clones belong to SAR11 

clade was not obtained from sediments of both venting and non-vent regions. 

The presence of Cyanobacteria and Chloroflexi groups confirms that these 

photosynthetic bacteria involved in primary production in the shallow water 

hydrothermal vents. Few of the clones (EVSd-B10, EVSd-B55, EVSd-B89 and EVSd-

B92) belong to Chloroflexi were closely related (96.0, 91.0, 91.0 and 97.0 % sequence 

homology respectively) with a sequence in NCBI database reported from iron oxide 

sediments in Volcano, Tonga Arc hydrothermal vent (GenBank accession number 

FJ905709). 

Members of Actinobacteria appear in small fraction at hydrothermal vents when 

compared to non-thermal environments (Thornburg et al. 2010). In this investigation, we 

did not come across with Actinobacteria members in the venting region while 

Actinobacteria was found to be the second dominant phyla in ESBw library of non-vent 

region. 
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Fig. 3.4. Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences 

showing the relationship of SAR11 phylotypes from Espalamaca waters. Bootstrap 

analysis was performed with 1,000 replications and the values above 50 % are indicated 

at the nodes. 
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A considerable number of clones (n=21) were observed from the vent libraries were 

belonging to the phylum Planctomycetes. They affiliated with 2 orders namely, 

Planctomycetales and “Candidatus Brocadiales” and closely related with the genera 

Pirellula, Blastopirellula, Rhodopirellula and “Candidatus Anammoxoglobus”. 

Interestingly, these groups are reported from the studies conducted by Storesund and 

Øvreås (2013) on diversity of the phylum Planctomycetes in low temperature 

hydrothermal venting (iron-hydroxide deposits) at the Mohns Ridge, a part of the Arctic 

Mid Ocean Ridge. Members of Planctomycetes are reported to be involved in 

carbohydrate fermentation and sulphur reduction (Elshahed et al. 2007). In addition, they 

are the only known organisms able to perform anaerobic ammonium oxidation 

(anammox), which could be a significant process in these ecosystems (Schmid et al. 

2003; Strous et al. 1999).  

Shannon diversity index (H’) for venting region was found to be 2.28, 3.06 and 4.03 

respectively in the EVSw, EVBw and EVSd libraries whereas in non-vent region it was 

2.40, 2.57 and 4.16 respectively in the ESSw, ESBw and ESSd libraries. Rarefaction 

curve analysis of vent and non-vent sediment libraries indicated that the nonventing 

region showed more phylotypes with less clones than the venting site (Fig. 3.5). Overall, 

a total of 84 phylotypes each were obtained from both the sites and majority of them 

(84.5 %) were unique to the ecosystem. Only few phylotypes (15.5 % of total) were 

observed to be common between the vent and non-vent libraries. This massive 

community variation (within 500 m distance) in metagenomic libraries showed that 

microbes inhabiting in venting area are entirely different from reference area which may 

be involved in metal or elemental transformation and oxidation pathways. 
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We attempted to find out the presence of functional genes from the sediment DNA 

sample using available primer sets. Interestingly, we could see PCR amplification bands 

for the genes of methanol dehydrogenase (mxaF), carbonic anhydrase and soxB (Fig. 

3.6). Carbonic anhydrases is a metalloenzyme catalyzing the reversible hydration of 

carbon dioxide to bicarbonate and play important roles in global carbon cycle (Kumar 

and Ferry 2014). Methanol dehydrogenase, is highly conserved among distantly related 

methylotrophic species in α-, β- and γ-Proteobacteria (Lau et al. 2013). The presence of 

soxB gene shows that there is active sulphur oxidizing microbial communities in shallow 

hydrothermal vent. 

 

Fig. 3.5. Rarefaction curve of the 16S rRNA gene libraries from vent (EVSd) and non-

vent (ESSd) sediments 
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Fig. 3.6. PCR amplification of functional genes (1, methanol dehydrogenase; 2, carbonic 

anhydrase and 3, soxB genes) from shallow hydrothermal vent sediments in Espalamaca 

 

In conclusion, the Espalamaca hydrothermal vent region harboured distinct bacterial 

communities when compared with non vent site located just 500 m south to the vent site. 

Earlier studies reported that ε-Proteobacetria was dominant in various hydrothermal vent 

systems but in Espalamaca γ-Proteobacetria was found to be predominant which is 

coinciding only with the hydrothermal vent in South Tonga Arc. More than 10 

phylogenetic groups were obtained with metagenomic analysis in this vent shows 

supremacy over other vents except South Tonga Arc (Table 3.1). Culture independent 

analysis brought Proteobacteria (ε, δ, ζ subdivisions), Acidobacteria, Chloroflexi, 

Cyanobacteria, Deferribacteres, Gemmatimonadetes, Ignavibacteriae, Planctomycetes, 

Spirochaetes and Verrucomicrobia which were not able to retrieve in culture dependent 
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approach. Some of the genera like Roseovarius, Photobacterium, Vibrio and 

Pseudoalteromonas were appeared in both culture dependent and independent methods. 

Combination of culture dependent and independent analysis concluded that 15 – 20 % of 

bacterial populations were common between vent and non vent. 

  



Chapter 4 

 

 

 

 

 

 

Metals and element tolerance studies of the 

bacterial isolates of Espalamaca 
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4.1. Introduction 

Deep-sea hydrothermal vents along mid-ocean spreading centers, terrestrial hot springs, 

marine back-arc basins and shallow water hydrothermal vents are known for its metal-

rich biotopes which nourish geothermally dependent microbial population. These 

microorganisms rapidly respond to the changes in the metal concentration and adapt 

themselves to withstand extreme conditions (Holden and Adams 2003).  

Fe, Mn, Ca, Mg, Pb, Cd, As, Zn, Cu, and Ni are some of the commonly found metals in 

hydrothermal vent systems. The concentrations of these metals and trace elements in 

shallow hydrothermal vent fluids are higher when compared to ambient seawater 

(Aiuppa et al. 2000; Colaco et al. 2006). These metals and sulphur compounds present in 

the shallow water hydrothermal vents can be oxidized and used as electron acceptors by 

members of heterotrophic bacteria and archaea (Sievert et al. 2000a). Hence, it is 

necessary to study the microbial communities inhabiting in hydrothermal vent 

ecosystems. 

Investigation of hydrothermal vent microbes and its physiological properties, like 

sulphur metabolisms, oxidation of Fe(II) and Mn(II) have explored new lights in the 

hydrothermal system (Brinkhoff et al. 1999; Emerson and Moyer 2002; Kuever et al. 

2002; Edwards et al. 2003; Nakagawa et al. 2004; Tebo et al. 2005; Templeton et al. 

2005; Emerson et al. 2007; Sievert et al. 2008). The use of microbial populations 

exclusively adapted to a specific level of environmentally bioavailable metal will 

enhance our ability to remediate metal contaminated sites (Roane 1999). On the other 

hand, microbial communities tolerant to Pb from hydrothermal vents are poorly 

examined. 



81 
 

The present investigation has been focused to understand the growth and tolerability of 

various heterotrophic bacteria to Mn, Pb, Fe and thiosulfate. These metals and element 

expected to be available in significant levels and play a major role in biogeochemical 

cycles of the hydrothermal vent in Espalamaca.  

4.2. Materials and Methods 

4.2.1. Isolation and screening of metals and element tolerant bacteria  

Metals and element tolerant bacteria from the surface, bottom water and sediment 

samples were isolated using metal amended diluted nutrient agar and screened for its 

tolerability using various methods explained in chapter 2, section 2.2.4. 

4.2.2. Bacterial tolerance towards Mn, Fe, Pb and Ts 

Mn tolerability was tested with vent bacteria using various concentration of MnCl2 in 

dSWNA medium. The concentrations include 2, 5, 10, 15, 20, 25, 30, 50 and 100 mM.  

Tolerability of Pb was studied using Pb(NO3)2 with a  concentrations of 1, 2, 5, 7.5 and 

10 mM in dSWNA medium. Bacterial tolerance to iron was studied by inoculating the 

cultures into 2, 5 and 10 mM of FeSO4. Tolerability of vent bacteria studied agaist 

sulphur by execution of 2, 3, 4, 5, 6 and 7 % of Na2S2O3 in dSWNA. Bacterial cultures 

were streaked on the respective above media and incubated at 30 ± 2 °C for 72 h. 

Tolerability of the strains were judged by the bacterial growth with respect to the 

concentration of metals/elements. Media composition and details are explained in 

chapter 2, section 2.2.4.  

4.2.3. Mn(II) oxidation by the vent (Espalamaca) isolates 

Mn (II) oxidation was studied by introducing the bacterial isolates into dSWNA media 
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amended with 5 mM MnCl2 (minimum tolerable concentration for all the isolates). All 

the plates were incubated in dark for a period of 30 days. After the incubation period, 

oxidation of soluble Mn(II) in to insoluble Mn(III/IV) oxides were observed as brown or 

black precipitates in the media plates. Oxidation rates were recorded based on the color 

intensity in the plates.  

4.2.4. Mn(II) oxidation studies by the vent (Espalamaca) isolates in liquid media 

The isolate VSW210 which oxidized Mn within 10 days, was introduced into liquid 

media to study the oxidation rates further. Briefly, 1.0 mL of 1.0 OD (A600) culture was 

inoculated into diluted nutrient broth amended with 5 mM MnCl2 (final volume of 100 

mL in 500 mL conical flask) and incubated statically in dark. Every 5 days, 0.2 mL of 

sample was taken and added to 1.0 mL of 0.04 % leucoberbelin blue (LBB, prepared in 

45 mM acetic acid). This mixture was incubated in dark for 15 min and the oxidation 

rates were measured photometrically at A620 (Krumbein and Altman 1973). To quantify 

the levels of Mn oxidization in the broth, a KMnO4 Standard curve was generated. 

Briefly, 0.2 mL of different concentrations of KMnO4 (0, 10, 20, 30, 40 and 50 μM) were 

added with 1.0 mL of 0.04 % LBB stain and measured photometrically at A620. In LBB 

assay, 40 μM KMnO4 is equivalent to 100 μM MnO2 (Okazaki et al. 1997). 

4.2.5. 16S rRNA gene sequencing and phylogenetic analysis 

Exponentially grown bacterial cells were collected (approximately 2 × 109 cells) by 

centrifugation and genomic DNA was extracted using DNeasy Blood & Tissue Kit 

(Qiagen) according to the manufacturer’s instructions. For PCR amplification of 16S 

rRNA gene, eubacterial primers 27F and 1492R were used (Lane 1991). The 50 μL PCR 

reaction mixture contained 5 μL of 10X reaction buffer, 5 μL of 15 mM MgCl2, 4 μL of 
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2.5 mM dNTP, 2 μL of each primer (10 pmol μL-1), 1 μL of template (25–50 ng), and 0.5 

μL of Taq DNA polymerase (5 U μL-1, Genei) made up with sterile double-distilled 

water. PCR profile consisted of initial denaturation at 94 °C for 5 min followed by 35 

cycles of 94 °C for 60 s, 53 °C for 60 s, 72 °C for 90 s and a final extension of 7 min at 

72 °C.  

The obtained PCR products were gel-purified using a Gel Extraction Kit or purified with 

PCR cleanup kit (Sigma) according to the manufacturer’s protocol. DNA sequencing 

was carried out with 3130xl Genetic Analyzer (Applied Biosystems) using bacterial 

primers 27F, 518F and 1492R. The sequences obtained from three different primers were 

combined to get nearly completed nucleotide sequences using DNAbaser software 

(version 3.5.3). The PINTAIL program 1.0 (Ashelford et al. 2005) was used for chimera 

checking and no differences were detected from our sequences. The sequences were 

analyzed using NCBI Blast program (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and 

EzTaxon server 2.1 (Kim et al. 2012a) to identify the closest relatives. 

4.3. Results and discussion  

Bacterial populations in the metal amended media were in the order of 104 mL-1 in 

seawater samples and 105 g-1 in sediment samples. Rarefaction curve analysis indicated 

that Pb amended medium provided high species richness followed by Ts, Mn and Fe 

(Fig. 4.1). Phylogenetic analysis of metal and element tolerant bacteria from shallow 

water hydrothermal vent and non-vent in Espalamaca revealed 4 different phyla. They 

belong to Proteobacteria (α, β, γ), Bacteroidetes, Firmicutes and Actinobacteria. γ-

Proteobacteria was found to be dominant group retrieved in all the metal amended 

media i.e, 58 % of the isolates each in Pb, Mn and Ts amended media, and 94 % in Fe 

amended medium (Fig. 4.2).  
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Fig. 4.1. Rarefaction curves of bacterial OTUs based on 16S rRNA gene. 

 

Fig. 4.2. Diversity and distribution of bacterial phylotypes (given in percentage) isolated 

using Mn, Pb, Fe and thiosulfate 
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4.3.1. Mn2+ tolerance studied with vent isolates 

Bacterial strains isolated with 1 mM Mn amended media were further streaked into 

higher concentrations of Mn2+ to test its maximum tolerant level. Most of the tested 

bacterial isolates were able to grow up to 5 mM Mn2+ and hence this concentration was 

kept as minimum tolerant level for the bacterial community in Espalamaca. Even, 81.5 % 

of bacterial isolates were capable of growing with 10 mM Mn2+ and 64.5 % with 20 mM 

Mn2+ (Table 4.1). When the concentration increased to 30 mM, only 33.8 % of the 

bacteria were able to survive and almost 88 % of the bacteria did not prefer 50 mM Mn2+ 

while only 12.3 % (n=8) tolerated on that level. Further, 100 mM Mn2+ was found to be 

lethal concentration for all the tested bacterial isolates (Fig. 4.3). 

 

Fig. 4.3. Bacterial tolerance to various concentrations of Manganese 
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Table 4.1. Bacterial growth on various concentrations of Mn 

Strain no. 2 mM 5 mM 10 mM 15 mM 20 mM 25 mM 30 mM 50 mM 100 mM 

VBW204 +++ +++ --- --- --- --- --- --- --- 

VBW206 +++ +++ +++ +++ +++ +++ +++ ++- --- 

VBW207 +++ +++ +++ +++ +++ +++ +++ +++ --- 

VBW203 +++ +-- --- --- --- --- --- --- --- 

VBW240 +++ ++- +-- --- --- --- --- --- --- 

VBW202 +++ +++ +++ +++ +++ ++- ++- --- --- 

VSW209 +++ ++- --- --- --- --- --- --- --- 

VSW210 +++ +++ +++ +++ +++ +++ +++ ++- --- 

VSW211 +++ +++ +++ +++ +++ +++ --- --- --- 

VSW213 +++ ++- ++- ++- ++- --- --- --- --- 

VSW214 ++- ++- ++- ++- +-- --- --- --- --- 

VSW215 +-- --- --- --- --- --- --- --- --- 

VSW216 +++ +++ +++ +++ +++ +++ ++- --- --- 

VSW217 +++ +++ +++ +-- --- --- --- --- --- 

VSW219 +++ +++ --- --- --- --- --- --- --- 

SBW220 +++ +++ ++- --- --- --- --- --- --- 

SBW221 +++ +++ ++- --- --- --- --- --- --- 

SBW222 +++ +++ --- --- --- --- --- --- --- 

SBW223 +++ ++- --- --- --- --- --- --- --- 

SBW224 +-- ++- --- --- --- --- --- --- --- 

SBW225 ++- ++- ++- ++- ++- --- --- --- --- 

SBW226 ++- ++- +-- --- --- --- --- --- --- 

SBW227 +++ +++ +++ +++ +++ --- --- --- --- 

SBW228 +++ +++ --- --- --- --- --- --- --- 

SSW229 +++ +++ +++ +++ --- --- --- --- --- 

SSW230 +++ +++ +++ +++ --- --- --- --- --- 

SSW231 +++ +++ --- --- --- --- --- --- --- 

SSW232 +++ +++ +++ +++ +++ +++ +++ --- --- 

SSW233 +++ +++ +++ +++ --- --- --- --- --- 

SSW234 +++ +++ +++ +++ --- --- --- --- --- 

SBW236 +++ +++ --- --- --- --- --- --- --- 

SBW237 +++ +++ +++ +++ --- --- --- --- --- 

VSW212 +++ +++ +++ +++ +++ +++ ++- --- --- 
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SBW235a +++ +++ +++ +++ +++ +++ ++- --- --- 

SBW235b +++ +++ +++ +++ +++ +++ ++- --- --- 

SBW238 ++- ++- --- --- --- --- --- --- --- 

VSD607 +++ +++ +++ +++ ++- ++- +-- +-- --- 

VSD608 +++ +++ +++ +++ +++ ++- ++- --- --- 

VSD609 +++ +++ +++ ++- +-- --- --- --- --- 

VSD613 +++ +++ +++ +++ +++ ++- ++- --- --- 

VSD614 +++ +++ +++ +++ +++ +++ +++ ++- --- 

VSD615 +++ +++ +++ +++ +++ +++ ++- --- --- 

VSD616 +++ +++ ++- ++- +-- --- --- --- --- 

VSD617 +++ +++ +++ +++ +++ +++ ++- ++- --- 

VSG618 +++ +++ +++ +++ +++ +++ +++ +-- --- 

VSG619 +++ ++- +-- +-- --- --- --- --- --- 

VSG620 +++ +++ +++ ++- +-- --- --- --- --- 

VSG621 +++ +++ +++ ++- +-- --- --- --- --- 

VSG622 +++ +++ ++- ++- ++- ++- +-- --- --- 

VSG623 +++ +++ +++ ++- +-- +-- +-- --- --- 

VSG624 +++ ++- ++- ++- +-- --- --- --- --- 

VSG626 +++ +++ ++- ++- +-- --- --- --- --- 

VSG630 +++ +++ +++ +++ ++- --- --- --- --- 

VSG631 +++ +++ ++- ++- +-- --- --- --- --- 

VSG632 +++ +++ +++ +++ +-- --- --- --- --- 

VSG633 +++ +++ +++ +++ ++- --- --- --- --- 

SSA634 +++ +++ +++ +++ +++ ++- +-- +-- --- 

SSA636 +++ +++ +++ +++ +++ ++- ++- --- --- 

SSA637 +++ +++ +++ +++ +++ ++- ++- --- --- 

SSA638 +++ +++ +++ +++ +++ ++- ++- --- --- 

SSA640 +++ +++ +++ +++ +++ --- --- --- --- 

SSA642 +++ +++ +++ +++ +++ --- --- --- --- 

SSA643 +++ +++ ++- ++- ++- ++- ++- --- --- 

VSG630a +++ +++ +++ +++ +-- --- --- --- --- 

VSG627b +++ +++ ++- ++- ++- --- --- --- --- 

+++, good growth; ++-, average growth; +--, poor growth; ---, no growth 
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4.3.2. Oxidation Studies of Mn(II) with vent isolates 

Oxidation of Mn(II) was tested with 103 isolates (38 isolates from SWNA and 65 

isolates from dSWNA+Mn media). After 30 days of incubation in dark, 45 % of bacteria 

was found to be oxidizing Mn(II) into insoluble Mn oxides. Excellent oxidation rates 

were observed in 13 strains; good, average and poor oxidations noticed in 17, 9 and 7 

strains respectively (Table 4.2). The experiments extended up to 2 months but not much 

change noticed after 30 days. Some of the potential isolates like SBW071, VSW210, 

VSD613 and VSD613 were able to oxidixe Mn by indicating dark brown precipitates in 

the solid medium within 10 – 12 days. Fernandes et al. (2005) has been reported 

manganese oxidation from the Indian Ocean strains at the end of 76 days. Whereas some 

of the Espalamaca isolates could carry out the oxidation within a short incubation time of 

10-15 days.  

One of the isolate, designated VSW210 was detected to oxidize Mn(II) within 10 days of 

incubation which was confirmed with LBB staining (Fig. 4.4) and this was taken for 

further studies. Interestingly, the same strain was tolerant up to 50 mM Mn2+ (Table 4.1). 

The Mn(II) oxidation was started on 15th day by producing 1100 μM of MnO2 and on 

20th day it was observed to be 1739 μM of MnO2. Growth of VSW210 was nearly 0.2 

OD (A600) on 10th day and observed to be increasing 15th and 20th day (Fig. 4.5). Growth 

was also coincided with Mn(II) oxidation pattern (Fig. 4.5). This experiment was 

conducted in dark condition, because the rates of Mn(II) oxidation may differ in response 

to light (Hansel and Francis 2006). 
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Fig. 4.4. Strain VSW210 oxidized Mn(II) on plates which was detected as brown colour 

formation and confirmed with LBB staining. Plate (a) and (b) are controls; (c) after 

addition of LBB stain; (d) Mn(III/IV) oxides as dark brown precipitates before adding 

LBB 

 



90 
 

 

Fig. 4.5. Growth and Mn(II) oxidation rates of potential hydrothermal vent strain 

VSW210 
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oxidation was expanded to include an indirect oxidation pathway which involves through 

extracellular superoxide, particularly Roseobacter sp. quickly oxidizes Mn(II) to Mn(III) 

within both cell cultures and cell-free supernatants through the enzymatic making of 

superoxide (Learman et al. 2011). 

4.3.3. Phylogenetic analysis of Mn(II) oxidizers 

We could get a total of 46 Mn(II) oxidizers from the venting and non-venting regions of 

Espalamaca. Largest number of isolates recovered from shallow vent surface water 

(n=13) followed by vent sediments (n=9), non-vent bottom water (n=9), non-vent surface 

water (n=8), vent bottom water (n=6) and one isolate from non-vent sediment. To 

explore the phylogenetic diversity of Mn(II) oxidizing culturable bacteria from 

Espalamaca, we prepared nearly full length 16S rRNA gene sequences from all the 46 

Mn(II) oxidizers. Overall, 43 bacterial isolates belong to Proteobacteria (α, β, γ), 2 

isolates belong to Bacteroidetes and one isolate of Actinobacteria. 16S rRNA gene 

sequence revealed that majority of the Mn(II) oxidizers belong to the class γ-

Proteobacteria (n=25) with Marinobacter being the most abundant genus (n=12) 

followed by Vibrio (n=6) and Pseudomonas (n=3). The second most abundant Mn(II) 

oxidizers belong to the class of α-Proteobacteria (n=16), most commonly Sagittula 

(n=5), Sulfitobacter (n=3), Erythrobacter (n=2) and Hyphomonas (n=2) (Table 4.2). Few 

of other Mn(II) oxidizing bacteria belong to the phyla Bacteroidetes and Actinobacteria. 
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Table 4.2. Mn(II) oxidizing bacterial isolates from Espalamaca and their oxidizing rates  

Strain no GenBank  

Accession no. 

16S rRNA gene sequence based identity Oxidizing 
rate of Mn 

VBW014 KC534149 Thalassospira lucentensis ●●● 

VBW026 KC534152 Marinobacter vinifirmus ● 

VSW029 KC534154  Marinobacter algicola ●● 

VSW030 KC534155 Marinobacter algicola ●●● 

VSW034 KC534156 Sulfitobacter pontiacus ●●●● 

VSW036 KC534157 Sulfitobacter pontiacus ●●●● 

VSW039 KC534158 Erythrobacter citreus ●●● 

SSW057 KC534161 Marinobacter algicola ●●● 

SSW058 KC534162 Marinobacter algicola ●●● 

VSW062 KC534164 Sulfitobacter pontiacus ●●● 

SBW071 KC534166 Hyphomonas johnsonii ●●●● 

SSW074 KC534167 Marinobacter algicola ●●● 

SBW081 KC534170 Marinobacter algicola ●●●● 

SSW083 KC534171 Limnobacter thiooxidans ●● 

SSW084 KC534172 Roseovarius azorensis  ●● 

VBW089 KC534175 Achromobacter spanius ●●● 

VBW090 KC534176 Kocuria carniphila ●●● 

VSW096 KC534178 Erythrobacter citreus ●●● 

VBW206 KC534239 Hyphomonas oceanitis ● 

VBW207 KC534240 Sagittula stellata ● 

VSW210 KC534242 Citreicella marina ●●●● 

VSW211 KC534243 Pseudomonas sabulinigri ● 

VSW212 KC534244 Pseudomonas marincola ●● 

VSW214 KC534246 Joostella marina ●●●● 

VSW216 KC534248 Pseudomonas sabulinigri ●● 

VSW219 KC534250 Maribacter dokdonensis ● 

SBW223 KC534254 Marinobacter algicola ●● 

SBW224 KC534255 Marinobacter algicola ● 

SBW229 KC534260 Marinobacter algicola ●●● 
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SBW230 KC534261 Marinobacter algicola ●●● 

SSW232 KC534263 Sagittula stellata ●●●● 

SSW233 KC534264 Marinobacter algicola ●●●● 

SSW234 KC534265 Tropicibacter naphthalenivorans ●●●● 

SBW235a KC534266 Sagittula stellata ●● 

SBW235b KC534267 Sagittula stellata ●●●● 

SBW237 KC534269 Sagittula stellata ●●●● 

VSD608 KC534273 Vibrio campbellii ●● 

VSD613 KC534275 Vibrio rotiferianus ●●●● 

VSD615 KC534277 Vibrio owensii ●●●● 

VSD617 KC534279 Vibrio rotiferianus ●●● 

VSG618 KC534280 Pseudoalteromonas prydzensis ● 

VSG621 KC534283 Vibrio gigantis ●●● 

VSG622 KC534284 Shewanella algidipiscicola ●● 

VSG627b KC534288 Shewanella colwelliana ●●● 

VSG633 KC534293 Vibrio gigantis ●●● 

SSA636 KC534295 Halomonas neptunia ●●● 

Mn oxidation rates: poor (●), average (●●), good (●●●) and excellent (●●●●) 

Table 4.3. Earlier studies compared on Mn(II) oxidization with our bacteria  

Genus Concentrations used for  

Mn(II) oxidation 

References 

Citreicella 1, 5 mM Present study 
Pseudomonas  1-10 mM Fernandes et al. 2005 
Acinetobacter  1 mM Beukes and Schmidt 2012 
Erythrobacter 0.1 mM Francis et al. 2001 
Pseudomonas 0.1 mM Brouwers et al. 1999 
Bacillus sp. 0.1-7.0 mM De Vrind et al. 1986  
Bacillus sp. 0.1 mM Wang et al. 2011 
Roseobacter 0.1 mM Learman et al. 2011 
Leptothrix 0.1 mM Adams and Ghiorse 1987 
Aurantimonas 0.1 mM Dick et al. 2008b 
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Some of the bacterial genera obtained from this study like Marinobacter, Hyphomonas, 

Shewanella, Halomonas, Pseudomonas, Sulfitobacter, and Pseudoalteromonas were also 

proven as manganese oxidizers in Vailulu'u Seamount by Sudek et al. (2009) and in 

Loihi Seamount by Templeton et al. (2005). In addition, a yellow pigmented marine 

Erythrobacter sp. was also reported to be Mn(II) oxidizing bacteria from San Diego Bay 

(Francis and Tebo 2001). However, some of the other well known Mn oxidizers like 

Bacillus (Rosson and Nealson 1982), Leptothrix (Adams and Ghiorse 1987), Citrobacter 

(Douka 1980), Aurantimonas, Pedomicrobium (Dick et al. 2008b), Loktanella, Vibrio 

(Sudek at al. 2009), Microbulbifer, Methylarcula and Alteromonas (Templeton et al. 

2005), were not encountered in this investigation. Bacterial strains proved to be good Mn 

oxidizers obtained from this investigation like, Citreicella, Tropicibacter, Limnobacter, 

Achromobacter, Joostella, Maribacter, Kocuria and Sagittula were not reported 

elsewhere as potential Mn oxidizers and it is believed that these members are the 

specialists in biogeochemical cycle of Mn in Azorean Island. 

4.3.4. Pb tolerance studies with Espalamaca isolates 

A total of 65 bacterial strains isolated from Pb amended medium which were further 

tested in higher concentration of Pb to find out the maximum tolerable level (Table 4.4). 

Results indicated that 69 % of the isolates can grow in presence of 2 mM lead. When 

concentration increased to 3 mM, 46 % of the isolates were shown growth. 40 % of the 

isolates could withstand in 5 mM lead and only 3 % of them were able to grow at 7.5 

mM Pb. 10 mM Pb was found to be lethal for all the isolates tested (Fig. 4.6).  
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Table 4.4. Growth of bacterial isolates towards various concentrations of Pb 

Strain no. 1 mM 2 mM 3 mM 5 mM 7.5 mM 10 mM 

VSW101 +++ +++ ++- ++- --- --- 

VSW102 +++ +-- +-- +-- --- --- 

VSW103 +++ --- --- --- --- --- 

VSW104 +++ --- --- --- --- --- 

VSW105a +++ +++ --- --- --- --- 

VSW105b +++ +-- --- --- --- --- 

VSW106 +++ --- --- --- --- --- 

VSW108 +++ --- --- --- --- --- 

VSW109 +++ --- --- --- --- --- 

VSW110 +++ --- --- --- --- --- 

VSW111 +++ ++- ++- ++- --- --- 

VSW112 +++ --- --- --- --- --- 

VSW113 +++ --- --- --- --- --- 

VSW114 +++ +-- --- --- --- --- 

VSW115 +++ +++ ++- ++- --- --- 

VBW118 +++ --- --- --- --- --- 

VBW119 +++ ++- +-- +-- --- --- 

VBW120 +++ --- --- --- --- --- 

VBW122 +++ +-- --- --- --- --- 

VBW123 +++ +-- --- --- --- --- 

VBW126 +++ ++- ++- ++- --- --- 

VBW127 +++ ++- --- --- --- --- 

VBW128 +++ +-- +-- +-- --- --- 

VBW129 +++ --- --- --- --- --- 

SSW130 +++ ++- --- --- --- --- 

SSW131 +++ --- --- --- --- --- 

SSW132 +++ --- --- --- --- --- 

SSW133 +++ --- --- --- --- --- 

SSW134 +++ +++ ++- ++- --- --- 

SSW135 +++ --- --- --- --- --- 

SSW136 +++ --- --- --- --- --- 

SSW137 +++ --- --- --- --- --- 

SBW138 +++ --- --- --- --- --- 
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SBW139 +++ +-- +-- +-- --- --- 

SBW140 +++ +++ ++- ++- --- --- 

SBW143 +++ --- --- --- --- --- 

SBW144 +++ --- --- --- --- --- 

VBW147 +++ +++ +-- +-- --- --- 

VSD701 +++ ++- +-- --- --- --- 

VSD702 +++ ++- ++- +-- --- --- 

VSD706 +++ ++- ++- +-- --- --- 

VSD707 +++ ++- ++- --- --- --- 

VSD708 +++ ++- ++- +-- --- --- 

VSD709 +++ ++- ++- --- --- --- 

VSD711 +++ +++ ++- +-- --- --- 

VSD712 +++ ++- ++- +-- --- --- 

VSD713a +++ ++- ++- +-- --- --- 

VSD713b +++ ++- --- --- --- --- 

VSD714 +++ ++- ++- ++- --- --- 

VSD715 +++ ++- ++- +-- --- --- 

VSG716 +++ ++- +-- +-- --- --- 

VSG717 +++ ++- +-- --- --- --- 

VSG718 +++ +-- --- --- --- --- 

VSG719 +++ ++- +-- +-- --- --- 

VSG720 +++ ++- ++- ++- --- --- 

VSG721 +++ ++- ++- +-- --- --- 

VSG722 +++ ++- --- --- --- --- 

VSG724b +++ ++- +-- +-- --- --- 

VSG725 +++ ++- --- --- --- --- 

VSG726 +++ ++- --- --- --- --- 

SSA727 +++ ++- ++- +-- +-- --- 

SSA728 +++ +-- --- --- --- --- 

SSA729 +++ +-- --- --- --- --- 

SSA730 +++ +-- --- --- --- --- 

SSA732 +++ ++- ++- +-- +-- --- 

+++, good growth; ++-, average growth; +--, poor growth; ---, no growth 
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Fig. 4.6. Bacterial tolerance tested with various concentrations of Pb 

Strains SSA727 and SSA732 are the only isolates survived in 7.5 mM Pb, which belong 

to Pseudoalteromonas flavipulchra and P. tetraodonis respectively. Early reports 

suggested that some species of Acinetobacter, Aeromonas, Flavobacterium and 

Pseudomonas can convert lead nitrate or trimethyl lead acetate to tetramethyl lead 

(Reisinger et al. 1981, Thayer and Brinckman 1982; Hughes and Poole 1989). P. 

marginalis isolated from metal contaminated soil had a resistance level at 2.5 mM Pb 

(Roane 1999). Very little work has been done so far on Pb tolerance against these 

microorganisms. 

Gummersheimer and Giblin (2003) reported four distinct bacteria; two were identified as 

Corynebacterium and two belong to the genus Pseudomonas, with high resistance to lead 

(2 mM). Metal resistance of these isolates were encoded by chromosomal DNA. Plasmid 
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metallidurans CH34 (formarly, Alcaligenes eutrophus) were also reported by Diels et al. 

(1989) and Borremans et al. (2001). 

In the present study, two of the Pb tolerant bacterial strains SSW134 and SSW140 

belong to Sagittula stellata turned almost black after prolonged incubation in presence of 

2 and 5 mM Pb. Similarly, Roane (1999) revealed that Pb accumulations were visible as 

dark granules either inside or surrounding the cells of P. marginalis and shown 

accumulation up to 50 % of the bioavailable lead present in the medium. Similar 

appearances in the present study were also noticed with Vibrio, Marinobacter, 

Hyphomonas, Sagittula and Pseudoalteromonas. This indicates its potential application   

over detoxification/biosorption of Pb from the industrial wastewaters. 

4.3.5. Thiosulfate tolerance studies with vent isolates 

Out of 60 strains exposed in higher concentration of thiosulfate, except the strains 

SSW321 and VSW310; all others could grow up to 7 % thiosulphate. Molecular 

phylogenetic analysis revealed that genus Erythrobacter found to be dominant followed 

by Marinobacter and Brevibacillus. In the vent ecosystem oxidations of sulphur 

compounds are not limited only with sulphur bacteria but also done by the heterotrophic 

bacteria (Trudinger, 1967; Tuttle et al. 1983; Pandey et al. 2009). Some of the 

heterotrophic sulphur oxidizing bacteria previously reported are, Bosea thiooxidans (Das 

et al. 1996), Citreicella thiooxidans (Sorokin et al. 2005), Paracoccus pantotrophus 

(Rainey et al. 1999), Silicibacter pomeroyi (Gonzalez et al. 2003), Flavobacterium 

(Vitolins et al. 1969) and Comamonas sp. (Pandey et al. 2009). Our study from the 

Espalamaca also reveals that some of the heterotrophic bacteria retrieved from this vent 

could oxidize thiosulphate and grow well. 
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4.3.6. Iron tolerance studied against vent isolates  

Iron bacterial populations in Espalamaca hydrothermal vent sediments were one order 

higher (105 CFU g-1) than the nonvent sediments (104 CFU g-1). A total of 34 

heterotrophic bacteria were isolated from the iron amended medium (1 mM Fe). Majority 

of them are belongs to the genera Pseudoalteromonas followed by Amphritea. Increasing 

the concentration of Fe to 2 mM was found to be lethal to all the isolates tested. This 

suggested that 1 mM Fe was the maximum tolerable limit for Espalamaca isolates. 

Templeton et al. (2005) reported many heterotrophs which were doing more than one 

metabolic function (e.g. iron oxidation, siderophore production) in Submarine Basalts at 

Loihi Seamount and believed that the metal oxidation might not be directly connected to 

lithoautotrophic growth. As like Loihi Seamount, our studies from shallow hydrothermal 

vent of Espalamaca in Azores also could occupy many heterotrophs and most of them 

involved in many works like Fe and Mn oxidation.   

4.3.7. Multiple metal/element tolerance observed from the vent isolates 

In this study we could obtain many bacterial phylotypes tolerant to one or more metals. 

Bacterial strains belong to the genera Pseudoalteromonas, and Erythrobacter were 

resistant to all the metals (Mn, Pb and Fe) and element (thiosulphate) tested. Some of the 

Vibrio species (Table 4.5) were resistant to all the metals but not to thiosulphate and 

some of other Vibrio species were tolerable with Mn, Pb, Ts. Alcanivorax, Pseudomonas 

and Marinobacter were some of the other genera resistant to multiple metals (Table 4.5). 

Characterizations of multiple metal resistant bacteria are of great interest since they 

promise for bioremediation of toxic heavy metals, including environments that are 

contaminated by several mixed metals (Jaysankar et al. 2008). 



100 
 

Table 4.5. Multiple metal tolerant phylotypes from Espalamaca 

Strains Identity metals/element tolerance 

VSG719, VSG623, SSA937 Pseudoalteromonas sp. Mn, Pb, Fe 

VSG925, VSG921, VSG918, VSD911, VSD906, VSD616, SSA936, SSA929 Amphritea sp. Mn, Fe 

SSA932, SSA839, SSA642, SSA833 Alcanivorax sp. Mn, Fe, Ts 

VSG926, VSG619, VSG916, VSG828, SSA933, SSA832 Pseudoalteromonas sp. Mn, Fe, Ts 

VSG826, VSG722, VSG717, VSG632, VSG630a, VSG630, SSA930, SSA732 Pseudoalteromonas sp. Mn, Fe, Pb, Ts 

VSG927, VSG825, SSA830, SSA730, SSA640, SSA727, SSA634 Pseudoalteromonas sp. Mn, Fe, Pb, Ts 

VSG924, VBW336 Marinobacter sp. Fe, Ts 

VSG920, VSG919, VSD909, VSG829b, VSG631, VSG618, VSG823 Pseudoalteromonas sp. Mn, Fe, Ts 

VSG917, VSG721, VSG716, SBW236 Pseudoalteromonas sp. Mn, Pb, Fe 

VBW118, VSD908, SBW228 Pseudomonas sp. Mn, Pb, Fe 

VSG824, VSD905 Vibrio sp. Fe, Ts 

VSD713b, VSG633, VSG626, VSG624, VSG621, VSD903 Vibrio sp. Mn, Pb, Fe 

VSD817, VSG720, VSD711, VSD708, VSD608, VSD807, VSD806, VSD714, 

VSD713a, VSD702 

Vibrio sp. Mn, Pb, Ts 

VSD816, VSD712, VSD701, VSD617, VSD613, VSD813 Vibrio sp. Mn, Pb, Ts 

VSD706, VSD614 Vibrio sp. Mn, Pb 

VBW122, VBW119, SSA838b, SSA643, SSA638 Alcanivorax sp. Mn, Pb, Ts 

VSG627b, VSG819 Shewanella sp. Mn, Ts 
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VSW322, VSW317, VSW313, VSW113, VSW112, VSW111, VSW110, 

SSW319, SSW132, SSW233, SBW230, SBW223, SSW130 

Marinobacter sp. Mn, Pb, Ts 

VSW108, VSW106, VSW216, VSW316, VSW211 Pseudomonas sp. Mn, Pb, Ts 

SSA729, SSA935 Alteromonas sp. Pb, Fe 

SSA728, SSA637, SSA831 Halomonas sp. Mn, Pb, Ts 

VSG827, VSW315, VBW304, VSW102  Erythrobacter sp. Pb, Ts 

VBW303, VSW309, VSW308, VSW217, SSA931, SBW143, SBW139, 

SBW222, SBW221, SBW220 

Erythrobacter sp. Mn, Fe, Pb, Ts 

VBW338, VBW337, VSW101, VSW210, SBW344 Citreicella sp. Mn, Pb, Ts 

VSW115, VBW207, SBW140, SSW134, SBW237, SBW235b, SBW235a, 

SSW232 

Sagittula sp. Mn, Pb 

VSW312b, VSW310, VBW302, SBW138, SBW144, SSW131 Hyphomonas sp. Pb, Ts 

VBW129, VBW120, VBW203,  Arenibacter sp. Mn, Pb 

VBW128, VBW240 Vitellibacter sp. Mn, Pb 

VSW114, VSW104, VSW219 Maribacter sp. Mn, Pb 
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In conclusion, the venting area in the Espalamaca region is richly diversified with 

various metal tolerant and oxidizing heterotrophic bacteria. Proteobacteria are the key 

players in Mn oxidation especially γ-Proteobacteria. Maximum tolerable level for Mn, 

Pb and Fe were 50 mM, 7.5 mM and 1 mM respectively. Citreicella sp. (VSW210) could 

oxidize soluble Mn(II) quickly and survive in high concentration of 50 mM Mn. In 

addition, majority of the bacterial phylotypes isolated from this vent were tolerant to 

multi-metals. These heterotrophic bacterial isolates may have potential applications in 

bioremediation where the effluents have a mixer of multi metals. 
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5.1. Introduction 

The organic matter generated in the marine ecosystem contains high molecular weight 

compounds, polymeric structures, mainly lipids, proteins, nucleic acids, cellulose, starch, 

chitin, lignin, etc. (Poremba 1995; Arnosti et al. 1998). These high molecular weight 

compounds are the source of carbon, nitrogen and energy for heterotrophic bacteria 

which would be used for respiration and biosynthesis. Heterotrophic members secrete 

extracellular enzymes to breakdown these complex substances into simple compounds 

that can be utilized directly by microbes and other organisms (Unanue et al. 1999). 

Marine hydrothermal vent ecosystem, distinguished by their unusual parameters like 

high temperature, high concentration of heavy metals, H2S and hydrocarbons, provide 

unique opportunity to gain new insights on novel microbes (Gugliandolo et al. 2012) 

which are able to produce biocatalysts that can cope up with industrial process 

conditions. 

The interest in marine microbial enzymes is related to the ecological attributes of habitat 

in which marine organisms thrive. Due to the impact of habitation, microorganisms are 

enabling their biomolecules for their metabolic functions. The resulting enzymatic 

properties are very important from a biotechnological point of view (Trincone 2011). 

Though more than 3000 enzymes available to date, many of the available enzymes do 

not withstand industrial process conditions. Hence, substantial efforts have been assigned 

for the search of extemophilic enzymes because of increasing industrial demands (Van 

den Burg 2003). Further, from the literature survey and published patent applications 

concerning the use of marine enzymes supports the view that these biocatalysts are just 

waiting to be discovered (Trincone et al. 2011). Some of the enzymes and their 

applications are given in Table 5.1. 
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Table 5.1. Some of the microbial enzymes and their applications 

Name of 

the Enzyme 

Functions Sectors in which applied  

Protease Degradation of proteins Detergent 

 Improve digestion of proteins Animal feed 

 Tenderisation Meat 

 Increased area yield Tanning 

Amylase Degradation of starch Starch processing 

 Conversion of starch to glucose Starch processing 

 Production of high fructose syrup Starch processing 

 Removal of juice starch haze  Fruit/vegetable processing 

 Desizing Textiles 

 Process control Baking 

Xylanase Improve nutrient uptake of poultry Animal feed 

 Removal of lignin bio-bleaching Paper and pulp 

Cellulase Degradation of cellulose Detergent 

Lipase Degradation of fats Detergent  

Urease Removal of urea Wine 

Even though many reports available on enzymatic studies from deep-sea hydrothermal 

vent microbes, studies from shallow water hydrothermal vents are limited. Lentini et al. 

(2007) studied the extracellular enzyme activities of thermophilic bacilli isolated from 

shallow hydrothermal vents located around the Aeolian Islands of Vulcano, Panarea and 

Lipari (Italy). These isolates were able to hydrolyse gelatin, xylan, dextran and Tween20 

and 80, starch, tributyrin and casein. Yavuz et al. (2004) reported that several 

thermophilic bacterial isolates were able to hydrolyze the substrates Tween 20, Carboxy 

methyl cellulose (CMC), pectin, casein, xylan and polygalacturonic acid, from 

geothermal sites in Balcova. Most of these studies were described on Gram positive 

Bacilli (Demirjian et al. 2001; Maugeri et al. 2001; Gugliandolo et al. 2012). However, 
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enzymatic profiles of Gram negative Proteobacteria strains are less reported especially 

from shallow hydrothermal vent regions. In this study, we described the enzyme profiles 

and growth characteristics of 32 bacterial taxa (belong to the phyla Proteobacteria and 

Bacteroidetes) isolated from shallow water hydrothermal vent region in Espalamaca 

(Azores). 

5.2. Materials and methods 

5.2.1. Screening of vent bacteria for various enzymes 

A total of 318 bacterial cultures were isolated from the vent Espalamaca. Among them, 

32 bacterial strains showing novelty in 16S rRNA gene sequence were selected for their 

secretion to various enzymes. Enzymes from the above isolates were looked in to three 

different categories. First group mainly deal with the oxidoreductases such as catalase, 

oxidase and nitrate reductase. The second group involves in hydrolytic enzymes such as 

amylase, lipase, protease, agarose, DNase, etc. The third group of enzymes from API 

ZYM kit (BioMérieux) which are mainly used in taxonomic identification of bacteria. 

Bacterial cultures stored in a glycerol vials were taken out aseptically and inoculated on 

SWNA plates. The enzyme activities were studied by growing them in respective 

substrates. 

5.2.1.1. Enzyme - Oxidoreductases  

Catalase 

Catalase activity was determined by the addition of a drop of 3 % (v/v) hydrogen 

peroxide solution on a clean glass slide, to a loopful of bacterial cultures freshly grown 
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on SWNA. The development of gas bubbles demonstrated the production of catalase 

enzyme (Smibert and Krieg 1994). 

Oxidase 

A loopful of bacterial culture was rubbed on oxidase discs containing N, N, N' N'-

tetramethyl-p-phenylene diamine dihydrochloride (DD018, Himedia). Formation of deep 

violet colour within 10 seconds was considered as positive reaction for cytochrome 

oxidase. 

Nitrate reductase 

Nitrate reduction test was assessed using Hi25TM Enterobacteriaceae identification kit 

(Himedia) following the manufacturers’ instructions. The formation of pink colour 

indicates the positive reaction for nitrate reductase. 

5.2.1.2. Hydrolytic enzymes 

Amylase  

The bacterial isolates were spot inoculated on starch-agar plates (SWNA containing 1 % 

starch) and incubated at 30 ± 2 °C for up to 72 h. After incubation, the plates were 

flooded with iodine solution (3 % potassium iodide, 0.3 % iodine) and observed for the 

clear zone around the colony (Mohandass et al. 2005). 

Xylanase 

The isolates were spot inoculated on xylan-agar plates (SWNA containing 1 % xylan) 

and incubated at 30 ± 2 °C for up to 72 h. After the incubation period, the plates were 
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flooded with 1 % Congo-red and then washed with 1.5 M NaCl. Zone of clearance 

around the colony indicates the production of xylanase (Khandeparker et al. 2011). 

Carboxy methyl cellulose (CMCase) 

The bacterial strains were spot inoculated on CMC-agar plates (SWNA containing 1 % 

CMC) and incubated at 30 ± 2 °C for up to 72 h. After the incubation period, the plates 

were flooded with 1 % Congo-red and then washed with 1.5 M NaCl. Zone of clearance 

around the colony indicates the production of CMCase (Khandeparker et al. 2011). 

Gelatinase 

The bacterial strains were spot inoculated on gelatin-agar plates (SWNA containing 1 % 

gelatin) and incubated at 30 ± 2 °C for up to 72 h. After incubation, the plates were 

flooded with 15 % TCA (Trichloro-Acetic Acid) and observed for clear zones around the 

colonies (Smibert and Krieg 1994). 

Casease 

The bacterial strains were spot inoculated on casein-agar plates (SWNA containing 1 % 

casein) and incubated at 30 ± 2 °C for up to 72 h. After the incubation period, the plates 

were flooded with 15 % TCA and observed for clear zones around the colonies (Gerhardt 

et al. 1981). 

Urease 

The bacterial strains were spot inoculated on urea agar base medium (M112, Himedia) 

and incubated at 30 ± 2 °C for up to 72 h. The plates were observed for positive result by 

appearing pink colour on the medium. 
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DNase 

The bacterial strains were spot inoculated on DNase test agar (M1041, Himedia) and 

incubated at 30 ± 2 °C for up to 72 h. After the incubation period, the plates were 

flooded with 1N HCl and observed for clear zones around the colonies. 

Lipase 

The bacterial strains were spot inoculated on agar plates (SWNA containing 1 % Tween-

20 & SWNA containing 1 % tributyrin) and incubated at 30 ± 2 °C for up to 72 h. After 

the incubation period, the formations of an opaque halo around the colonies were 

considered as lipase producers (Gerhardt et al. 1981). 

Esterase 

The bacterial strains were spot inoculated on Tween-agar plates (SWNA containing 1 % 

Tween-80) and incubated at 30 ± 2 °C for up to 72 h. After the incubation period, the 

formations of an opaque halo around the colonies were considered as esterase producers 

(Smibert and Krieg 1994). 

Alginate lyase 

The bacterial strains were spot inoculated on alginate-agar plates (SWNA containing 1 % 

alginic acid) and incubated at 30 ± 2 °C for up to 72 h. After the incubation period, clear 

zones around the colonies were considered as positive reaction (Smibert and Krieg 

1994). 

Xanthine dehydrogenase 

The bacterial strains were spot inoculated on xanthine-agar plates (SWNA containing 0.4 
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% xanthine) and incubated at 30 ± 2 °C for up to 72 h. After the incubation period, clear 

zones around the colonies were considered as positive reaction (Smibert and Krieg 

1994). 

Agarase 

The bacterial isolates were spot inoculated on YE-agar plates (yeast extract 0.05 %, 

peptone 0.25 % in 50 % seawater containing 2 % agar) and incubated at 30 ± 2 °C for up 

to 72 h. After incubation, the plates were flooded with I-KI solution and observed for the 

clear zone around the colony (Smibert and Krieg 1994; Temuujina et al. 2012). 

5.2.1.3. Enzymes tested using API ZYM stripes 

All the bacterial cultures were grown in SWNA and the cell suspensions were prepared 

with a turbidity equivalent to 5-6 McFarland in sterile distilled water. A volume of 65 μL 

was inoculated into each cupule of API ZYM strips (BioMérieux). The API ZYM strips 

were incubated for 5 hours at 32 °C. After the incubation period, one drop of ZYM-A 

reagent and one drop of ZYM-B reagent (supplied with API ZYM BioMérieux kit) were 

added to each cupule. Based on the colour development, the enzyme activities were 

determined following the manufacturer’s instructions. The enzymes and substrates 

provided in API ZYM strips of BioMérieux are given in Table 5.2. 

5.2.2. Growth characteristics of bacterial isolates 

5.2.2.1. Salinity 

Salinity tolerance was investigated in nutrient agar medium prepared in distilled water 

with NaCl concentrations of 0 – 15 % (w/v; 1 % increment) with and without adding  
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Table 5.2. Enzymes and the substrates in API ZYM strips (BioMérieux) 

 

Mg2+ and Ca2+ (4.53 g L-1 MgCl2; 5.94 g L-1 MgSO4; 1.3 g L-1 CaCl2). Bacterial isolates 

were streaked on the above medium and growth was measured after 2 days of incubation. 

5.2.2.2. Temperature and pH  

The pH range for growth was determined by adjusting the pH of the SWNB medium 

(nutrient broth prepared in 50 % seawater) using various buffers, pH 4–5 (citrate buffer), 

pH 6–8 (phosphate buffer) and pH 9–10 (carbonate buffer). Growth at various 

temperatures 4, 10, 15, 20, 30, 37, 40 and 45 °C was obtained by incubating the SWNB 

No Enzyme assayed Substrate 

1 Alkaline phosphatase 2-naphthyl phosphate 
2 Esterase (C 4) 2-naphthyl butyrate 
3 Esterase Lipase (C 8) 2-naphthyl caprylate 
4 Lipase (C 14) 2-naphthyl myristate 
5 Leucine arylamidase L-leucyl-2-naphthylamide 
6 Valine arylamidase L-valyl-2-naphthylamide 
7 Cystine arylamidase L-cystyl-2-naphthylamide 
8 Trypsin N-benzoyl-DL-arginine-2-naphthylamide 
9 α-chymotrypsin N-glutaryl-phenylalanine-2-naphthylamide 
10 Acid phosphatase 2-naphthyl phosphate 
11 Naphthol-AS-BI-phospnohydrolase Naphthol-AS-BI-phosphate 
12 α-galactosidase 6-Br-2-naphthyl-αD-galactopyranoside 
13 β-galactosidase 2-naphthyl-βD-galactopyranoside 
14 β-glucuronidase Naphthol-AS-BI-βD-glucuronide 
15 α-glucosidase 2-naphthyl-αD-glucopyranoside 
16 β-glucosidase 6-Br-2-naphthyl-βD-glucopyranoside 
17 N-acetyl-β-glucosaminidase 1-naphthyl-N-acetyl-βD-glucosaminide 
18 α-mannosidase 6-Br-2-naphthyl-αD-mannopyranoside 
19 α-fucosidase 2-naphthyl-αL-fucopyranoside 
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medium with respective temperatures. Growth was measured at 600 nm using a 

spectrophotometer (Cary 300) after 2 days incubation. 

5.2.3. 16S rRNA gene sequence based identification  

Genomic DNA extraction, PCR amplification, DNA sequencing and 16S rRNA based 

identification followed by the methods given in section 2.2.5. Corresponding accession 

numbers of 32 isolates used here are given in Table 5.6. 

5.3. Results and discussion 

5.3.1. Enzyme profiles  

We have characterized 32 bacterial isolates from the Espalamaca region (both from 

venting and non-vent area) to study their enzymatic profiles. The study results indicated 

that the Oxidoreductase enzymes such as catalase and oxidase are widespread in the 

Espalamaca bacterial isolates (Table 5.3). Thirty one isolates produced catalase and 28 

isolates were able to produce cytochrome oxidase out of 32 isolates tested, while nitrate 

reductase enzyme was found in only 15.6 % of the isolates (Fig. 5.1). Nishiyama et al. 

(1997) reported that oxidase enzymes are widely present in bacteria which acquire an 

aerobic type of metabolism for the regeneration of NAD in the respiratory system. On 

the other hand, the enzyme catalase is involved in hydrogen peroxide removal by aerobic 

microorganisms. The detection of high catalase activity in Espalamaca sediments and 

waters suggests the presence of bacteria that can alternatively grow with oxygen as an 

electron donor (Kobayachi et al. 2008). It is remarkable that oxidase and catalase 

enzymes are reportedly higher in bacterial strains isolated from the other shallow 

hydrothermal vent in Azores Island (D. Joao de Castro seamount) (Mohandass et al. 

2012). 
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Table 5.3. Oxidoreductases and Hydrolytic enzymes produced by the bacterial strains isolated from Espalamaca, Azores 

 

 

Enzymes 

Bacterial strains 

VBW 
004 

VBW 
018 

SSW 
083 

VBW 
095 

VBW 
098 

VSW 
114 

VBW 
122 

VBW 
206 

VSW 
210 

SBW 
235b 

VBW 
302 

VSW 
306 

VSW 
310 

SSA 
543 

SSA 
549 

SSA 
555 

Catalase + + + + + + + + + + + + + + + + 

Oxidase - + + + + + + + + + - - + + + + 

Nitrate 

reductase 

- - - - - - - - - - - - + - - - 

Urease - - - - - + - - - - - - - - - - 

Gelatinase - - - + - - + - - - - w - - + - 

Amylase - - - - w + - - - w - - - - - - 

DNase + + - - - - - - + - + + - + + + 

Casease - - - + - - - - - - - - - - - - 

Lipase  + + - + + + + + + + - + + + + + 

Esterase - - - - - - - - - - - - - + - - 

Agarase - - - - - + - - + + - + - - - - 

Xanthine 

dehydrogenase 

- - - - - - - - - - - - - - - - 
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(Table 5.3 continued) 
 
 
 

Enzymes 

 Bacterial strains 

VSG 
724 

VSG 
829 

VBW 
240 

VSD 
707 

VBW 
088 

VSG 
820 

VSG 
922 

VSW 
331 

VBW 
339 

VBW 
123 

SSW 
136 

SSW 
234 

SSW 
084 

VSW 
109 

SSW 
321 

VBW 
011 

Catalase + + + + + + + + + + + + - + + + 

Oxidase + + - + + + + + + + + + + + + + 

Nitrate reductase - - - + - - - - - - + - + - + - 

Urease - - - - - - - + + - - - - - - w 

Gelatinase - - + - + - - - w + + - - - - - 

Amylase - - - + - - - - - - - - - - - - 

DNase - + + - - - + - - + - - - - - + 

Casease - - - - + - - - - - - - - - - - 

Lipase w + + + + - + + - + - + - + + - 

Esterase - - - - - - + - - + - - - - - - 

Agarase - - - - - - - + - - - + - - - - 

Xanthine 

dehydrogenase 

- - - - - - + - + - - - - - - - 

 
+, positive; -, negative; w, weak reaction 
 



114 
 

 

Fig. 5.1. Percentage of bacteria producing hydrolytic (blue) and oxidoreductase (yellow) 

enzymes  

Production and activity of microbial hydrolytic enzymes are depending on the 

distribution and availability of organic substances (Boetius 1995). Among the hydrolytic 

enzymes tested, strains producing lipase were the most diverse and abundant functional 

group in this study area (Fig. 5.1). Higher proportion of lipase activities in this region 

suggested the water and sediment samples might be enriched with relatively high lipid 

content. Twenty five isolates (78.1 %) were produced lipase and 40.6 % of the isolates 

(n=13) were able to hydrolyze DNA. The enzyme DNase is well known for making 

phosphorous available to the environment by degrading nucleic acids. Further, it is also 

one of the carbon and nitrogen source for prokaryotic metabolism (Jorgensen et al. 1993; 

Dell’Anno and Danovaro 2003). Around 28.1 % (n=9) and 6.3 % (n=2) of the isolates 

were hydrolyzed the substrates gelatin and casein by producing the enzyme protease. 

Many heterotrophic members in the marine environment are capable of synthesizing 
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protease enzymes, which hydrolyze the proteins into mono- or oligomers, mainly 

peptides and amino acids (Mudryk and Podgórska 2006). Six isolates were produced the 

enzyme agarase and 4 isolates were able to hydrolyze starch and urea by producing 

amylase and urease respectively. Esterase was produced by 3 isolates and 2 isolates 

hydrolyzed the substrate xanthine (Table 5.3; Fig. 5.1). VSG820 and SSW083 are the 

only isolates did not produce any hydrolytic enzymes tested; they belong to the genera 

Ruegeria and Limnobacter respectively. Substrates like CMC, alginate, xylan and 

tributyrin were not hydrolyzed by any of the isolates tested. It is noteworthy to mention 

that bacterial isolates from nearby hydrothermal vent DJCS produced 55, 45 and 27 % of 

amylase, casease and lipase respectively (Mohandass et al. 2012). 

In API ZYM test, 100 % of the isolates produced leucine arylamidase, enzyme that 

breaks down amino acid leucine into acetyl acetate and acetyl-coA. Esterase (C 4), 

esterase lipase (C 8) and Naphthol-AS-BI-phosphohydrolase were produced by 96.8 % 

of the isolates each. Esterases and lipases are widely distributed within the microbial 

communities functioning in most of environments where they have important 

physiological roles (McQueen and Schottel 1987). Apart from that, alkaline phosphatase 

and acid phosphatase are also prevalent enzymes synthesized by 81.2 % and 78.1 % of 

the Espalamaca isolates (Table 5.4; Fig. 5.2). Interestingly, Esterase (C4), esterase lipase 

(C8), alkaline and acid phosphatase activities were more frequently found in Geobacillus 

strains isolated from shallow hydrothermal vents in Aeolian Islands, Italy (Lentini et al. 

2007). Phosphatase enzymes are a significant component of most of the marine bacteria 

and play a major role in recycling of organic phosphorus to avoid phosphorus limitations 

in marine ecosystem (Hoope 2003). These bacterial taxa have a predominant role in 

supplying phosphorus to heterotrophic and autotrophic microorganisms (Moutin et al. 

2008). High availability of the enzyme phosphatase and moderate level of DNase from 
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the present study area suggested that these two enzymes play an important role in 

phosphorus, carbon and nitrogen cycles in the vent Espalamaca. 

A total of 7 isolates (21.8 %) produced the enzyme β-glucosidase and 12 isolates (37.5 

%) produced valine arylamidase. Other enzymes in the API ZYM stripes are produced 

by very less number of isolates (Table 5.4; Fig.5. 2). None of the isolates produced the 

enzymes β-glucuronidase, α-mannosidase and α-fucosidase.  

 

 

Fig. 5.2. Percentage of bacterial taxa producing enzymes tested in API ZYM
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Table 5.4. Enzymes (in API ZYM) produced by bacterial strains from Espalamaca, Azores  
 

 

 

Enzymes  

Bacterial strains 

VBW 
004 

VBW 
018 

SSW 
083 

VBW 
095 

VBW 
098 

VSW 
114 

VBW 
122 

VBW 
206 

VSW 
210 

SBW 
235b 

VBW 
302 

VSW 
306 

VSW 
310 

SSA 
543 

SSA 
549 

SSA 
555 

Alkaline 

phosphatase 

+ + + + + + - + w + + + + + + + 

Esterase (C 4) + + w + + + + w + + + + + - + + 

Esterase lipase (C 8) + + + + + + + w + + + + + w + + 

Leucine arylamidase + + + + + + + + + + + + + + + + 

Cystine arylamidase w - - - - - - - - - - - + - w w 

Acid phosphatase + + + - + + - + w - + + + + + + 

Naphthol-AS-BI-

phosphohydrolase 

+ + + + + + + + w + + + + + + + 

β-glucosidase - - - - w - - - - - - - + - - - 

Lipase (C 14) + + - - - - - - - - - - - + + - 

Valine arylamidase - - - + + w - - - - + + - - - - 

Trypsin - - - - - - - + - - - + - - - - 

α-chymotrypsin - - - - - - - + - - - - - - - - 

α-galactosidase - - - - - - - - - - - - - - - - 

β-galactosidase - - - - - - - - - - - - - - - - 

α-glucosidase - - - - - - - + + - - + + - - - 

N-acetyl-β-

glucosaminidase 

- - - - - - - - - - - + - - - - 
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(Table 5.4 Continued) 

All strains are negative for β-glucuronidase, α-mannosidase and α-fucosidase. +, positive, -, negative; w, weak reaction;  
 

 

Enzymes 

Bacterial strains 

VSG 
724 

VSG 
829 

VBW 
240 

VSD 
707 

VBW 
088 

VSG 
820 

VSG 
922 

VSW 
331 

VBW 
339 

VBW 
123 

SSW 
136 

SSW 
234 

SSW 
084 

VSW 
109 

SSW 
321 

VBW 
011 

Alkaline 

phosphatase 

+ + + + + + - + - - + w - + - + 

Esterase (C 4) + + + + + + + + + + + + + + + + 

Esterase lipase (C 8) + + + w + + + + + + + + + + + - 

Leucine arylamidase + + + + + + + + + + + + + + + + 

Cystine arylamidase - w - - w - - - - - - - - - - - 

Acid phosphatase + + + + + + - + - w + + - + - w 

Naphthol-AS-BI-

phosphohydrolase 

+ + w w + + + + + + + - + + w + 

β-glucosidase - - - + - - - + + - + + - - - - 

Lipase (C 14) - - - - - - - - - w - - - - - - 

Valine arylamidase - - - - + + - - w - - - - w w w 

Trypsin - - w - - - - - - - - - - - - - 

α-chymotrypsin - - + - - - - - - - - - - - - - 

α-galactosidase - - - - - - - - - - - + - - - - 

β-galactosidase - - - - - w - - + - - w - - - - 

α-glucosidase - - - - - - - + w - + w - - - + 

N-acetyl-β-

glucosaminidase 

w - - - - - - - - - - - - + - - 
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About 78 % of the bacterial strains were produced ≥10 enzymes. Among them, a strain 

designated VSW306 belong to the genus Cellulophaga synthesized up to 15 enzymes 

(which includes 10 enzymes from API ZYM). Isolates VSW331, VBW339, SSW234, 

VSW114, VSW310 and SSA549 belong to the genera Rhizobium, Devosia, 

Tropicibacter, Maribacter, Hyphomonas and Alcanivorax respectively, were produced 

13 enzymes each (Table 5.5). This indicates that the in situ microbiota might have 

developed the adaptation of genetic and physiological activity for utilizing the high 

content of organic matters via exoenzyme production (Dang et al. 2009). Some of the 

above mentioned isolates not only synthesised more than 10 enzymes but also resistant to 

many metals and element. Presence of these types of organisms in this vent may be an 

added advantage to play a major role in biogeochemical cycle of the vent Espalamaca. 

5.3.2. Phylogenetic analysis of bacterial isolates 

Based on the 16S rRNA gene sequences, 32 strains were selected for enzyme studies 

which belong to two phyla i.e., Bacteroidetes and Proteobacteria of the α- and γ-

Proteobacteria. Identification based on closest neighbour retrieved from EzTaxon-e 

server (Kim et al. 2012a) is placed in Table 5.6. 

5.3.3. Growth characteristics of the bacterial isolates 

Growth of the isolates was found to occur at a pH range of 6 to 9.5. Optimum pH for 

growth was varied from strain to strain. Bacterial isolates preferred temperatures 

between 4 and 40 °C with an optimum of 30 °C for many of the strains. No growth was 

observed on temperatures of above 40 °C (Table 5.6). It is worth mentioning here that 

maximum temperature in this hydrothermal vent was observed to be 35 °C, hence the 

bacterial groups preferred mesophilic conditions for growth (optimum at 25 – 37 °C). 
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Table 5.5. Multiple enzymes (≥13) produced by the Espalamaca isolates 

 

Strain Enzymes produced Number of 
enzymes 

VSW331 Catalase, Oxidase, Urease, Lipase, Agarase, Alkaline phosphatase, Esterase (C 4), Esterase lipase (C 8), Leucine 

arylamidase, Acid phosphatase, Naphthol-AS-BI-phosphohydrolase, β-glucosidase, α-glucosidase 

13 

VBW339 Catalase, Oxidase, Urease, Gelatinase, Xanthine dehydrogenase, Esterase (C 4), Esterase lipase (C 8), Leucine arylamidase, 

Naphthol-AS-BI-phosphohydrolase, β-glucosidase, Valine arylamidase, β-galactosidase, α-glucosidase 

13 

SSW234 Catalase, Oxidase, Lipase, Agarase, Alkaline phosphatase, Esterase (C 4), Esterase lipase (C 8), Leucine arylamidase, Acid 

phosphatase, β-glucosidase, α-galactosidase, β-galactosidase, α-glucosidase 

13 

VSW114 Catalase, Oxidase, Urease, Amylase, Lipase, Agarase, Alkaline phosphatase, Esterase (C 4), Esterase lipase (C 8), Leucine 

arylamidase, Acid phosphatase, Naphthol-AS-BI-phosphohydrolase, Valine arylamidase 

13 

VSW306 Catalase, Gelatinase, Dnase, Lipase, Agarase, Alkaline phosphatase, Esterase (C 4), Esterase lipase (C 8), Leucine 

arylamidase, Acid phosphatase, Naphthol-AS-BI-phosphohydrolase, Valine arylamidase, Trypsin, α-glucosidase, N-acetyl-

β-glucosaminidase 

15 

VSW310 Catalase, Oxidase, Nitrate reductase, Lipase, Alkaline phosphatase, Esterase (C 4), Esterase lipase (C 8), Leucine 

arylamidase, Cystine arylamidase, Acid phosphatase, Naphthol-AS-BI-phosphohydrolase, β-glucosidase, α-glucosidase 

13 

SSA549 Catalase, Oxidase, Gelatinase, Dnase, Lipase, Alkaline phosphatase, Esterase (C 4), Esterase lipase (C 8), Leucine 

arylamidase, Cystine arylamidase, Acid phosphatase, Naphthol-AS-BI-phosphohydrolase, Lipase (C 14) 

13 
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Bacterial isolates obtained from this study were having a wide range of salinity tolerance 

(0 – 15 % NaCl). Growth of strains VBW004, VBW018 and SSA555 belong to the 

genera Alcanivorax were observed at a maximum concentration of NaCl (15 %) in the 

present study. Strains VBW302 and SBW235b were able to grow up to 13 % NaCl. 

Growth of half the isolates from the present study area was found to occur with ≥10 % 

NaCl. Only few isolates (SSW321, SSW083, VSW114 and VSW306) did not prefer to 

grow with ≥5 % NaCl, otherwise all the remaining stains were able to grow well with ≥5 

% NaCl. The detailed salinity ranges for growth and optimum concentrations are given 

in Table 5.6. The salinity results suggested that most of the bacteria are belonging to the 

category of moderate halophiles (5 – 10 % NaCl) and few of them are slight halophiles 

(2 – 5 % NaCl). 

Mesophilic enzymes are the biological catalysts, which perform their role in normal 

temperatures. Even though the Espalamaca isolates were belong to mesophilic category, 

the enzymes produced by these isolates may have flexible temperature ranges. For 

instance, studies conducted by us in similar kind of shallow water hydrothermal vent in 

D. Joao de Castro Seamount (DJCS, Azores) revealed that mesophilic bacteria are 

producing enzymes which are very well active at 70 °C (Mohandass et al. 2012). In 

addition to this, majority of the Espalamaca isolates are well adapted to survive with 

various heavy metals (chapter 4). The current results on bacterial growth explained, most 

of the Espalamaca strains preferred to grow well with neutral pH, temperature 30 °C and 

wide preference of NaCl (0-15 %). Though the enzyme studies carried out here at pH 

7.5, 30 °C with 1.5 % NaCl, further characterization on these enzymes with optimal 

growth characteristics (given in Table 5.6) may have better prospects in enzyme activity 

and their stability to apply in biotechnological industries such as starch processing, 

detergent, animal feeds, textiles and tanning. 
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Table 5.6. Growth characteristics and 16S rRNA gene sequence based identity of bacteria from Azorean Island 

Strain no. Identification by  

16S rRNA gene sequence 

GenBank  

Accession no. 

pH range  

(opt) 

Temp range  

(opt) °C 

Salinity 

(opt) % 
VBW088 Vitellibacter nionensis KC534174 6-8 (6) 10-37 (30) 1-5 (1-2) 

VSG820 Ruegeria lacuscaerulensis  KC534405 6-8 (6) 15-37 (25) 2-10 (3-5) 

VSG922 Neptunomonas naphthovorans  KC534445 6-9 (7-8) 10-40 (30) 2-10 (6-8) 

VSW331 Rhizobium vignae  KC534384 6-8 (8) 4-40 (30) 0-10 (3-5) 

VBW339 Devosia subaequoris KC534392 6-9 (7-8) 4-40 (30) 2-10 (5) 

VBW123 Sulfitobacter donghicola  KC534320 6-9 (7) 10-40 (37) 3-10 (7) 

SSW136 Nioella nitratireducens KC534331 6-8 (6) 10-37 (30) 2-11 (8) 

SSW234 Tropicibacter naphthalenivorans  KC534265 6-8 (8) 15-37 (30) 1-10 (4) 

SSW084 Roseovarius azorensis KC534172 7-9 (7) 15-40 (30) 0.5-7 (4-5) 

VSW109 Maribacter doktonensis  KC534309 6-8 (8) 10-35 (30) 1-8 (5) 

VBW004 Alcanivorax borkumensis KC534144 7-9.5 (7) 10-35 (30) 1-15 (5-7) 

VBW018 Alcanivorax borkumensis KC534150 7-9.5 (7) 10-35 (30) 1-15 (5-7) 

SSW083 Limnobacter thiooxidans  KC534171 6-9.5 (7-8) 15-37 (37) 1-3 (2) 

VBW095 Aequorivita antarctica KC534177 6-9 (7) 10-37 (30) 1-6 (3) 

VBW098 Cyclobacterium marinum  KC534179 6-9.5 (7) 4-40 (30) 2-8 (3) 

VSW114 Maribacter dokdonensis  KC534314 6-8 (7) 10-35 (30) 2-5 (3) 

VBW122 Alcanivorax jadensis KC534319 7-9 (7) 15-37 (30) 1-9 (5) 
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VBW206 Hyphomonas oceanitis KC534239 6-9.5 (7) 10-30 (30) 1-9 (3) 

VSW210 Citreicella marina  KC534242 6-9.5 (7) 4-40 (30) 1-10 (6) 

SBW235b Sagittula stellata KC534267 6-9.5 (7) 10-35 (30) 1-13 (3-4) 

VBW302 Hyphomonas johnsonii  KC534366 6-9.5 (6-7) 10-37 (30) 1-13 (7-8) 

VSW306 Cellulophaga tyrosinoxydans KC534369 7-8 (7) 10-35 (30) 1-4 (2) 

VSW310 Hyphomonas johnsonii  KC534373 6-9 (7) 10-35 (30) 1-6 (3) 

SSA543 Alcanivorax borkumensis KC534220 7-9.5 (7) 15-30 (30) 1-9 (5) 

SSA549 Alcanivorax jadensis  KC534225 7-9.5 (7) 15-37 (30) 1-6 (4) 

SSA555 Alcanivorax borkumensis KC534231 7-9.5 (7) 10-40 (37) 1-15 (7-8) 

VSG724 Spongiibacter tropicus  KC534358 7-9.5 (7) 15-40 (37) 1-6 (4) 

VSG829 Pseudoalteromonas prydzensis  KC534414 6-9.5 (7) 10-35 (30) 2-15 (8-10) 

SSW321 Porphyrobacter donghaensis KC534382 6-9 (7) 15-37 (30) 1-4 (3) 

VBW240 Vitellibacter vladivostokensis KC534271 6-8 (7) 10-40 (30) 1-5 (3) 

VSD707 Vibrio plantisponsor  KC534342 6-9 (6) 4-40 (25) 1-10 (4-5) 

VBW011 Hoeflea suaedae KC534148 6-8 (7) 10-40 (30) 0-11 (5-8) 
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In conclusion, the shallow water hydrothermal vent and surrounding regions in 

Espalamaca restrain diverse novel microbes which are dynamic in catabolism by 

producing enormous enzymes. These novel bacteria are mesophilic and moderately 

halophilic in nature. Catalase, oxidase, esterase, lipases, phosphatase, and leucine 

arylamidase are the foremost enzymes produced by the vent strains. Highly abundant 

phosphatase and moderately available protease and DNase from this environment may 

involve in regeneration of nutrients and play a significant role in P, C and N cycles. 

Multiple enzymes producing organism from this vent may be of greater help to use in 

industriesm and environmental applications. 
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6A.1. Introduction 

The family Rhodobacteraceae which belongs to the phylogenetic class α-Proteobacteria 

and comprises of more than 100 recognized genera 

(http://www.bacterio.net/classifgenerafamilies.html#Rhodobacteraceae) was proposed by 

Garrity et al. (2005) with Rhodobacter as the type genus of this family. Around 55 % of 

the genera from the family Rhodobacteraceae consist of only one species, on the other 

side Paracoccus being the largest, includes 40 species. During a comparative study on 

bacterial diversity from shallow water hydrothermal vent and non-vent regions of 

Espalamaca (Azorean Island), a strain designated SSW136T, was isolated from the 

surface seawater of the non-vent region at Espalamaca. The main aim of the present 

investigation was to establish the precise taxonomic position of the strain SSW136T 

using polyphasic approach. 

6A.2. Materials and Methods 

6A.2.1. Isolation and maintenance of the bacterial strain 

The strain SSW136T was obtained from the surface seawater collected from the 

Espalamaca region during September 2010. Serially diluted samples were spread plated 

(100 μL) on diluted sea water nutrient agar (Peptone 1.25 g L-1, Beef extract 0.75 g L-1 

and 1.5 % Agar in 50 % seawater) amended with 1 mM Pb(NO3)2 and incubated for 3 

days at 30 °C. Strain SSW136T was maintained on seawater nutrient agar (SWNA: 

Peptone 5.0 g L-1, Beef extract 3.0 g L-1, 1.5 % Agar prepared in 50 % seawater) at 4 °C 

for short-term maintenance and as a 15 % glycerol suspension at -80 °C for long-term 

maintenance. 
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6A.2.2. Morphological, physiological and biochemical characterization 

Gram staining was carried out using the standard Gram staining method, and counter 

checked by KOH test (Cerny 1978). Motility was determined by hanging drop method 

(Collee et al. 2008) under 1000 × magnification and confirmed by motility agar test. 

Spore staining was performed using Schaeffer and Fulton’s spore stain kit (K006, 

Himedia). Morphological characteristics of strain SSW136T were observed by light 

microscopy (Olympus BX-60) and scanning electron microscopy (Hitachi TM3000). 

Growth at temperature range of 4, 10, 20, 25, 30, 37, 40 and 50 °C was tested on sea 

water nutrient broth (SWNB, the compositions are same as SWNA excluding agar). The 

pH range for growth was determined in SWNB adjusted to pH 4–10 (1 unit increment) 

by using acetate (pH 4–5), carbonate (pH 9–10) (Lee et al. 2012) and phosphate (pH 6–

8) buffer systems (Wang et al. 2012). For pH and temperature experiments, cell densities 

for growth were measured at 600 nm using a spectrophotometer (Cary 300) after 2 days 

incubation. NaCl tolerance tests were examined with different NaCl concentrations from 

0 to 15 % (1 % increment) on nutrient agar (NA) prepared with distilled water. Catalase 

activity was detected by the production of bubbles after the addition of a drop of 3 % 

H2O2 (Smibert and Krieg 1994). Oxidase activity was determined by the oxidation of 

tetramethyl-p-phenylenediamine. Nitrate reduction, Methyl red, Voges-Proskauer tests, 

determination of indole and H2S production, were assessed using Hi25TM 

Enterobacteriaceae identification kit (Himedia). Utilization of various carbon sources 

was determined using API50CH strips (bioMérieux) according to the manufacturer’s 

instructions with inoculation medium API CHB/E amended with marine cations 

supplement (MCS, Farmer and Hickman-Brenner 2006). Hydrolysis of urea and DNA 

were determined on Urea agar base (M112, Himedia) and DNase test agar (M1041, 

Himedia) respectively. Xylan, starch and carboxymethyl cellulose hydrolysis were 
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determined as per the methods provided by Khandeparker et al. (2011). Hydrolysis of 

casein (1 %), gelatin (1 %), Tweens 20 and 80 (1 %), tributyrin (1 %), xanthine (0.4 %) 

and alginate (1 %) (Smibert and Krieg 1994) were tested on SWNA medium. API ZYM 

kit (bioMérieux) was used to analyse the various substrate utilization according to 

manufacturer’s protocol. 

Antibiotic susceptibility tests were performed on SWNA media using antibiotic discs 

(Himedia) containing the following concentrations (μg per disc unless indicated): 

ampicillin (25), kanamycin (30), streptomycin (300), chloramphenicol (25), tetracycline 

(10), ciprofloxacin (30), ceftazidime (30), lincomycin (10), novobiocin (30), neomycin 

(30), vancomycin (5), amoxycillin (30), cefadroxyl (30), tobramycin (10), 

chlortetracycline (30), rifampicin (15), amikacin (30), norfloxacin (10), penicillin-G (2 

IU), polymyxin-B (50 IU) and bacitracin (8 IU). 

6A.2.3. Phylogenetic analyses 

Genomic DNA of strain SSW136T was isolated using DNeasy Blood and Tissue Kit 

(Qiagen) according to the manufacturer’s instructions. The 16S rRNA gene was PCR 

amplified using universal eubacterial primers 27F (5’-AGA GTT TGA TCC TGG CTC 

AG-3’) and 1492R (5’-GGT TAC CTT GTT ACG ACT T-3’) (Lane 1991). The PCR 

products were purified using PCR cleanup kit (Sigma) as per the method provided by the 

manufacturer. Sequencing of the amplified 16S rRNA gene was performed by using the 

automated 3130xl DNA analyzer (Applied Biosystems). The sequence alignment was 

carried out using Clustal W sequence alignment program (Thompson et al. 1994). The 

16S rRNA gene sequences of the neighbouring taxa were obtained from the GenBank 

database. Phylogenetic trees were established with neighbour-joining (Saitou and Nei 

1987) and maximum-parsimony (Fitch 1971) algorithms using MEGA 5 software 
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(Tamura et al. 2011) with bootstrap values based on 1,000 replications (Felsenstein 

1985). 

DNA-DNA hybridization was performed between strain SSW136T and Oceanicola 

litoreus M-M22T by the method proposed by Ezaki et al. (1989). Hybridization was 

performed with five replications for each sample. The highest and lowest values obtained 

in each sample were excluded and the means of the remaining three values are quoted as 

DNA-DNA relatedness values. 

6A.2.4. Chemotaxonomy 

Cell biomass of the strain SSW136T for the analysis of polar lipids and isoprenoid 

quinones was obtained from the cultures grown in LB broth (M1245, Himedia) prepared 

in 50 % seawater for 2 days at 30 °C. For the analysis of whole cell fatty acids, strain 

SSW136T and Oceanicola litoreus M-M22T were harvested from MA plates after 

cultivation for 5 days at 30 °C. Fatty acids were saponified, methylated and extracted 

using the standard procedure of Sherlock microbial identification system (MIDI 6.2B). 

The fatty acids were analysed by Gas Chromatograph (Hewlett Packard 6890) and 

identified using TSBA 6.0 database (Sasser 1990). Polar lipids were extracted and 

examined according to the procedures described by Collins et al. (1980). Briefly, polar 

lipids were extracted from freeze-dried cells and separated by two dimensional silica gel 

thin layer chromatography (Merck). The first direction was developed in 

chloroform/methanol/water (65:25:3.8, by vol.) and the second direction was developed 

in chloroform/methanol/acetic acid/water (40:7.5:6:1.8, by vol.). Total lipid material and 

specific functional groups were detected using molybdophosphoric acid (total lipids), 

molybdenum blue spray reagent (phosphate), ninhydrin (free amino groups), periodate-

Schiff (α-glycols), and α-naphthol reagent (sugars). Isoprenoid quinones were 
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determined as depicted by Minnikin et al. (1984). The DNA G+C content of strain 

SSW136T was determined by reverse-phase HPLC of nucleosides according to Mesbah 

et al. (1989).  

6A.3. Results and Discussion 

Morphological observations of 2 days old colonies grown in SWNA media were 

observed to be punctiform, white, convex and circular in shape. Strain SSW136T was 

found to be a Gram negative, non-motile, rod shaped (Fig. 6A.1) and non-spore forming 

bacterium. The temperature range for growth was determined to be 10–37 °C, with 

optimal growth at 30 °C. The pH range for growth was determined to be 6–8, with 

optimal pH 6. Growth of strain SSW136T was observed at NaCl concentrations between 

2 and 11 %, with an optimum of 8 %. Strain SSW136T was found to be susceptible to all 

the tested antibiotics. Strain SSW136T was distinguishable from the closely related taxa 

by differences in several phenotypic characteristics represented in Table 6A.1. 

 

Fig. 6A.1. Scanning electron microscopic image of the strain SSW136T 



130 
 

Table 6A.1. Characteristics that differentiate strain SSW136T and closest type strains in 

the family Rhodobacteraceae 

 

Characteristic  1 2 3 4 5 

Colony colour† Wh GY C GY GY 

Cell size (>10 μm) + - - - - 

Motility - - + - - 

Growth at 4 °C - + - - - 

Growth at 40 °C - + - + + 

Growth at 10 % NaCl + - - - - 

Nitrate reduction + - + + - 

Hydrolysis of:      

Casein - - + + - 

Gelatin + + - - - 

Tween 20 - + - + - 

Tween 80 - + - + - 

Aesculin + + - + + 

Urea - + - ND - 

API ZYM results*      

Lucine arylamidase + + - + + 

Acid phosphatase + - - + + 

Naphthol-AS-BI-

phosphohydrolase 

- - - + W 

α-galactosidase + - - - - 

β-galactosidase W - - - + 

α-glucosidase W - - - - 

N-Acetyl-β-

glucosaminidase 

- - - - + 

Major polar lipids PC, PG, 

PE, PL, AL 

PC, PG, 

PE, AL, L 

ND PC, PG, 

PE, AL 

PG, DPG, 

PE, PL, GL 

DNA G+C content 

(mol%) 

63.5 67.6 58.6 59.9 67.0 
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Strains: 1, SSW136T; 2, Oceanicola litoreus M-M22T; 3, Roseovarius aestuarii SMK-

122T; 4, Marivita geojedonensis DPG-138T; 5, Pseudoruegeria aquimaris SW-255T; 6, 

Jannaschia cystaugens CFPB-A9T. Data for column 2 (except *asterisk) were taken from 

Park et al. 2013; Data for columns 3, 4, 5 were taken from Yoon et al. (2007, 2008 and 

2013). Data for column 1 and asterisk (*) shown in column 2 were obtained from this 

study. +, positive; -, negative; W, weak; ND, No data available; †Wh, white; C, cream; 

GY, greyish yellow. All five taxa are positive for catalase, oxidase, alkaline phosphatase, 

esterase (C4) and esterase lipase (C8). All are negative for Gram-staining, starch 

hydrolysis, lipase (C14), valine arylamidase, cystine arylamidase, trypsin, α-

chymotrypsin, β-glucuronidase, β-glucosidase, α-mannosidase and α-fucosidase. Polar 

lipids: AL, unidentified aminolipid; PL, unidentified phospholipid; GL, unidentified 

glycolipid; DPG, diphosphatidylglycerol; PC, phosphatidylcholine; PE, 

phosphatidylethanolamine; PG, phosphatidylglycerol; L, unidentified lipid. 

 

The major isoprenoid quinone was determined to be Q-10. Polar lipids of the strain 

SSW136T consisted of phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylglycerol, two unidentified aminolipids and three unidentified phospholipids 

(Fig. 6A.2). Cellular fatty acid analysis revealed that C18:1 ω7c (46.5 %), Cyclo-C19:0 ω8c 

(16.0 %) and C16:0 (12.8 %) are the major components (Table 6A.2) observed in 5 days 

old culture. Whereas, in 2 days old culture C18:1 ω7c (62.6 %) and C16:0 (20.0 %) are 

dominant (Table 6A.3). The proportion of Cyclo-C19:0 ω8c was found to be lower (2.9 

%) in 2 days and tried to be higher with longer incubation of 5 days (16.0 %). At the 

same time, proportion of major fatty acid C18:1 ω7c was reduced nearly 16 % as the 

cultures got older. It may be estimated that there is difference between the growth phases 

of strain SSW136T and Oceanicola litoreus M-M22T. Comparative analysis with 

Oceanicola litoreus M-M22T revealed that Methyl-C19:0 ω7c, C12:0 3-OH and C16:0 2-OH 

were detected only in strain SSW136T. Further, Strain SSW136T could be distinguished 

from its closest relative Oceanicola litoreus M-M22T by the differences in proportions of 



132 
 

fatty acids (Table 6A.2). The chemotaxonomic properties of strain SSW136T i.e., 

ubiquinone Q-10, the presence of phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylglycerol and the large proportion of unsaturated fatty acid C18:1 ω7c are 

similar to those described for phylogenetically related genera of the order 

Rhodobacterales, class α-Proteobacteria (Romanenko et al. 2011). However, strain 

SSW136T differed from their closest relatives by some unidentified phospholipids and 

aminolipids, and the percentage variations of fatty acids (Table 6A.2). The DNA G+C 

content of the strain SSW136T was determined to be 63.5 mol% which matched the 

values reported for related type strains (58.6 – 67.6 mol%). 

 

Fig. 6A.2. Two-dimensional TLC of polar lipids of the strain SSW136T 

PL, unidentified phospholipid; AL, unidentified aminolipid; PE, 

phosphatidylethanolamine; PG, phosphatidylglycerol; PC, phosphatidylcholine. 
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Table 6A.2. Cellular fatty acid compositions of strain SSW136T and closest type strain 

Oceanicola litoreus M-M22T. 

Fatty acids 1 2 

C16:0 12.8 7.1 

C17:0 - 1.7 

C18:0 2.1 11.5 

C10:0 3-OH 3.3 4.3 

C12:0 3-OH 3.5 - 

C16:0 2-OH 3.7 - 

C18:1ω7c 46.5 65.4 

Methyl-C18:1ω7c  8.4 - 

Cyclo-C19:0 ω8c 16.0 5.0 

Summed feature 3 - 1.1 

Strains: 1, SSW136T; 2, Oceanicola litoreus M-M22T. Data were obtained from this 

study. Fatty acids that represented ≥1.0 % are given. Summed feature 3 contained C16:1 

ω7c and/or iso-C15:0 2-OH. 

Table 6A.3. Cellular fatty acid compositions of strain SSW136T with different time 

interval 

Fatty acids A B 

C14:0 1.0 - 

C16:0 20.0 12.8 

C18:0 4.0 2.1 

C10:0 3-OH 2.3 3.3 

C12:0 3-OH 2.0 3.5 

C16:0 2-OH - 3.7 

C18:1ω7c 62.5 46.5 

Methyl-C18:1ω7c  1.7 8.4 

Cyclo-C19:0 ω8c 2.9 16.0 
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Fatty acids extracted from two days old culture (A) and five days old culture (B) of strain 

SSW136T. Fatty acids that constituted <1.0 % were omitted.  

The nearly complete 16S rRNA gene sequence of the strain SSW136T (1,411 nt) has 

highest similarity values with the type strains of the family Rhodobacteraceae. EzTaxon-

e (Kim et al. 2012a) showed closest similarities to Oceanicola litoreus M-M22T (96.3 %) 

Roseovarius aestuarii SMK-122T (95.9 %), Marivita geojedonensis DPG-138T (95.7 %), 

Pseudoruegeria aquimaris SW-255T (95.5 %), Marivita cryptomonadis CL-SK44T (95.4 

%), Tropicimonas sediminicola M97T (95.4 %), Roseibacterium elongatum DSM 19469T 

(95.4 %), Celeribacter neptunius H 14T (95.3 %), Jannaschia cystaugens CFPB-A9T 

(95.2 %), Roseovarius tolerans EL-172T (95.2 %), Roseisalinus antarcticus EL-88T (95.2 

%) Roseovarius nubinhibens ISMT (95.2 %), Jannaschia donghaensis DSW-17T (95.1 

%), Roseovarius lutimaris 112T (95.1 %) and Thioclava pacifica DSM 10166T (95.0 %). 

The remaining type strains of the Rhodobacteraceae members had similarity of <95 %.  

Various phylogenetic tree algorithms (neighbour-joining and maximum-parsimony) 

based on 16S rRNA gene sequences (Fig. 6A.3 and Fig. 6A.4) revealed a close 

phylogenetic relationship between strain SSW136T and members of the family 

Rhodobacteraceae by forming a separate branch within the type species of closely 

related genera. In addition, Strain SSW136T exhibited DNA-DNA relatedness value of 

14.3±4.5 % to Oceanicola litoreus M-M22T. This information confirms that the strain 

SSW136T belongs to a novel genus within the Roseobacter lineage of the α-

Proteobacteria. 

6A.4. Description of Nioella gen. nov. 

Nioella (N.L. fem. dim. n. Nioella, arbitrary name after NIO, the National Institute of 

Oceanography, where the taxonomic study of this taxon was conducted). 
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Cells are Gram-negative, aerobic, non-spore forming, rod shaped bacteria that are 

positive for catalase and oxidase. Sodium ions are necessary for growth. Predominant 

quinone is Q-10. The polar lipids comprised of phosphatidyl ethanolamine, phosphatidyl 

glycerol, phosphatidyl choline, two unidentified aminolipids and three unidentified 

phospholipids. Major fatty acids are C18:1 ω7c, Cyclo-C19:0 ω8c and C16:0. The DNA 

G+C content is 63.5 mol%. Based on 16S rRNA gene sequence, the genus represents a 

separate branch within the class α-Proteobacteria, closely related to the genera, 

Oceanicola, Roseovarius, Marivita and Pseudoruegeria. The type species is Nioella 

nitratireducens. 

 

Fig. 6A.3. Neighbour-joining phylogenetic tree showing the relationship of strain 

SSW136T and phylogenetically related species of the family Rhodobacteraceae based on 

16S rRNA gene sequences. Numbers at the nodes indicate percentage bootstrap values 

above 50 (1000 replicates). Bar, 0.02 substitutions per nucleotide position. 

Sphingomonas astaxanthinifaciens TDMA-17T (AB277583) was used as an out group. 
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Fig. 6A.4. 16S rRNA gene sequence based Maximum-parsimony phylogenetic tree 

showing the relationship of strains SSW136T and its closest neighbours of the class α-

Proteobacteria from the GenBank database. 

 

6A.5. Description of Nioella nitratireducens sp. nov. 

Nitratireducens (N.L. n. nitratum, nitrate; L. v. reducens, bringing back to a state or 

condition; N.L. part. adj. nitratireducens, reducing nitrate). 

Cells are aerobic, Gram-staining negative, non-motile and small rods- long rod shaped 

(0.6–0.9 × 2.4–13.5 μm). Colonies on SWNA are punctiform, white, convex, circular 

and opaque after incubation at 30 °C for 48 h. Optimal growth temperature is 30 °C; 

growth occurs between 10 and 37 °C but not at 40 °C. Optimal pH for growth is 6.0; 
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growth occurs at pH 6.0–8.0. Optimum NaCl concentration for growth is 8 % (w/v); 

growth occurs in the presence of 2–11 % of NaCl (w/v). Mg2+ ions are not required for 

growth. Catalase and oxidase are positive. Nitrate is reduced to nitrite. Gelatin and 

aesculin are hydrolyzed but Tweens 20, and 80, casein, starch, agar, alginate, xylan, 

CMC, DNA, urea and xanthine are not. Acid is produced from erythritol, L-arabinose, 

D-xylose, D-adonitol, D-galactose, D-glucose, D-fructose, D-mannose (weak), D-

mannitol, D-sorbitol, D-cellobiose, D-maltose, D-lactose (weak), D-turanose, D-fucose 

and D-arabitol. In assays with the API ZYM system, alkaline phosphatase, esterase (C 

4), esterase lipase (C 8), leucine arylamidase,  acid phosphatase, α-galactosidase, β-

galactosidase (weak) and α-glucosidase (weak) activities are present, but lipase (C 14), 

valine arylamidase, cystine arylamidase, trypsin, α-chymotrypsin, naphthol-AS-BI-

phosphohydrolase, β-glucuronidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-

mannosidase and α-fucosidase activities are absent. The main respiratory quinone is Q-

10. The major fatty acids (>10 %) are C18:1 ω7c (46.5 %), Cyclo-C19:0 ω8c (16.0 %) and 

C16:0 (12.8 %). The major polar lipids are phosphatidylethanolamine, 

phosphatidylglycerol, phosphatidylcholine, two unidentified aminolipids and three 

unidentified phospholipids. The DNA G+C content of the type strain is 63.5 mol%. 

The GenBank/EMBL/DDBJ accession number of the 16S rRNA gene sequence of strain 

SSW136T is KC534331. The type strain, SSW136T (= KCTC 32417T = NCIM 5499T), 

was isolated from coastal surface seawater at the Espalamaca, Azores, Portugal. 
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6B.1. Introduction 

The genus Roseovarius, a member of the family Rhodobacteraceae within the class α-

Proteobacteria, was first created by Labrenz et al. (1999) with a type strain, Roseovarius 

tolerans EL-172T. The type species was characterized as Gram negative, rod-shaped, 

bacteriochlorophyll a (BChl a) positive, Q-10 as major quinone, C18:1 as major fatty 

acids and to require Na+ for growth. At the time of writing, the genus Roseovarius 

comprises 14 species with validly published names: Roseovarius tolerans (Labrenz et al. 

1999), Roseovarius nubinhibens (González et al. 2003), Roseovarius crassostreae 

(Boettcher et al. 2005), Roseovarius mucosus (Biebl et al. 2005), Roseovarius aestuarii 

(Yoon et al. 2008), Roseovarius halotolerans (Oh et al. 2009), Roseovarius pacificus 

(Wang et al. 2009), Roseovarius nanhaiticus (Wang et al. 2010a), Roseovarius indicus 

(Lai et al. 2011a), Roseovarius marinus (Jung et al. 2011), Roseovarius halocynthiae 

(Kim et al. 2012b), Roseovarius litoreus (Jung et al. 2012), with recent proposal of R. 

sediminilitoris (Park and Yoon 2013) and R. lutimaris (Choi et al. 2013). In addition the 

species Roseovarius marisflavi has recently been proposed (Li et al. 2013b). The 

members of the genus have been isolated from various aquatic environments, including 

seawater, sediment and lake. The main aim of the present study was to determine the 

precise taxonomic position of strain SSW084T, which was isolated from Espalamaca, 

North Atlantic Ocean. This study uses a polyphasic approach that consists of 

determination of phenotypic and chemotaxonomic properties along with a detailed 

phylogenetic investigation based on 16S rRNA gene sequences. As a result of these 

studies, strain SSW084T is considered to represent a novel species of the genus 

Roseovarius, for which Roseovarius azorensis sp. nov is proposed. 
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6B.2. Materials and Methods 

6B.2.1. Isolation and maintenance of the bacterial strain 

Surface seawater was collected from the Espalamaca region in the Azores, Portugal 

(38°33’N; 28°39’W) during September 2010. Strain SSW084T was isolated from a 

colony grown at 30 °C for 2 days on seawater nutrient agar (SWNA= nutrient agar 

prepared in 50 % seawater). Strain SSW084T was purified by repeated streaking on 

SWNA. Strain SSW084T was maintained on SWNA at 4 °C for short-term maintenance 

and as 15 % glycerol suspensions at -80 °C for long-term preservation. 

6B.2.2. Growth studies on various media 

The growth of the strain SSW084T was checked in various media i.e.,  tryptic soy agar 

(TSA, Himedia), TSA prepared with 3 % NaCl, TSA prepared in 50 % seawater, nutrient 

agar prepared in artificial seawater (ASWNA) and Zobell marine agar (MA, Himedia). 

6B.2.3. Morphological, physiological and biochemical characterization 

Colony morphology (colour, shape, size, opacity, elevation) was observed using a colony 

counter. Gram staining (K001, Himedia) and motility by hanging drop (Collee et al. 

2008) of strain SSW084T was examined using light microscopy (Olympus BX-60) with 

1000× magnification. The cell morphology was examined by scanning electron 

microscopy (JEOL JSM-5800LV). Salinity tolerance of strain SSW084T was 

investigated in nutrient agar medium prepared in distilled water with NaCl 

concentrations of 0 – 15 % (w/v; 1 % increment) with and without adding Mg2+ and Ca2+ 

(4.53 g L-1 MgCl2; 5.94 g L-1 MgSO4; 1.3 g L-1 CaCl2). In addition to this, strain 

SSW084T was also tested in nutrient agar prepared with various seawater concentrations 
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(0, 25, 50, 75 and 100 %). The pH range for growth was determined by adjusting the pH 

of the SWNB medium (nutrient broth prepared in 50 % seawater) using various buffers 

to pH 4–5 (citrate buffer), pH 6–8 (phosphate buffer) and pH 9–10 (carbonate buffer). 

Growth at various temperatures 4, 10, 15, 20, 30, 37, 40 and 45 °C was also determined 

by using SWNB medium. In above experiments, cell densities for growth were measured 

at 600 nm using a spectrophotometer (Cary 300) after 2 days incubation. 

For analysis of BChl a, strain SSW084T was cultivated aerobically in the dark at 30 °C in 

SWNB medium. The cells were harvested by centrifugation at a speed of 10,000 rpm for 

10 min. The cell pellet was used for extraction with methanol and the methanol solution 

was filtered in the dark. The filtered solution was examined for light absorbance 

spectrum from 400–900 nm with a spectrophotometer (Cary 300) to detect BChl a in the 

region of 766-772 nm (Shiba et al. 1979; Yoon et al. 2004). 

Catalase activity was tested using the 3 % (v/v) H2O2 method (Smibert and Krieg 1994) 

and oxidase activity was determined using oxidase discs (DD018, Himedia, India). 

Hydrolysis of casein (1 %), gelatin (1 %), Tween 20 and 80 (1 %), tributyrin (1 %), 

xanthine (0.4 %) and alginate (1 %) (Smibert and Krieg 1994) were tested on SWNA 

medium. Hydrolysis of urea and DNA was determined on Urea agar base (M112, 

Himedia) and DNase test agar (M1041, Himedia) respectively. Xylan, starch and 

carboxymethyl cellulose (CMC) hydrolysis were determined using the methods provided 

by Khandeparker et al. (2011). Other enzyme activities were determined using API ZYM 

strips (BioMérieux) and acid production from carbohydrates was tested with API-CH-50 

(BioMérieux) tests using inoculation medium API CHB/E (BioMérieux) amended with 

marine cations supplement (MCS, Farmer and Hickman-Brenner 2006) according to the 

manufacturers’ instructions. Antibiotic susceptibility tests were performed using 
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antibiotic discs (Himedia) containing the following concentrations (μg per disc unless 

indicated): amikacin (30), amoxicillin (30), ampicillin (25), bacitracin (8 IU), cefadroxyl 

(30), ceftazidime (30), chloramphenicol (25), chlortetracycline (30), ciprofloxacin (30), 

kanamycin (30), lincomycin (10), neomycin (30), norfloxacin (10), novobiocin (30), 

penicillin-G (2 IU), polymyxin-B (50 IU), rifampicin (15), streptomycin (300), 

tetracycline (10), tobramycin (10) and vancomycin (5). 

6B.2.4. Chemotaxonomic analysis 

Cell biomass of strain SSW084T for the analysis of isoprenoid quinones and polar lipids 

was obtained from cultures grown in LB broth (M1245, Himedia) prepared in 50 % 

seawater for 2 days at 30 °C. Analysis of whole cell fatty acids of the isolate was 

performed according to the Microbial Identification System TSBA 6.0 (Sasser 1990) 

after cultivation on SWNA for 3 days at 30 °C. Polar lipids were extracted and examined 

according to the procedures described by Collins et al. (1980). Briefly, Polar lipids were 

extracted from freeze-dried cells and separated by two dimensional silica gel thin layer 

chromatography (Merck). The first direction was developed in 

chloroform/methanol/water (65:25:3.8, by vol.) and the second in 

chloroform/methanol/acetic acid/water (40:7.5:6:1.8, by vol.). Total lipid material and 

specific functional groups were detected using molybdophosphoric acid (total lipids), 

molybdenum blue spray reagent (phosphate), ninhydrin (free amino groups), periodate-

Schiff (α-glycols), and α-naphthol reagent (sugars). Isoprenoid quinones were 

determined as described by Minnikin et al. (1984). The genomic DNA for G+C content 

analysis was extracted using phenol method provided by Mesbah et al. (1989). The DNA 

G+C content of strain SSW084T was determined by reverse-phase HPLC of nucleosides 

according to Mesbah et al. (1989). 
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6B.2.5. Phylogenetic analyses 

Genomic DNA of strain SSW084T was isolated using a DNeasy Blood and Tissue Kit 

(Qiagen) according to the manufacturer’s instructions. The 16S rRNA gene was 

amplified using the bacterial consensus primers 27F and 1492R (Lane 1991). The PCR 

amplified 16S rRNA gene was purified with a PCR cleanup kit (Sigma) according to the 

manufacturer’s instructions. DNA sequencing was performed using an automated 3130xl 

Genetic analyzer (Applied Biosystems). The sequence was aligned using Clustal W 

sequence alignment program (Thompson et al. 1994). The 16S rRNA gene sequences of 

the neighbouring taxa were obtained from the GenBank database. Phylogenetic trees 

were established with neighbour-joining (Saitou and Nei 1987) and maximum-parsimony 

(Fitch 1971) algorithms using MEGA 5.0 software (Tamura et al. 2011) with bootstrap 

values based on 1,000 replications (Felsenstein 1985). 

6B.3. Results and Discussion 

Cells of strain SSW084T appeared as rod shaped, Gram-negative, approximately 0.6–0.8 

μm wide and 1.3–2.0 μm long (Fig. 6B.1); Cells were found to be motile and non-spore 

forming. The colonies of the strain SSW084T were observed to be punctiform, white, 

circular, convex, smooth and translucent on SWNA media after 48 h. Strain SSW084T 

did not grow on medium with NaCl as a sole salt and was found to require 25 – 100 % 

seawater or 0.5 – 7.0 % NaCl with Mg2+ and Ca2+. Strain SSW084T did not grow on 

marine agar and tryptic soy agar even when seawater supplemented. When tested on 

SWNB, growth of the strain SSW084T was observed at temperatures between 15 and 40 

°C with optimum growth at 30 °C, but no growth was observed at 10 and 45 °C. Growth 

of strain SSW084T was found to occur at a pH range of 7.0–9.0 with an optimum pH of 

7.0. Differences between morphological and physiological characteristics of strain 
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SSW084T compared with the closest related type strains of the genus Roseovarius are 

given in Table 6B.1. Usually Roseovarius species are either pigmented or cream in 

colour and some of them are able to produce the pigment BChl a, whereas strain 

SSW084T is non-pigmented and could not produce BChl a. In addition strain SSW084T 

was found to be susceptible to the following antibiotics: amikacin, amoxicillin, 

ampicillin, bacitracin, cefadroxyl, ceftazidime, chloramphenicol, chlortetracycline, 

ciprofloxacin, kanamycin, lincomycin, neomycin, norfloxacin, novobiocin, penicillin-G, 

polymyxin-B, rifampicin, streptomycin, tetracycline, tobramycin and vancomycin. 

 

 

Fig. 6B.1. Scanning electron micrograph of strain SSW084T after growth for 3 days at 30 

°C on SWNA 
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Table 6B.1. Characteristic that differentiate strain SSW084T and the closely related type strains of the genus Roseovarius 

Characteristic  SSW084T R. tolerans R. mucosus R. lutimaris R. aestuarii 

Pigmentation Non-pigmented Red Faintly pink Beige Cream 

Cell morphology Rod Rod Rod Ovoid/Rod Ovoid/Rod 

Cell size 0.6–0.8×1.3–2.0 0.7–1.0×1.1–2.2 0.5–0.7×1.3–3.0 0.4–0.8×2.0–3.0 0.3–0.6×0.8–3.5 

Motility  + + - + + 

Catalase  - + + + + 

Oxidase  + W + + + 

Growth ranges      

  pH 7.0–9.0 5.9–9.0 6.0–8.8 5.0–9.0 7.0–8.0 

  Temperature (°C) 15–40 8–33.5 20–40 15–40 10–37 

  NaCl (%) 0.5–7.0 1.0–10.0 1.0–7.0 1.0–6.0 0.5–7.0 

BChl a - + + - - 

Nitrate reduction + - - + + 

Gelatin liquefaction - - + - - 

Enzyme activities*      

Alkaline phosphatase - + + + W 

  Valine arylamidase - + + W - 

  Cystine arylamidase - + W - - 

  Trypsin - W - - - 
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  Acid phosphatase - + + - - 

Acid production from*      

  D-Arabinose - + + + ND 

  D-Galactose - + + + - 

  D-Glucose - - + W - 

  D-Fructose - + + + - 

  D-Mannitol - - + - - 

  D-Sorbitol - - + W - 

DNA G+C content (mol%) 61.9 62.2–63.8 60.9–62.9 58.2 58.6 

Isolation source Sea water Lake water Dinoflagellate Tidal flat Tidal flat 

 

Data for R. tolerans, R. mucosus, R. lutimaris and R. aestuarii are taken from Labrenz et al. (1999), Biebl et al. (2005), Choi et al. (2013) 

and Yoon et al. (2008) respectively. All strains are positive for esterase (C4) and esterase lipase (C8). All strains are negative for citrate 

utilization, indole production, hydrolysis of starch, Tween 20 & 80, α-chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, α-

glucosidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase and α-fucosidase. +, positive; -, negative; W, weak; ND, not 

determined; *Data for R. tolerans, R. mucosus, R. lutimaris taken from Choi et al. (2013). 
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The 16S rRNA gene sequence obtained from the strain SSW084T was found to be 

closely related to those of R. tolerans EL-172T, R. mucosus DFL-24T and R. lutimaris 

with sequence similarities of 95.72, 95.39 and 95.30 % respectively, which are below the 

threshold generally considered necessary of species delineation (Stackebrandt and 

Goebel 1994). Other related species of the genus Roseovarius showed <95 % similarity 

in EzTaxon-e (Kim et al. 2012a). The nearly full sequence (1,379 nucleotides) of the 16S 

rRNA gene of strain SSW084T has been deposited in GenBank under accession number 

KC534172. Neighbour-joining phylogenetic analysis based on 16S rRNA gene 

sequences revealed that the strain SSW084T formed a phylogenetic lineage with R. 

tolerans EL-172T and R. mucosus DFL-24T (bootstrap value 79; Fig. 6B.2). The 

maximum-parsimony algorithm also confirmed the relationship of the strain SSW084T 

with R. tolerans EL-172T and R. mucosus DFL-24T (Fig. 6B.3). 

Strain SSW084Twas found to contain Q-10 as the major respiratory quinone, which is 

consistent with other Roseovarius species (Garrity and Holt 2001). The polar lipid profile 

of strain SSW084Twas found to consist of phosphatidylethanolamine, 

diphosphatidylglycerol, phosphatidylglycerol, phosphatidylcholine, an unidentified lipid 

and one unidentified aminolipid (Fig. 6B.4). The polar lipids are thus very similar to 

those of R. mucosus and R. tolerans (Labrenz et al. 1999; Biebl et al. 2005). The major 

fatty acids found in SSW084T were C18:1 ω7c (52.5 %) and C16:0 (13.8 %), which are 

similar to the profiles of the type strains of R. mucosus and R. tolerans (Table 6B.2). 

However, C18:2 reported as second major fatty acid in R. tolerans which was not detected 

in the strain SSW084T. The genomic G+C content was found to be 61.9 mol% which is 

consistent with species of the genus Roseovarius. 
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Table 6B.2. Fatty acid composition of strain SSW084T and the closest related type 

strains R. tolerans and R. mucosus. 

Fatty acids SSW084T R. tolerans R. mucosus 

C12:0 4.5 - 3.1 

C16:0 13.8 6.2 13.1 

C18:0 4.1 0.8 1.8 

C18:2 - 10.6 - 

C12:0 2-OH - 2.4 2.5 

C12:0 3-OH 3.8 - - 

C12:1 3-OH - 3.6 1.7 

iso-C11:0 3-OH 8.3 - - 

iso-C18:1 H 1.3 - - 

C18:1ω7c 52.5 70.2 69.4 

Methyl-C18:0 - - 2.1 

Methyl-C18:1ω7c 1.7 - 2.1 

C18:1ω9c 2.4 - - 

Cyclo-C19:0ω8c 2.1 - - 

Cyclo-C19:1 - - 3.7 

C16:1ω6c/ C16:1ω7c 1.9 - - 

Data for R. tolerans and R. mucosus are taken from Labrenz et al. (1999) and Biebl et al. 

(2005) respectively. 
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Fig. 6B.2. Neighbour-joining tree showing the phylogenetic relationship of strain 

SSW084T and phylogenetically related species of the family Rhodobacteraceae based on 

16S rRNA gene sequences. Bootstrap percentages (1,000 replications) are shown at 

branching points and the values >50 % are shown. Sphingomonas astaxanthinifaciens 

TDMA-17T (AB277583) was used as an out group. Scale bar 0.02 substitutions per 

nucleotide position. 
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Fig. 6B.3. Maximum-parsimony tree showing the phylogenetic relationship of strain 

SSW084T and phylogenetically related species of the family Rhodobacteraceae based on 

16S rRNA gene sequences 
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Fig. 6B.4. Two-dimensional TLC of total polar lipids of the strain SSW084T.  PE, 

phosphatidylethanolamine; PG, phosphatidylglycerol; PC, phosphatidylcholine; AL, 

unidentified aminolipid; DPG, diphosphatidylglycerol; L, unidentified lipid 

 

In summary, from the phenotypic, genotypic and chemotaxonomic data presented above 

it can be concluded that the strain SSW084T is a member of the genus Roseovarius but 

can be distinguished from previously described species of the genus (Table 6B.1). Strain 

SSW084T therefore represents a novel Roseovarius species, for which we proposed the 

name Roseovarius azorensis sp. nov. 

6B.4. Description of Roseovarius azorensis sp. nov 

Roseovarius azorensis (azo.ren′sis, N.L. masc. adj. azorensis, after the portug. Islas dos 

Azores, pertaining to the Azorean Islands, the source of the sample from which the type 

strain was isolated). 
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Gram-negative, rod shaped (0.6–0.8 × 1.3–2.0 μm), motile by gliding and non-spore 

forming. The colonies are punctiform, non-pigmented, circular, convex, smooth and 

translucent on SWNA medium. Requires 25 – 100 % seawater for its growth or can grow 

with salinity range of 0.5 – 7.0 % NaCl in the presence of Mg2+ and Ca2+; does not grow 

with NaCl alone. Growth is observed at temperature ranges from 15–40 °C and at pH 

7.0–9.0. The optimum temperature and pH for growth are 30 °C and 7.0 respectively. 

BChl a is not produced. Oxidase positive but catalase negative. Nitrate reduction is 

positive. Acid production is observed from the substrate potassium 5-keto gluconate but 

not from other carbohydrates in the API-CH-50 gallery. Aesculin is hydrolyzed but 

starch, DNA, gelatin, Tween 20 and 80, casein, tributyrin, xanthine, alginate, urea, xylan 

and CMC are not hydrolysed. Positive (in API ZYM strips) for esterase C4, esterase 

lipase C8, lucine arylamidase and naphthol-AS-BI-phosphohydrolase but negative for 

alkaline phosphatase, trypsin, α-glucosidase, β-glucosidase, acid phosphatase, lipase 

C14, valine arylamidase, cystine arylamidase, α-galactosidase, β-galactosidase, β-

glucuronidase, α-mannosidase, α-fucosidase, N-acetyl-β-glucosaminidase, α-

chymotrypsin. The polar lipids are phosphatidylethanolamine, diphosphatidylglycerol, 

phosphatidylglycerol, phosphatidylcholine, an unidentified lipid and one unidentified 

aminolipid. The predominant ubiquinone is Q-10. The major fatty acids are C18:1 ω7c and 

C16:0. The G+C content of the type strain is 61.9 mol%. 

The type strain, SSW084T (= KCTC 32421T = MTCC 11812T), was isolated from 

surface seawater at Espalamaca, Azores (North Atlantic Ocean), Portugal. The 

GenBank/EMBL/DDBJ accession number of the 16S rRNA gene sequence of strain 

SSW084T is KC534172. 
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6C.1. Introduction 

The genus Vitellibacter, a member of the family Flavobacteriaceae, phylum 

Bacteroidetes, was first established by Nedashkovskaya et al. (2003). At the time of 

writing the genus Vitellibacter comprised of only three validly described species, 

Vitellibacter vladivostokensis (Nedashkovskaya et al. 2003), Vitellibacter aestuarii (Kim 

et al. 2010) and Vitellibacter soesokkakensis (Park et al. 2014). During our investigation 

on culturable bacterial diversity from shallow water hydrothermal vent of Espalamaca 

(Azores, Portugal), we have revealed some novel bacterial taxa belong to the phylum 

Bacteroidetes. Strain VBW088T was isolated and characterized in this study. The main 

aim of the present investigation was to determine the precise taxonomic place for strain 

VBW088T using a polyphasic approach.  

6C.2. Materials and methods 

6C.2.1. Sampling and strain isolation 

A shallow water hydrothermal vent in Espalamaca (38°33’N; 28°39’W) which is located 

in the Faial Island, Azores, North Atlantic Ocean, was identified in 2010. Gaseous 

discharges from the vents are mainly composed of CO2, low concentration of methane, 

temperature 35 °C and pH 5.7 (Colaço, personal communication). Bottom water sample 

from the venting area was collected in September 2010 by scuba diving under Indo-

Portugal bilateral program. For isolation of heterotrophic bacteria, serial dilutions of the 

samples were spread plated on seawater nutrient agar (SWNA: peptone 5.0 g L-1, beef 

extract 1.5 g L-1, yeast extract 1.5 g L-1, 1.5 % agar prepared in 50 % seawater). The 

plates were incubated for 2 days at 30 ± 1 °C. Morphologically different colonies were 

picked and repeatedly quadrant streaked on the same medium to get pure cultures. 



153 
 

Subsequently, the growth of strain VBW088T was checked on tryptic soy agar (TSA) 

prepared in 50 % seawater, marine agar 2216 (MA: M384, Himedia) and nutrient agar 

prepared with artificial seawater (ASWNA). Strain VBW088T was maintained at 4 °C on 

SWNA and as 15 % glycerol suspensions at -80 °C for long-term storage. 

6C.2.2. Phylogenetic analysis 

Genomic DNA was extracted with a DNeasy Blood and Tissue Kit (Qiagen) according to 

the manufacturer’s instructions. For 16S rRNA genes amplification, eubacterial primers 

27F and 1492R were used (Lane 1991). The PCR amplified 16S rRNA gene product was 

purified with PCR cleanup kit (Sigma) according to the manufacturer’s instructions. The 

purified 16S rRNA gene was sequenced on automated DNA sequencer 3130xl Genetic 

Analyzer (Applied Biosystems, Foster City, CA) with the bacterial primers 27F, 518F, 

1053F and 1492R. The acquired near-full-length sequences were subjected to a BLASTn 

on the National Center for Biotechnology Information (NCBI) and EzTaxon-e (Kim et 

al. 2012a) server to identify the sequences with the highest similarity. Multiple and 

pairwise sequence alignment were performed using Clustal W sequence alignments 

program (Thompson et al. 1994). Neighbour-joining (Saitou and Nei 1987), maximum-

parsimony (Fitch 1971) and maximum-likelihood (Felsenstein 1981) methods were used 

to reconstruct phylogenetic trees using MEGA5 software program (Tamura et al. 2011). 

The topology of the phylogenetic trees was evaluated by bootstrap analysis method of 

Felsenstein (1985) with 1,000 replications. The genomic DNA isolation and 

determination of G+C content by reverse-phase HPLC of nucleosides were done 

according to the protocol described by Mesbah et al. (1989). DNA-DNA hybridization 

was performed fluorometrically by the method of Ezaki et al. (1989) using photobiotin-

labelled DNA probes in microdilution wells. Hybridization was performed with five 



154 
 

replications for each sample. The highest and lowest values obtained in each sample 

were excluded and the means of the remaining three values are quoted as DNA-DNA 

relatedness values. 

6C.2.3. Morphological, physiological and biochemical characterization 

Gram staining was carried out by using the standard Gram reaction (K001, Himedia) and 

by using the KOH method (Cerny 1978). Colony morphology was observed using a 

colony counter and motility by hanging drop method. Cell morphology was examined 

using light microscopy (Nikon TS100) and scanning electron microscopy (Hitachi 

TM3000). Growth under anaerobic condition was determined on MA after incubation for 

10 days in an anaerobic system with an AnaeroPack (Himedia, Mumbai). For growth at 

different pH, the nutrient broth was buffered with citrate (pH 4-5) phosphate (pH 6-8) 

and carbonate (pH 9-10) buffer systems. Growth was tested on nutrient broth at 4, 10, 20, 

25, 30, 37, 40, 45 and 50 °C. In above experiments, cell densities for growth were 

measured at 600 nm using a spectrophotometer (Cary 300) after 2 days of incubation. 

Growth in the presence of 0–15 % NaCl (w/v, at 1.0 % intervals) was investigated in 

nutrient agar prepared in distilled water. Requirement of Mg2+ was investigated on 

nutrient agar prepared in distilled water with 4.53 g L-1 MgCl2.6H2O without NaCl. Acid 

production from carbohydrates was determined using API 50CH kit (bioMérieux) 

according to the manufacturer’s instructions using inoculation medium API CHB/E 

amended with marine cations supplement (MCS, Farmer & Hickman-Brenner 2006). 

The methyl red and Voges-Proskauer tests, production of indole and H2S, sodium 

malonate utilisation and nitrate reduction were assessed using Hi25TM Enterobacteriaceae 

identification kit (Himedia).  
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Catalase activity was tested using 3 % (v/v) H2O2 drop method (Smibert and Krieg 1994) 

and oxidase activity was determined using the oxidase discs (DD018, Himedia). 

Carboxymethyl cellulose (CMC), xylan and starch hydrolysis were determined as per the 

methods of Khandeparker et al. (2011). Hydrolysis of urea and DNA was determined on 

Urea agar base (M112, Himedia) and DNase test agar (M1041, Himedia) respectively. 

Hydrolysis of casein (1 %), gelatin (1 %), agar (2 %) Tweens 20 and 80 (1 %), tributyrin 

(1 %), xanthine (0.4 %) and alginate (1 %) (Smibert and Krieg 1994) were tested on 

SWNA medium. Other enzyme activities were assayed using API ZYM strips 

(bioMérieux) according to the manufacturer’s protocol. Antibiotic susceptibility tests 

were performed in SWNA medium using antibiotic discs (Himedia) containing the 

following concentrations (μg/disc): amikacin (30), amoxicillin (30), ampicillin (25), 

bacitracin (8 IU), cefadroxyl (30), ceftazidime (30), chloramphenicol (25), 

chlortetracycline (30), ciprofloxacin (30), kanamycin (30), lincomycin (10), neomycin 

(30), norfloxacin (10), novobiocin (30), penicillin G (2 IU), polymyxin B (50 IU), 

rifampicin (15), streptomycin (300), tetracycline (10), tobramycin (10) and vancomycin 

(5). The results were observed after 2 days incubation at 30 °C. 

6C.2.4. Chemotaxonomic analysis 

Strain VBW088T and V. soesokkakensis RSSK-12T were cultivated on MA at 30 °C for 3 

days and harvested for Fatty acid methyl ester (FAME). Fatty acids were saponified, 

methylated and extracted using the standard protocol of MIDI (Sherlock Microbial 

Identification System, version 6.2B). The fatty acids were analysed by GC (Hewlett 

Packard 6890) and identified by using the TSBA6 database of the Microbial 

Identification System (Sasser 1990). Cell biomass of strain VBW088T for the analysis of 

isoprenoid quinones and polar lipids was obtained from cultures grown for 2 days at 30 
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°C in seawater LB broth (M1245, Himedia). Isoprenoid quinones were analyzed by using 

high performance liquid chromatography (HPLC) and polar lipids were extracted 

according to the method of Minnikin et al. (1984). Briefly, Polar lipids were extracted 

from freeze-dried cells and separated by two dimensional silica gel thin layer 

chromatography (Merck). The first direction was developed in 

chloroform/methanol/water (65:25:3.8, by vol.) and the second in 

chloroform/methanol/acetic acid/water (40:7.5:6:1.8, by vol.). Total lipid material and 

specific functional groups were identified using molybdophosphoric acid (total lipids), 

molybdenum blue spray reagent (phosphate), ninhydrin (free amino groups), periodate-

Schiff (α-glycols), and α-naphthol reagent (sugars). In addition, three days old cells 

grown on SWNA medium were suspended in methanol and pigments were extracted. 

UV-Vis scan was recorded from 200 to 900 nm in methanol using UV-Vis 

spectrophotometer (Cary 300). The KOH test (Reichenbach 1992) was carried out to 

assess the flexirubin type pigments following the minimal standards for the description 

of new taxa in the family Flavobacteriaceae (Bernardet et al. 2002). The results are 

presented in a standardized format as described by Kämpfer et al. (2003). 

6C.3. Results and discussions  

The colonies of strain VBW088T were small, yellow and circular on MA and SWNA. 

The cells were Gram-negative and non-spore forming short-rods that are 0.3–0.4 μm 

wide and 0.8–1.0 μm long (Fig. 6C.1). Growth occurs between 10 and 37 °C (optimum 

30 °C) at pH 6–8 (optimum pH 6.0) with NaCl concentration of 1–5 % NaCl (optimum 

1–2 %). The results obtained from this study concluded that strain VBW088T showed 

characteristics that were consistent with those of the genus Vitellibacter, for instance 

being Gram-negative, rod-shaped, non-motile, yellow-orange pigmented and oxidase 



157 
 

positive (Nedashkovskaya et al. 2003; Kim et al. 2010). Differences noticed on 

morphological and physiological characteristics of strain VBW088T with the closest type 

strains of Vitellibacter are given in Table 6C.1.  

 

Fig. 6C.1. Scanning electron microscopic picture of strain VBW088T 

Nearly full length 16S rRNA gene sequence of strain VBW088T (GenBank accession 

number KC534174) was compared with the sequences from the GenBank database 

(http://www.ncbi.nlm.nih.gov). 16S rRNA gene sequence similarity values between 

strain VBW088T and other validly named species of the genus Vitellibacter in EzTaxon-

e database are V. soesokkakensis RSSK-12T (97.3 %), V. vladivostokensis KMM 3516T 

(96.2 %) and V. aestuarii JC2436T (95.1 %). On the other hand, the species of the genus 

Aequorivita also very close to the genus Vitellibacter and had similarity values between 

94.6 – 96.5 %. However, both neighbour-joining and maximum-parsimony phylogenetic 

trees confirmed that strain VBW088T clustered within the clade comprising Vitellibacter 

species (Fig. 6C.2 and Fig. 6C.3). In addition, DNA-DNA hybridization between strain 

VBW088T and V. soesokkakensis RSSK-12T showed a low DNA-DNA relatedness 

(12.7±3.5 %). 
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Table 6C.1. Differential characteristic between strain VBW088T and type strains of 

Vitellibacter species 

Characteristic  1 2 3 4 

Pigmentation Y Y Y-O Y-O 

Cell size (≥5 μm) - + + + 

Gliding motility - + - - 

Growth at 40 °C - - + + 

Growth at 4 °C - - + - 

Catalase + + + - 

NaCl range for growth (%)* 1-5 0-12 1-6 2-6 

Hydrolysis of:†     

  DNA - ND + + 

  Tween 80* + + - - 

Acid production from†     

  Potassium 5-keto gluconate + ND - - 

  D-galactose* - + - - 

API ZYM*     

  Lipase (C14) - - - W 

  Cystine arylamidase W + - + 

  Trypsin - + + - 

  α-chymotrupsin - - + - 

DNA G+C content (mol%) 36.7 38.9 41.3 48.7 

Strains: 1, VBW088T (present study); 2, V. soesokkakensis RSSK-12T (Park et al. 2014); 

3, V. vladivostokensis KMM 3516T (Nedashkovskaya et al. 2003); 4, V. aestuarii 

JC2436T (Kim et al. 2010). *Data for column 1, 2 and 3 from this study; †Data for 

column 1 and 3 from present study. Y, yellow; O, orange; Y-O, yellow to orange; +, 

positive reaction; -, negative reaction; W, weakly positive; ND, not determined. All 

strains were positive for oxidase; hydrolysis of casein, gelatin and Tween 20; alkaline 

phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, 

acid phosphatase and naphthol-AS-BI-phosphohydrolase. All strains were negative for 

anaerobic growth; Gram-staining; nitrate reduction; hydrolysis of starch; α-galactosidase, 

β-galactosidase, β-glucuronidase, α-glucosidase, β-glucosidase, α-mannosidase and α-

fucosidase.  
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Strain VBW088T was sensitive to the following antibiotics: amoxicillin, ampicillin, 

cefadroxyl, ceftazidime, chloramphenicol, chlortetracycline, ciprofloxacin, lincomycin, 

norfloxacin, novobiocin, penicillin G, rifampicin, streptomycin, tetracycline and 

vancomycin; resistant to the following antibiotics: amikacin, bacitracin, kanamycin, 

neomycin, polymyxin B and tobramycin. 

The whole cell fatty acid profile of strain VBW088T could not provide a precise 

identification in MIDI database, which concluded that this strain belonged to a novel 

species. The predominant fatty acids of strain VBW088T are iso-C15:0 (33.5 %) and iso-

C17:0 3-OH (32.0 %). The fatty acids profile of strain VBW088T and the type strains of 

Vitellibacter are almost similar although differences in the percentage (Table 6C.2). 

Even though strain VBW088T and V. soesokkakensis RSSK-12T were only analysed from 

this study, fatty acids profile of other two type strains V. vladivostokensis KMM 3516T 

and V. aestuarii JC2436T were also compared since same media and growth conditions 

had been used in Park et al. (2014) for the fatty acid analysis. The polar lipid profile 

consisted of phosphatidylethanolamine as major component followed by three 

unidentified phospholipids and one unidentified aminolipid (Fig. 6C.4). The major 

isoprenoid quinone was menaquinone (MK-6) that is consistent with other Vitellibacter 

species. The G+C content of strain VBW088T was 36.7 mol% which is very close to V. 

soesokkakensis RSSK-12T but however, other two type strains were reported to have 

more than 40 mol% (Nedashkovskaya et al. 2003; Kim et al. 2010).  
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Table 6C.2. Fatty acid profile of the strain VBW088T and type strains of Vitellibacter 

species 

Fatty acid 1 2 3 4 

C16:0 1.2 1.4 2.9 1.4 

C17:0 2-OH 1.4 1.4 1.0 - 

C17:0 3-OH 2.1 1.3 - - 

iso-C15:0 33.5 34.6 40.1 36.7 

anteiso-C15:0 2.6 3.2 4.5 5.4 

iso-C15:0 3-OH 4.0 4.4 3.3 3.9 

iso-C16:0 2.4 2.4 1.7 1.7 

iso-C16:0 3-OH 2.4 2.3 - 1.4 

iso-C17:0 3-OH 32.0 31.0 25.3 20.8 

iso-C15:1 G 2.6 2.2 1.6 4.7 

iso-C17:1ω9c 8.3 7.1 6.8 6.7 

Summed feature 3 4.2 5.6 5.6 10.9 

 

Strains: 1, VBW088T (present study); 2, V. soesokkakensis RSSK-12T (present study); 3, 

V. vladivostokensis KMM 3516T and 4, V. aestuarii JC2436T (Park et al. 2014). Media 

and growth conditions are similar for all the type strains. Summed feature 3 contained 

C16:1ω6c/ C16:1ω7c; Fatty acids amounting ≥1 % of the totals fatty acids are shown. 
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Fig. 6C.2. Neighbour-joining tree showing the phylogenetic relationship of strain 

VBW088T and phylogenetically related species based on 16S rRNA gene sequences. 

Numbers at the nodes are bootstrap values >50 %. Hymenobacter glaciei VUG-A130T 

(GQ454806) was used as an out-group. Bar, 0.02 substitutions per nucleotide position. 
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Fig. 6C.3. Maximum-parsimony tree based on 16S rRNA gene showing the phylogenetic 

position of the strain VBW088T and related representative taxa.  
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The methanol extract of the yellow pigmented strain VBW088T has absorption peak at 

450 nm (Fig. 6C.5). Some of the yellow pigmented Flavobacterium and 

Zeaxanthinibacter are known to produce carotenoids with absorption maxima of around 

450 nm (Asker et al. 2007). When the extracts were tested for the presence of flexirubin 

pigments by exposing them to KOH, resulted no change of colour which indicated that 

the pigment is not belong to flexirubin (Reichenbach et al. 1980). Interestingly, two of 

the Vitellibacter species were able to produce flexirubin pigments (Nedashkovskaya et 

al. 2003; Kim et al. 2010). 

 

Fig. 6C.4. Two-dimensional TLC of polar lipids of the strain VBW088T. PL 1-3, 

unidentified phospholipids; PE, phosphatidyl ethanolamine; AL, unidentified aminolipid 
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Fig. 6C.5. UV-VIS absorption spectrum of a methanolic extract of the pigment from 

strain VBW088T 

Based on low level of DNA-DNA relatedness (12.7±3.5 %), chemotaxonomic data, 

phenotypic, and phylogenetic inference presented above, it can be concluded that strain 

VBW088T represents a novel species of the genus Vitellibacter, for which the name 

Vitellibacter nionensis sp. nov. is proposed. 

6C.4. Description of Vitellibacter nionensis sp. nov.  

Vitellibacter nionensis (ni.o.nen’sis. N.L. masc. adj. nionensis, arbitrary name from the 

acronym of National Institute of Oceanography, NIO, where taxonomic studies were 

performed). 

Cells are aerobic, Gram-negative, non-spore forming, non-motile and short-rods (0.3–0.4 

× 0.8–1.0 μm). Colonies on MA are circular, raised, smooth, yellow in colour after 

incubation for 48 h at 30 °C. Optimal growth occurs at 30 °C; growth occurs between 10 

and 37 °C. Optimal pH for growth is 6.0; growth occurs at pH 6.0 to 8.0. Optimal growth 
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occurs in the presence of 1 – 2 % (w/v) NaCl; growth occurs in the presence of 5.0 % 

(w/v) NaCl, but not in the absence of NaCl or above 5.0 % (w/v) NaCl. Mg2+ not 

required for growth. Catalase and oxidase are positive. Anaerobic growth does not occur 

on MA. Carotenoid pigment is produced but not flexirubin. Nitrate is not reduced to 

nitrite. Citrate utilization, H2S and indole production, and the ONPG, methyl red and 

Voges Proskauer tests are negative. Gelatin, casein, Tween 20 and Tween 80 are 

hydrolysed, but starch, DNA, CMC, xylan, urea, tributyrin, xanthine and alginate are not 

hydrolysed. Sodium malonate is utilised as a sole carbon source. Detectable levels of 

acid are not produced from carbohydrates except potassium 5-keto gluconate. In assays 

with the API ZYM strips, alkaline phosphatase, esterase (C 4), esterase lipase (C 8), 

leucine arylamidase, valine arylamidase, cystine arylamidase (weak), acid phosphatase 

and naphthol-AS-BI-phosphohydrolase activities are present, but lipase (C 14), trypsin, 

α-chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, β-

glucosidase, N-acetyl- β-glucosaminidase, α-mannosidase and α-fucosidase activities are 

absent. The predominant menaquinone is MK-6. The major fatty acids are iso-C15:0 and 

iso-C17:0 3-OH. The major polar lipids are phosphatidyl ethanolamine, one unidentified 

aminolipid and three unidentified phospholipids. The DNA G+C content of the type 

strain is 36.7 mol%. 

The type strain is VBW088T (= KCTC 32420T = MCC 2354T), isolated from shallow 

water hydrothermal vent of Espalamaca, Azores (North Atlantic Ocean), Portugal. The 

GenBank/EMBL/DDBJ accession number of the 16S rRNA gene sequence of strain 

VBW088T is KC534174. 
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6D.1. Introduction 

The genus Citreicella, a member of the phylum α-Proteobacteria, was proposed by 

Sorokin et al. (2005). At the time of writing, the genus Citreicella includes only three 

validly published species, Citreicella thiooxidans (Sorokin et al. 2005), Citreicella 

aestuarii (Park et al. 2011) and Citreicella marina (Lai et al. 2011b). During our 

investigation on culturable bacterial diversity from a shallow water hydrothermal vent in 

Espalamaca (Azores, Portugal), several manganese resistant bacteria were isolated 

(Chapter 4). In this study, we characterized one of these isolates, designated strain 

VSW210T which was isolated from surface sea water. The aim of the present 

investigation was to determine the precise taxonomic position of strain VSW210T using a 

polyphasic approach. 

6D.2. Materials and methods 

6D.2.1. Study area and strain isolation 

Surface seawater was collected from shallow hydrothermal vent in Espalamaca region 

(38°33’N; 28°39’W), Azores, Portugal through an Indo-Portugal bilateral program 

during September 2010. For isolation of this bacteria, serially diluted water samples were 

spread plated on diluted seawater nutrient agar (dSWNA: peptone 1.25 g L-1, beef extract 

0.75 g L-1, 1.8 % agar prepared in 50 % seawater) amended with 1 mM MnCl2. The 

plates were incubated for up to 3 days at 30 ± 2 °C and morphologically different 

colonies were isolated. Growth of strain VSW210T on marine agar 2216 (MA: M384, 

Himedia) was confirmed and maintained at 4 °C. Strain VSW210T was also stored at -80 

°C in dSWNA with 15 % glycerol. Type strain Citrecella marina CK-I3-6T was 
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purchased from LMG culture collection (LMG 25230) and parallel study was conducted 

with our strain VSW210T. 

6D.2.2. Phylogenetic analysis 

Genomic DNA was extracted with a DNeasy Blood and Tissue Kit (Qiagen) following 

the manufacturer’s instructions and the 16S rRNA gene was PCR amplified with 

eubacterial primers 27F/1492R (Lane 1991). The PCR amplified 16S rRNA gene was 

purified with PCR cleanup kit (Sigma) and sequenced on 3130xl Genetic Analyzer 

(Applied Biosystems). Nearly full length 16S rRNA gene sequence (1373 nt) was 

subjected to a BLASTn on the National Center for Biotechnology Information (NCBI) to 

determine an approximate phylogenetic affiliation and EzTaxon-e (Kim et al. 2012a) to 

identify similarity values between the isolate and related taxa. Sequences were aligned 

using Clustal W (Thompson et al. 1994) and phylogenetic trees were constructed using 

neighbour-joining (Saitou and Nei 1987), maximum-parsimony (Fitch 1971) and 

maximum-likelihood (Felsenstein, 1981) methods with MEGA version 5.2 (Tamura et al. 

2011). The topology of the phylogenetic trees was estimated by bootstrap analysis with 

1,000 replications (Felsenstein 1985).  

For DNA-DNA hybridization experiments, genomic DNA was extracted and purified 

according to the method of Marmur (1961). The analysis was done by fluorimetry using 

a Step One Plus Real-Time PCR system (Applied Biosystems) fitted with 96 well 

thermal cycling block in 96 well plate (Loveland-Curtze et al. 2011). The reassociation 

of DNA was carried out at optimum reassociation temperature 78.0 °C [Tor = 0.51 × (% 

G+C) + 47.0] according to De Ley et al. (1970) and Gillis et al. (1970). Resulted DNA-

DNA relatedness values are the average of triplicates. DNA G+C content was 
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determined by reverse-phase HPLC of nucleosides following the protocol described by 

Mesbah et al. (1989). 

6D.2.3. Morphological and biochemical characteristics 

Gram staining (K001, Himedia) and motility (Collee et al. 2008) of strain VSW210T was 

examined using light microscopy (Olympus BX-60) with 1000× magnification. The cell 

morphology was examined using a scanning electron microscope (JEOL JSM-5800LV). 

Growth under anaerobic condition was determined on MA after incubation for 10 days in 

an anaerobic system with an AnaeroPack (Himedia, Mumbai). The pH range for growth 

was determined by adjusting the pH of the marine broth 2216 (MB: M385, Himedia) 

using various buffers to pH 4–5 (citrate buffer), pH 6–8 (phosphate buffer) and pH 9–10 

(carbonate buffer) and cell densities for growth were measured at 600 nm using a 

spectrophotometer (Cary 300) after 3 days of incubation. Temperature dependent growth 

was tested on MA at 4, 10, 20, 25, 30, 37, 40, 45 and 50 °C. Salinity tolerance of strain 

VSW210T was investigated in nutrient broth (NB: M088, Himedia) prepared in distilled 

water with NaCl concentrations of 0 – 15 % (w/v; 1 % increment) with and without 

adding Mg2+ and Ca2+ (4.53 g L-1 MgCl2; 5.94 g L-1 MgSO4; 1.3 g L-1 CaCl2).  

Catalase activity was tested using 3 % (v/v) H2O2 drop method (Smibert and Krieg 1994) 

and oxidase activity was determined using the oxidase discs (DD018, Himedia). 

Hydrolytic enzyme tests were determined as described previously (section 6C.2.3.) on 

MA and other enzymes were tested using API ZYM (bioMérieux) according to the 

manufacturer’s protocol. Acid production from carbohydrates was determined using API 

50CH kit (bioMérieux) following the manufacturer’s instructions using inoculation 

medium API CHB/E amended with marine cations supplement (MCS, Farmer and 

Hickman-Brenner 2006). Antibiotic susceptibility tests were performed in seawater 
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nutrient agar (SWNA: peptone 5.0 g L-1, beef extract 1.5 g L-1, yeast extract 1.5 g L-1, 1.5 

% agar prepared in 50 % seawater) using antibiotic discs (Himedia) containing the 

following concentrations (μg/disc): amikacin (30), amoxicillin (30), ampicillin (25), 

bacitracin (8 IU), cefadroxyl (30), ceftazidime (30), chloramphenicol (25), 

chlortetracycline (30), ciprofloxacin (30), kanamycin (30), lincomycin (10), neomycin 

(30), norfloxacin (10), novobiocin (30), penicillin G (2 IU), polymyxin B (50 IU), 

rifampicin (15), streptomycin (300), tetracycline (10), tobramycin (10) and vancomycin 

(5). The results were observed after 3 days incubation at 30 °C. 

6D.2.4. Chemotaxonomic analysis 

Strain VSW210T was cultivated on MA at 30 °C for 2 days and harvested for Fatty acid 

methyl ester (FAME). Fatty acids were saponified, methylated and extracted using the 

standard protocol of Microbial Identification System TSBA 6.0 (Sasser 1990). Cell 

biomass of strain VSW210T for the analysis polar lipids was obtained from cultures 

grown for 2 days at 30 °C in MB. Polar lipids were extracted from freeze-dried cells and 

separated by two dimensional silica gel thin layer chromatography (Merck) as described 

previously (section 6C.2.4). 

6D.3. Results and discussion  

Cells of strain VSW210T appeared as Gram-staining-negative, rod shaped (Fig. 6D.1), 

non-motile and non-spore forming. The colonies of the strain VSW210T were observed 

to be small, non-pigmented, circular, convex and smooth on MA and dSWNA media 

after 48 h. Strain VSW210T did not grow on medium with NaCl as a sole salt and was 

found to require Mg2+. Growth of the strain VSW210T was observed at temperatures 

between 4 and 40 °C with optimum growth at 30 °C and at a pH range of 6.0–9.0 with an 
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optimum pH of 7.0. Differences between morphological and physiological characteristics 

of strain VSW210T compared with the closest related type strains of the genus Citreicella 

are given in Table 6D.1. Strain VSW210T was susceptible to all the antibiotics tested.  

Further, strain VSW210T was detected to oxidize soluble Mn(II) to insoluble Mn(III/IV) 

oxides (detailed results are given in Chapter 4.3).  

 

Fig. 6D.1. Scanning electron microscopic picture of strain VSW210T showing rod-

shaped cells 

The 16S rRNA gene sequence of the strain VSW210T was closely related with 

Citreicella marina CK-I3-6T with sequence similarity of 99.6 %. However, DNA-DNA 

hybridization between VSW210T and C. marina CK-I3-6T showed a low DNA-DNA 

relatedness (55.8 %). The determined DNA-DNA relatedness was less than 70 %, the 

recommended threshold value generally considered for species delineation (Stackebrandt 

and Goebel 1994). 16S rRNA gene sequence similarity values between strain VSW210T 

and other validly named species of the genus Citreicella in EzTaxon-e database were C. 
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thiooxidans CHLG 1T (96.9 %) and C. aestuarii AD8T (96.5 %). Neighbour-joining and 

maximum-parsimony phylogenetic analysis based on 16S rRNA gene sequences 

revealed that the strain VSW210T formed a separate subclade with C. marina CK-I3-6T 

(Fig. 6D.2 and Fig. 6D.3).  

Table 6D.1. Differential characteristics between strain VSW210T and closest type strains 

of species of the genus Citreicella 

Characteristic 1 2 3 

NaCl range for growth (%, w/v) 0-12 0-12 0.5-16* 

pH range for growth 6-9 6-9 6.5-8.5* 

Temperature range for growth (°C) 4-40 4-37 8-35* 

API-CH50    

Glycerol, L-arabinose, D-xylose, D-galactose, L-

rhamnose, methyl-bD-xylopyranoside, D-lactose, D-

melibiose, D-arabitol, L-fucose 

+ + - 

Erythritol, salicin, D-trehalose, D-lyxose, potassium 

gluconate, potassium 5-keto gluconate 

- - + 

L-xylose - + + 

D-adonitol - + - 

L-sorbose + - - 

D-sorbitol w + + 

Gentibiose - w - 

API ZYM    

Alkaline phosphatase w + + 

Esterase (C4), Esterase lipase (C8) + + w 

Lipase (C14), Cystine arylamidase, α-chymotrypsin, 

β-glucosidase 

- - w 

Valine arylamidase - - + 

Naphthol-AS-BI-phosphoamidase w + - 

DNA G+C content (mol%) 67.4 67.5† 67.5-69.2* 
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Strains: 1, VSW210T (present study); 2, Citreicella marina CK-I3-6T (present study) 

(†Lai et al. 2011b); 3, Citreicella thiooxidans CHLG 1T (Lai et al. 2011b; *Sorokin et al. 

2005). All strains were positive for catalase and oxidase; leucine arylamidase, α-

glucosidase; acid production from D-arabinose, D-ribose, D-glucose, D-fructose, D-

mannose, D-mannitol, esculin, D-cellobiose, D-maltose, xylitol and D-fucose. All strains 

were negative for Gram-staining; enzymes trypsin, α-galactosidase, β-galactosidase, β-

glucuronidase, N-acetyl-β-glucosaminidase, α-mannosidase, α-fucosidase; acid 

production from dulcitol, inocitol, methyl α-D-glucopyranoside, methyl α-D-

mannopyranoside, N-acetylglucosamine, amygdalin, arbutin, inulin, D-melazitose, D-

raffinose, amidon, glycogen, D-turanose, D-tagatose, L-arabitol, and potassium 2-

ketogluconate. For column 1 and 2, hydrolysis of Tween 20, DNA and agar were 

positive and casein, gelatin, Tween-80, xanthine, xylan, CMC and tributyrin were 

negative. +, Positive; -, negative; w, weak reaction 

Table 6D.2. Fatty acid profile of strain VSW210T and closest type strains of species of 

the genus Citreicella 

Fatty acids 1 2 3 

C12:1 3-OH 2.8 2.3 tr 

C12:0 3-OH - - 1.7 

C10:0 1.7 - - 

C16:0 9.2 7.8 8.6 

C17:0 1.1 tr tr 

C18:1 ω7c 80.1 66.6 74.6 

C18:0 1.3 2.0 2.6 

C18:1 ω7c 11-methyl - 1.9 tr 

C19:0 ω8c cyclo - 10.0 6.6 

Summed feature 3* 3.9 6.3 1.9 

Strains: 1, VSW210T (present study); 2, Citreicella marina CK-I3-6T (Lai et al. 2011b); 

3, Citreicella thiooxidans CHLG 1T (Lai et al. 2011b). Only fatty acids amounting to ≥1 

% of the total are shown. -, not detected; tr, trace amount (<1 %). *Summed features 

contain fatty acids that cannot be separated using standard procedures. Summed feature 3 

contained C16:1 ω7c/ C16:1 ω6c. 
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Fig. 6D.2. 16S rRNA gene sequence based neighbour-joining tree showing the 

phylogenetic relationship of strain VSW210T. Numbers at the nodes are bootstrap values 

>50 %. Sphingomonas astaxanthinifaciens TDMA-17T (AB277583) was used as an out-

group. Bar, 0.02 substitutions per nucleotide position. 
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Fig. 6D.3. Maximum-parsimony tree based on 16S rRNA gene sequence showing the 

phylogenetic position of the strain VSW210T and related members. 
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The polar lipid profile of strain VSW210T was found to consist of phosphatidylcholine, 

phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol and one 

unidentified phospholipid (Fig. 6D.4). The major fatty acids found in strain VSW210T 

were C18:1 ω7c (80.1 %) and C16:0 (9.2 %), which were almost comparable to the profiles 

of the type strains Citreicella marina CK-I3-6T and C. thiooxidans CHLG 1T (Table 

6D.2). However, the fatty acid C19:0 ω8c cyclo which was reported (>5 %) in Citreicella 

marina CK-I3-6T and C. thiooxidans CHLG 1T, was not detected in strain VSW210T. In 

addition to that, fatty acid C10:0 which was observed from strain VSW210T, was not 

observed from the closest type strains. The genomic G+C content was found to be 67.4 

mol% which is unfailing with species of the genus Citreicella. 

 

Fig. 6D.4. Two-dimensional TLC of polar lipids of the strain VSW210T. PL, 

unidentified phospholipid; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PG, 

phosphatidylglycerol; DPG, diphosphatidylglycerol 
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Based on phylogenetic analysis, phenotypic characteristics, chemotaxonomic data and 

low level of DNA-DNA relatedness (55.8 %), it can be concluded that strain VSW210T 

represents a novel species of the genus Citreicella, for which the name Citreicella 

manganoxidans sp. nov. is proposed. 

6D.4. Description of Citreicella manganoxidans sp. nov. 

Citreicella manganoxidans (man.gan.ox'i.dans. N.L. neut. n. manganum manganese; 

M.L. part. adj. oxidans oxidizing; N.L. part. adj. manganoxidans manganese-oxidizing). 

Cells are aerobic, Gram-staining-negative, non-spore-forming and non-motile rods (0.4 – 

1.1 × 1.9 – 5.8 μm). Colonies on MA and dSWNA are circular, raised, smooth and non-

pigmented after incubation for 48 h at 30 °C. Grows in 0–12 % NaCl (optimum 2–6 %), 

at pH 6–9 (optimum 7) and at 4–40 °C (optimum 30 °C). Mg2+ is required for growth. 

Positive for catalase and oxidase. Anaerobic growth does not occur on MA. Nitrate is not 

reduced to nitrite. Tween 20, DNA and agar are hydrolysed, but casein, gelatin, Tween-

80, xanthine, xylan, CMC and tributyrin are not hydrolysed. In assays with API ZYM 

strips, alkaline phosphatase (weak), esterase (C 4), esterase lipase (C 8), leucine 

arylamidase, acid phosphatase (weak), naphthol-AS-BI-phosphohydrolase (weak) and α-

glucosidase activities are present, but lipase (C 14), valine arylamidase, cystine 

arylamidase, trypsin, α-chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, 

β-glucosidase, N-acetyl- β-glucosaminidase, α-mannosidase and α-fucosidase activities 

are absent. Acids produced from the substrates, glycerol, D-arabinose, L-arabinose, D-

ribose, D-xylose, methyl-bD-xylopyranoside, D-galactose, D-glucose, D-fructose, D-

mannose, L-sorbose, L-rhamnose, D-mannitol, D-sorbitol (weak), esculin, D-cellobiose, 

D-maltose, D-lactose, D-melibiose, D-saccharose, xylitol, D-fucose, L-fucose and D-

arabitol. Major fatty acid is C18:1 ω7c. The major polar lipids are phosphatidylcholine, 
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phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol and one 

unidentified phospholipid.  

The type strain, VSW210T (= KCTC 32497T = MCC 2286T), was isolated from surface 

seawater at the shallow hydrothermal vent region in Espalamaca, Azores, Portugal. The 

DNA G+C content of the type strain is 67.4 mol%. The GenBank/EMBL/DDBJ 

accession number of the 16S rRNA gene sequence of strain VSW210T is KC534242. 
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6E.1. Introduction 

The genus Vibrio has been reported from various marine environments including 

seawater, sediments and as symbiont on various organisms ranging from plankton to fish 

(Thompson et al. 2004). Taxonomy of Vibrios has been studied in detail, and has been 

subjected to repeated rearrangements in last 3 decades due to the developments and use 

of molecular methods such as DNA-DNA hybridization, multilocus sequence analysis 

(MLSA) and amplified fragment length polymorphism (AFLP) (Colwell 2006; 

Thompson and Swings 2006; Beaz-Hidalgo et al. 2010; Dieguez et al. 2011). These 

techniques have enhanced the understanding of the taxonomic structure and phylogeny 

of Vibrios (Lasa et al. 2014). At the time of writing, there are 120 validly described 

species of the genus Vibrio, which includes two subspecies. During our investigation on 

culturable bacterial diversity from a shallow water hydrothermal vent in Espalamaca 

(Azores, Portugal), several lead (Pb) resistant bacteria were isolated (Chapter 4). In this 

study, we characterized one of these isolates, designated strain VSD707T which was 

isolated from hydrothermal vent sediments. The main aim of the present investigation 

was to determine the precise taxonomic position of strain VSD707T using a polyphasic 

approach. 

6E.2. Material and methods 

6E.2.1. Strain isolation 

Strain VSD707T was isolated from the sediment sample collected from the shallow water 

hydrothermal vent in Espalamaca region in the Azores, Portugal (38°33’N; 28°39’W) 

through an Indo-Portugal bilateral program during August 2012. For isolation, serially  

diluted sediment samples were spread plated on diluted seawater nutrient agar (dSWNA: 
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peptone 1.25 g L-1, beef extract 0.75 g L-1, 1.8 % agar prepared in 50 % seawater) 

amended with 1 mM Pb(NO3)2. The plates were incubated for 2 days at 30 ± 2 °C and 

morphologically different colonies were isolated. Strain VSD707T was isolated and 

maintained on marine agar 2216 (MA: M384, Himedia) at 4 °C and as 15 % glycerol 

suspensions at -80 °C for long-term maintenance. 

6E.2.2. Morphological, physiological and biochemical characterization 

Gram staining (K001, Himedia) and motility (by hanging drop) of strain VSD707T was 

examined using light microscopy (Olympus BX-60) with 1000× magnification. The cell 

morphology was examined by scanning electron microscopy (JEOL JSM-5800LV). 

Salinity tolerance of strain VSD707T was investigated on nutrient broth (NB: M088, 

Himedia) with 1.5 % agar prepared in distilled water with NaCl concentrations of 0 – 15 

% (w/v; 1 % increment). The pH range for growth was determined by adjusting the pH 

of the SWNB medium (nutrient broth prepared in 50 % seawater) using various buffers 

to pH 4–5 (citrate buffer), pH 6–8 (phosphate buffer) and pH 9–10 (carbonate buffer). 

Growth at various temperatures 4, 10, 15, 20, 30, 37, 40 and 45 °C was also determined 

by using SWNB medium. In above experiments, cell densities for growth were measured 

at 600 nm using a spectrophotometer (Cary 300) after 2 days incubation. 

Catalase activity was determined using 3 % (v/v) H2O2 drop method (Smibert and Krieg, 

1994) and oxidase activity was tested with oxidase discs (DD018, Himedia). Hydrolytic 

enzyme tests were determined as described previously (section 6C.2.3) on MA and other 

enzymes were tested using API ZYM (bioMérieux) according to the manufacturer’s 

protocol. Acid production from carbohydrates was determined using API 50CH kit 

(bioMérieux) following the manufacturer’s instructions using inoculation medium API 

CHB/E amended with marine cations supplement (MCS, Farmer & Hickman-Brenner, 
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2006). Antibiotic susceptibility tests were performed in seawater nutrient agar as 

described previously (section 6C.2.3). 

6E.2.3. Chemotaxonomic analysis 

Cell biomass of strain VSD707T for the analysis of isoprenoid quinones and polar lipids 

was obtained from cultures grown in NB prepared in 50 % seawater for 2 days at 30 °C. 

Analysis of whole cell fatty acids of the isolate was performed according to the 

Microbial Identification System TSBA 6.0 (Sasser 1990) after cultivation on MA for 2 

days at 30 °C. Polar lipids were extracted and examined as described previously (Section 

6C.2.4). The DNA G+C content of strain VSD707T was determined by reverse-phase 

HPLC of nucleosides according to Mesbah et al. (1989). 

6E.2.4. Phylogenetic analyses 

Genomic DNA of strain VSD707T was isolated using a DNeasy Blood and Tissue Kit 

(Qiagen) according to the manufacturer’s protocol. The 16S rRNA gene was amplified 

using the consensus bacterial primers 27F and 1492R (Lane 1991). PCR amplification of 

pyrH (uridine monophosphate kinase gene), recA (recombinase A gene) and gyrB 

(gyrase B gene) were done as described previously by Wang et al. (2010b). The PCR 

amplified 16S rRNA gene was purified with a PCR cleanup kit (Sigma) following the 

manufacturer’s instructions. DNA sequencing was performed using Genetic analyzer 

3130xl (Applied Biosystems). The sequence was aligned using Clustal W sequence 

alignment program (Thompson et al. 1994). The 16S rRNA gene sequence was subjected 

to BLASTn in NCBI database and EzTaxon-e (Kim et al. 2012a) to identify similarity 

values between the isolate and related taxa. Phylogenetic trees were established with 

neighbour-joining (Saitou and Nei 1987) and maximum-parsimony (Fitch 1971) 
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algorithms using MEGA 5.0 software (Tamura et al. 2011) with bootstrap values based 

on 1,000 replications (Felsenstein 1985). 

6E.3. Results and discussion 

The colonies of strain VSD707T were small, colourless to pale yellow and circular on 

MA and SWNA. The cells were Gram-negative, motile and non-spore forming curved 

rods (Fig. 6E.1).  

 

 

Fig. 6E.1. Scanning electron microscopic picture of strain VSD707T 

 

Growth occurs between 4 and 32 °C (optimum 25 °C) at pH 5–9 (optimum pH 6.0) with 

NaCl concentration of 1–10 % (optimum 1–2 %). Mg2+ was not required for growth. 

Strain VSD707T was sensitive to the following antibiotics: amoxicillin, ampicillin, 
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cefadroxyl, ceftazidime, chloramphenicol, chlortetracycline, ciprofloxacin, norfloxacin, 

novobiocin, rifampicin, amikacin, streptomycin, tetracycline, kanamycin, neomycin, 

polymyxin B and tobramycin; resistant to the following antibiotics: vancomycin, 

bacitracin, penicillin G and lincomycin. Differences noticed on morphological and 

physiological characteristics of strain VSD707T with the closest type strain of Vibrio are 

given in Table 6E.1. 

Table 6E.1. Characteristics that differentiate strain VSD707T from its closest neighbour 

Vibrio plantisponsor MSSRF60T 

Characteristics  VSD707T MSSRF60T 

Growth temperature (°C)  4-32 (25) 10-40 (28) 

Salinity range (%) 1.0-10 0.5-8.0 

Indole production - + 

Casein hydrolysis - + 

Citrate utilization - + 

Acid production from   

D-xylose - + 

D-sorbitol + - 

Amygdalin - + 

D-lactose - + 

D-raffinose - + 

Glycogen - + 

D-arabitol + - 

Potassium gluconate - + 

β-galactosidase - + 

DNA G+C content (mol%) 46.9 41.8 

Isolation source Hydrothermal vent sediment Mangrove roots 

Strains: VSD707T, Vibrio azorensis sp. nov. (present study); MSSRF60T, Vibrio 

plantisponsor (Rameshkumar et al. 2011). Both the taxa are positive for motility, 

catalase, oxidase, nitrate reduction, hydrolysis of starch, acid production from L-



183 
 

arabinose, D-ribose, D-galactose, D-glucose, D-fructose, D-mannose, L-rhamnose, D-

mannitol, N-acetyl glucosamine, arbutin, salicin, D-cellobiose, D-maltose, D-saccharose, 

D-trehalose and gentibiose. Both the taxa are negative for Gram-staining, H2S 

production, lysine utilization, Voges Proskauer’s test, hydrolysis of gelatin, Tween 80, 

DNA, alginate, acid production from glycerol, erythritol, L-xylose, D-adonitol, methyl-

βD-xylopyranoside, L-sorbose, dulcitol, inocitol, methyl-αD-mannopyranoside, methyl-

αD-glucopyranoside, D-melibiose, inulin, D-melazitose, D-turanose, D-tagatose, D-

fucose, L-arabitol, potassium 2-keto gluconate and potassium 5-keto gluconate. +, 

Positive; -, negative 

 

Nearly full length 16S rRNA gene sequence of strain VSD707T (GenBank accession 

number KC534342) was compared with the sequences from the GenBank database 

(http://www.ncbi.nlm.nih.gov). 16S rRNA gene sequence similarity values between 

strain VSD707T and closest validly named species of the genus Vibrio in EzTaxon-e 

database are V. plantisponsor MSSRF60T (96.9 %), V. tapetis subsp. brittanicus 

HH6087T (96.8 %), V. diazotrophicus ATCC 33466T (96.8 %), V. tasmaniensis LMG 

21574T (96.7 %) and V. atlanticus Vb 11.11T (96.6 %). Neighbour-joining phylogenetic 

analysis based on 16S rRNA, pyrH, recA and gyrB revealed that strain VSD707T formed 

a separate branch among other Vibrio species (Fig. 6E.2 – 6E.5). Every housekeeping 

gene sequences indicated different Vibrio species as the closest relative in BLASTn, with 

maximum similarity values of 82 %, 84 % and 87 % for gyrB, pyrH and recA genes 

respectively. Studies conducted by Rameshkumar et al. (2011) concluded that gene 

sequences of pyrH, recA and gyrB had a higher phylogenetic resolution when compared 

to mreB and gapA. 
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Fig. 6E.2. 16S rRNA gene sequence based neighbour-joining tree showing the 

phylogenetic relationship of strain VSD707T among closely related Vibrio species. 

Numbers at the nodes are bootstrap values >50 %. Salinivibrio costicola NCIMB 701T 

(X95527) was used as an out-group. Bar, 0.01 substitutions per nucleotide position. 

 Vibrio lentus 4OM4T(AJ278881) 

  Vibrio hemicentroti AlyHp32T(JX204734) 

  Vibrio atlanticus Vb 11.11T(EF599163) 

  Vibrio tasmaniensis LMG 21574T(AJ514912) 

  Vibrio cyclitrophicus P-2P44T(U57919) 

  Vibrio toranzoniae Vb 10.8T(HE978310) 

  Vibrio artabrorum Vb 11.8T(EF599164) 

  Vibrio gigantis CAIM 25T(EF094888) 

  Vibrio celticus Rd 8.15T(EF599162) 

  Vibrio tapetis subsp. britannicus HH608T(HE795148) 

 Vibrio cortegadensis C16.17T(HF955037) 

  Vibrio azorensis VSD707T(KC534342) 

  Vibrio pacinii LMG 19999T(AJ316194) 

  Vibrio plantisponsor MSSRF60T(GQ352641) 

Vibrio diazotrophicus ATCC 33466T(X74701) 

  Vibrio areninigrae J74T(EU143360) 

 Vibrio hispanicus LMG 13240T(AY254040) 

  Vibrio ostreicida PP-203T(AJ296159) 

  Vibrio atypicus HHS02T(FJ009624) 

  Vibrio xiamenensis G21T(GQ397859) 

 Vibrio harveyi ATCC 14126T(X74706) 

 Vibrio proteolyticus ATCC 15338T(X74723) 

  Vibrio maritimus R-40493T(GU929925) 

 Salinivibrio costicola NCIMB 701T(X95527) 
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Fig. 6E.3. Phylogenetic tree based on pyrH gene sequences constructed using neighbour-

joining method, showing the phylogenetic placement of strain VSD707T and their 

phylogenetic neighbours of the genus Vibrio. Bootstrap percentages (based on 1000 

replicates) are indicated at branching points (values >50 % are shown). Gene sequences 

for V. hispanicus LMG 13240T, V. tasmanienis LMG 20012T, V. diazotrophicus 

LMG7893T and V. pacinii LMG 19999T were obtained from TaxVibrio database 

(http://www.taxvibrio.lncc.br/) 
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Fig. 6E.4. Phylogenetic tree based on recA gene sequences constructed using neighbour-

joining method, showing the phylogenetic placement of strain VSD707T and their 

phylogenetic neighbours of the genus Vibrio. Bootstrap percentages (based on 1000 

replicates) are indicated at branching points (values >50 % are shown). 
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Fig. 6E.5. Phylogenetic tree based on gyrB gene sequences constructed using neighbour-

joining method, showing the phylogenetic placement of strain VSD707T and their 

phylogenetic neighbours of the genus Vibrio. Bootstrap percentages (based on 1000 

replicates) are indicated at branching points (values >50 % are shown). Gene sequences 

for V. hispanicus LMG 13240T and V. pacinii LMG 19999T were obtained from 

TaxVibrio database (http://www.taxvibrio.lncc.br/) 

 

The predominant fatty acids of strain VSD707T is C16:0 (26.0 %) followed by summed 

feature 3 (39.3 %), and summed feature 8 (14.1 %). The fatty acid profiles of strain 

VSD707T was almost similar to the closest type strain V. plantisponsor MSSRF60T and 

only minor changes were observed in proportions (Table 6E.2). The polar lipid profile 

consisted of phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol 

(Fig. 6E.6). The G+C content of strain VSD707T was 46.9 mol% which is little higher 

when compared with V. plantisponsor MSSRF60T (Table 6E.1). 
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Table 6E.2. Fatty acid profiles of strain VSD707T and Vibrio plantisponsor MSSRF60T 

Fatty acids VSD707T MSSRF60T 

C12:0 3.8 4.5 

C12:0 3-OH 3.7 3.4 

C14:0 3.9 5.7 

C16:0 26.0 24.2 

iso-C16:0  - 2.4 

C18:0 2.0 tr 

Sum in feature 2 2.0 3.3 

Sum in feature 3 39.3 33.9 

Sum in feature 7 1.2 tr 

Sum in feature 8 14.1 17.7 

Strains: VSD707T, Vibrio azorensis sp. nov. (Present study); MSSRF60T, Vibrio 

plantisponsor (Rameshkumar et al. 2011). Fatty acids are given in percentage (>1 %). -, 

not detected; tr, trace amount. Summed feature 2 comprises C16:1 iso I/C14:0 3-OH; 

summed feature 3 comprises C16:1 ω7c/C16:1 ω6c; summed feature 7 is C19:1 

ω6c/unknown; summed feature 8 is C18:1 ω7c and/or C18:1 ω6c.  

 

Fig. 6E.6. Two-dimensional TLC of total polar lipids of the strain VSD707T.  PE, 

phosphatidylethanolamine; PG, phosphatidylglycerol; DPG, diphosphatidylglycerol 
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Based on low level of similarity in 16S rRNA gene sequence (<97.0 %), 

chemotaxonomic data, phenotypic, and phylogenetic inference presented above, it can be 

concluded that strain VSD707T represents a novel species of the genus Vibrio, for which 

the name Vibrio azorensis sp. nov. is proposed. 

6E.4. Description of Vibrio azorensis sp. nov 

Vibrio azorensis (azo.ren′sis, N.L. masc. adj. azorensis, after the portug. Islas dos 

Azores, pertaining to the Azorean Islands, the source of the sample from which the type 

strain was isolated). 

Cells are Gram-negative, curved-rod shaped (0.4 – 0.6 × 0.7 – 2.1 μm), motile and non-

spore forming. The colonies are small, non-pigmented to pale yellow, circular and 

smooth on MA. Growth is observed at temperature ranges from 4–32 °C, at pH 5.0–9.0 

and NaCl 1-10 %. The optimum temperature and pH for growth are 25 °C and 6.0 

respectively. Oxidase and catalase are positive. Nitrate is reduced to nitrite. Starch, 

Tween 20 and aesculin are hydrolyzed but DNA, gelatin, Tween 80, casein, tributyrin, 

xanthine, alginate, urea, agar, xylan and CMC are not hydrolysed. Acids produced from 

the substrates, L-arabinose, D-ribose, D-galactose, D-glucose, D-fructose, D-mannose, 

L-rhamnose, D-mannitol, D-sorbitol, N-acetyl glucosamine, arbutin, esculin, salicin, D-

cellobiose, D-maltose, D-saccharose, D-trehalose, amidon (starch), gentibiose and D-

arabitol. Positive (in API ZYM strips) for alkaline phosphatase, esterase C4, esterase 

lipase C8 (weak), lucine arylamidase, acid phosphatase, naphthol-AS-BI-

phosphohydrolase (weak) and β-glucosidase, but negative for lipase C14, valine 

arylamidase, cystine arylamidase, trypsin, α-chymotrypsin, α-galactosidase, β-

galactosidase, β-glucuronidase, α-glucosidase, α-mannosidase, N-acetyl-β-

glucosaminidase and α-fucosidase. The polar lipid profile consisted of 
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phosphatidylethanolamine, diphosphatidylglycerol and phosphatidylglycerol. The major 

fatty acids (≥10 %) are C16:0, summed feature 3 (C16:1 ω7c/C16:1 ω6c) and summed 

feature 8 (C18:1 ω7c and/or C18:1 ω6c). The G+C content of the type strain is 46.9 mol%. 

The type strain, VSD707T (= KCTC 32495T = NCIM 5506T), was isolated from shallow 

water hydrothermal vent sediment in Espalamaca, Azores (North Atlantic Ocean), 

Portugal. The GenBank/EMBL/DDBJ accession number of the 16S rRNA gene sequence 

of strain VSD707T is KC534342. 

  



Chapter 6F 

 

 

 

 

 

Rhizobium azorensis sp. nov., isolated from a 

shallow hydrothermal vent (Espalamaca, Azores) 
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6F.1. Introduction 

The genus Rhizobium, type genus of the family Rhizobiaceae, was first described by 

Frank (1889). Rhizobium is intended for a group of nodule forming, fast growing 

rhizobia, and it contained 70 species at the time of writing. Rhizobium species were 

frequently isolated from soil, rhizosphere, roots and nodules of several legume plants. 

However, some of the rhizobia members were also isolated from different sources like 

oil contaminated soil (Zhang et al. 2012), bioreactors (Hunter et al. 2007) and even from 

activated sludges (Zhang et al. 2011). Most recently, Rhizobium subbaraonis (Ramana et 

al. 2013) was isolated from beach sand. During our investigation on culturable bacterial 

diversity from shallow water hydrothermal vent in Azores (Chapter 2), we have isolated 

a novel bacterium, designated VSW331T, belong to the genus Rhizobium. The main aim 

of the present investigation was to establish the precise taxonomic place for the strain 

VSW331T by using a polyphasic taxonomic approach. 

6F.2. Materials and Methods 

6F.2.1. Strain isolation and culture conditions 

Surface seawater sample was collected from shallow water hydrothermal vent region in 

Espalamaca (38°33’N; 28°39’W) during 2010. For isolating this strain, serially diluted 

water samples were spread plated on diluted seawater nutrient agar (dSWNA: Peptone 

1.25 g L-1, Beef extract 0.75 g L-1 and 1.5 % Agar prepared in 50 % seawater) amended 

with 0.5 % sodium thiosulphate. The plates were incubated for 2 days at 30 ± 1 °C. 

Morphologically different bacterial colonies were isolated and repeatedly quadrant 

streaked on the same media to get pure cultures. The strain VSW331T was maintained at 

4 °C on yeast mannitol agar (YMA) and stored as glycerol suspension -80 °C for long-
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term maintenance. To compare the phenotypic differences, we purchased Rhizobium 

vignae (LMG 25447) from LMG culture collections and parallel studies were carried out 

along with our strain VSW331T. 

6F.2.2. Morphological and biochemical characteristics  

Morphological characteristics were studied using light microscopy (Olympus BX-60) 

and scanning electron microscopy (Hitachi TM3000). Gram staining was carried out 

using standard Gram staining method (K001, Himedia) and also by KOH method (Cerny 

1978). Motility was determined by hanging drop method (Collee et al. 2008) and 

confirmed with motility agar test. Temperature range for growth was tested on YMA at 

4, 10, 20, 25, 30, 37, 40 and 50 °C. For growth at different pH, YMA medium was 

buffered with various buffer systems (citrate for pH 4-5; phosphate for pH 6-8 and 

carbonate for pH 9-10). Growth at various NaCl concentrations (0–15 %, w/v, at 

increments of 1.0 %) was investigated on YMA. Catalase activity was tested using 3 % 

(v/v) H2O2 (Smibert and Krieg, 1994) and oxidase activity was determined using oxidase 

discs (DD018, Himedia).  

Hydrolytic enzyme tests were determined as described previously (section 6C.2.3) on 

YMA medium. Other enzyme activities were assayed using API ZYM strips 

(bioMérieux). Methyl red, Voges-Proskauer tests, determination of indole, H2S 

production, and nitrate reduction were assessed using Hi25TM Enterobacteriaceae 

identification kit (Himedia). Acid production from carbohydrates was determined with 

API 50 CH kit (bioMérieux) using API CHB/E medium. 

Susceptibility to antibiotics were performed using antibiotic discs (Himedia) containing 

the following (μg/disc unless otherwise stated): tetracycline (10), streptomycin (300), 
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chloramphenicol (25), polymyxin-B (50 IU), kanamycin (30), ciprofloxacin (30), 

ceftazidime (30), penicillin-G (2 IU), lincomycin (10), vancomycin (5), amoxycillin (30), 

amikacin (30), cefadroxyl (30), bacitracin (8 IU), chlortetracycline (30), rifampicin (15), 

norfloxacin (10), tobramycin (10), novobiocin (30), neomycin (30) and ampicillin (25). 

6F.2.3. 16S rRNA gene sequencing and phylogenetic analysis 

Chromosomal DNA was extracted by using DNeasy Blood and Tissue Kit (Qiagen) 

according to the method described by manufacturer. The 16S rRNA gene was PCR 

amplified using eubacterial primers 27F and 1492R (Lane 1991). PCR amplification of 

atpD (ATP synthase gene) and recA (recombinase A gene) was done by following the 

protocols of Gaunt et al. (2001). The amplified 16S rRNA gene product was purified 

using QIAquick PCR purification kit (Qiagen) according to manufacturer’s instructions. 

Sequencing of the purified 16S rRNA gene was done with automated DNA sequencer 

3130xl Genetic Analyzer (Applied Biosystems). Multiple and pairwise sequence 

alignment were performed using Clustal W sequence alignment program (Thompson et 

al. 1994). The nearly complete sequence (1371 nt) was subjected to EzTaxon-e server 

(Kim et al. 2012a) to identify closest matching sequences. Neighbour joining analysis 

(Saitou and Nei 1987) was used to reconstruct the phylogenetic tree using MEGA5 

software program (Tamura et al. 2011). The topology of the phylogenetic tree was 

evaluated by bootstrap analysis method of Felsenstein (1985) with 1,000 replications. 

For DNA-DNA hybridization analysis between the strains VSW331T and Rhizobium 

vignae CCBAU 05176T, chromosomal DNA was extracted and purified following the 

method of Marmur (1961). The analysis was carried out by fluorimetry using a Step One 

Plus Real-Time PCR system (Applied Biosystems) fitted with 96 well thermal cycling 

block in 96 well plate (Loveland-Curtze et al. 2011). The reassociation of DNA was 
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carried out at optimum reassociation temperature 78.0 °C [Tor = 0.51 × (% G+C) + 47.0] 

according to De Ley et al. (1970) and Gillis et al. (1970). Results of DNA-DNA 

relatedness values are the average of triplicates. 

6F.2.4. Chemotaxonomic analysis 

Bacterial cells were cultivated on SWNA media at 30 °C for 2 days to determine the 

whole cell fatty acids. Fatty acid methyl esters (FAME) were prepared as per the 

standard method (Sasser 1990) using MIDI Sherlock Microbial Identification System 

(TSBA 6.0) and analyzed using gas chromatography. Polar lipids were extracted 

according to the method of Collins et al. (1980) and sprays were used as described 

previously (Section 6C.2.4). Isoprenoid quinones were analyzed by using high 

performance liquid chromatography (HPLC) following the methods of Minnikin et al. 

(1984). The genomic DNA extraction and G+C content of the DNA was determined by 

reverse-phase HPLC of nucleosides according to the protocol described by Mesbah et al. 

(1989). 

6F.3. Results and discussions 

Colonies of strain VSW331T were white, circular, convex, entire margin, opaque and 1.0 

mm diameter after 2 days incubation at 30 °C on YMA. Cells stained Gram-negative, 

motile, non-spore forming and rod shaped (Fig. 6F.1). Temperature range for growth was 

observed between 4 and 40 °C (optimum 30 °C). The pH range for growth was detected 

between 6.0 and 9.0 (optimum 8.0) and with NaCl concentration between 0 and 10 % 

(optimum 4–6 % w/v). Strain VSW331T was sensitive to the antibiotics amoxicillin, 

ampicillin, cefadroxyl, ceftazidime, chloramphenicol, chlortetracycline, ciprofloxacin, 

norfloxacin, novobiocin, rifampicin, amikacin, streptomycin, tetracycline, kanamycin, 
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neomycin, polymyxin B, bacitracin, penicillin G and tobramycin, and resistant to 

vancomycin and lincomycin. The results of other phenotypic studies are shown in 

species descriptions and the differences noticed between strain VSW331T and Rhizobium 

vignae LMG 25447T are listed in Table 6F.1. 

Nearly full length 16S rRNA gene sequence of strain VSW331T (GenBank accession 

number KC534384) was compared with the sequences from the GenBank database 

(http://www.ncbi.nlm.nih.gov). 16S rRNA gene sequence similarity values between 

strain VSW331T and closest validly named species of the genus Rhizobium in EzTaxon-e 

database are R. vignae CCBAU 05176T (97.3 %), R. alkalisoli CCBAU 01393T (96.9 %), 

R. galegae ATCC 43677T (96.6 %) and R. huautlense S02T (96.5 %). Remaining type 

species of the genus Rhizobium were less than 96.0 % sequence similarity. DNA-DNA 

relatedness between the strains VSW331T and Rhizobium vignae CCBAU 05176T was 

found to be 54.3 %. Neighbour-joining phylogenetic trees based on 16S rRNA and atpD 

genes revealed that strain VSW331T formed a separate branch among other Rhizobium 

species (Fig. 6F.2 and Fig. 6F.3). Whereas, Neighbour-joining phylogenetic trees based 

on recA gene revealed that strain VSW331T formed a monophyletic clade with R. 

tibeticum CCBAU 85039T with low bootstrap value (54 %) (Fig. 6F.4). 

Major respiratory quinone of strain VSW331T was Q-10 followed by minor amount of 

Q-9. The major fatty acid (>10 %) found in strain VSW331T was C16:0 (17.3 %) and 

summed feature 8 contributed 60.4 %. Summed feature 8 contained mixture of 

unsaturated fatty acids C18:1 ω7c and/or C18:1 ω6c. The proportion of summed feature 8 is 

much higher in strain VSW331T compared to the closest relative Rhizobium vignae LMG 

25447T (Ren et al. 2011). In addition, the fatty acid C19:0 cyclo ω8c was reported to be 

37.6 % in Rhizobium vignae LMG 25447T but the same fatty acid was observed to be 
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lower in strain VSW331T. Differences observed on fatty acid analysis are given in Table 

6F.2. The genomic G+C content of strain VSW331T was found to be 64.2 mol% which is 

slightly higher than Rhizobium vignae LMG 25447T (Ren et al. 2011). 

Based on 16S rRNA phylogenetic analysis in support with DNA-DNA hybridization, 

housekeeping genes, phenotypic characteristics, and chemotaxonomic data, it can be 

concluded that strain VSW331T represents a novel species of the genus Rhizobium, for 

which the name Rhizobium azorensis sp. nov. is proposed. 

 

 

Fig. 6F.1. Scanning electron microscopic picture of strain VSW331T 
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Table 6F.1. Differential characteristics of the strain VSW331T and the type strain 

Rhizobium vignae LMG 25447T 

Characteristic  VSW331T LMG 25447T 

pH range 6–9 7–10* 

NaCl (%) 0–10 0–2* 

Nitrate reduction - + 

Hydrolysis of:   

Tween 20 + - 

Agar + - 

API CH50:   

D-glucose + - 

D-fructose + - 

D-mannose + - 

D-lyxose + w 

L-fucose + w 

API ZYM:   

Esterase lipase (C8) + w 

Acid phosphatase w + 

Naphthol-AS-BI-

phosphohydrolase 

- + 

β-glucosidase + w 

DNA G+C content (mol%) 64.2 60.8* 

Antibiotic (vancomycin) R S 

Isolation source Shallow hydrothermal 

vent 

nodules of legume 

species 

Strains: VSW331T (Rhizobium azorensis sp. nov.); LMG 25447T (Rhizobium vignae 

CCBAU 05176T). Results are obtained from this study otherwise indicated (*Ren et al. 

2011). Both the strains are positive for catalase, oxidase; hydrolysis of urea; acid 

production from D-arabinose L-arabinose, D-ribose, D-xylose, Methyl-βD-

xylopyranoside, N-acetyl glucosamine (weak), esculin, D-fucose and D-arabitol (weak); 

alkaline phosphatase, esterase C4, lucine arylamidase and α-glucosidase. Negative for 

Gram staining, hydrolysis of gelatin, Tween 80 and DNA; acid production from glycerol, 
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erythritol, L-xylose, D-adonitol, D-galactose, L-sorbose, L-rhamnose, dulcitol, inocitol, 

D-mannitol, D-sorbitol, methyl-αD-mannopyranoside, methyl-αD-glucopyranoside, 

amygdalin, arbutin, salicin, D-cellobiose, D-maltose, D-lactose, D-melibiose, D-

saccharose, D-trehalose, inulin, D-melazitose, D-raffinose, amidon, glycogen, xylitol, 

gentibiose, D-turanose, D-tagatose, L-arabitol, potassium gluconate, potassium 2-keto 

gluconate and potassium 5-keto gluconate; lipase C14, valine arylamidase, cystine 

arylamidase, trypsin, α-chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, 

α-mannosidase, N-acetyl-β-glucosaminidase and α-fucosidase. +, positive; -, negative; R, 

resistant; S, susceptible 

 

Table 6F.2. Cellular fatty acid profiles of strain VSW331T and type strain Rhizobium 

vignae LMG 25447T 

 

Fatty acid VSW331T LMG 25447T 

C12:0 1.6 - 

C14:0 1.5 - 

C16:0 17.3 19.3 

C18:0 5.9 - 

C16:0 N alcohol - 6.0 

C19:0 cyclo ω8c 5.0 37.6 

Summed feature 2 5.8 - 

Summed feature 3 3.1 - 

Summed feature 4 - 4.2 

Summed feature 8 60.4 33.1 

Strains: VSW331T, Rhizobium azorensis sp. nov. (present study); LMG 25447T, 

Rhizobium vignae CCBAU 05176T (Ren et. al. 2011). Fatty acids are given in percentage 

(>1 %). Summed feature 2 comprises C12:0 aldehyde/unknown ECL 10.928 and/or C16:1 

iso I/C14:0 3-OH, summed feature 3 comprises C16:1 ω7c/C16:1 ω6c, summed feature 4 is 

C17:1 iso I/anteiso B and/or C17:1 anteiso B/iso I, summed feature 8 is C18:1 ω7c and/or 

C18:1 ω6c.  
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Fig. 6F.2. Neighbour-joining tree showing the phylogenetic relationship of strain 

VSW331T and phylogenetically related species of the genus Rhizobium based on 16S 

rRNA gene sequences. Bootstrap percentages (1,000 replications) are shown at 

branching points and the values >50 % are shown. Sphingomonas astaxanthinifaciens 

TDMA-17T (AB277583) was used as an out group. Scale bar 0.01 substitutions per 

nucleotide position 
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Fig. 6F.3. Neighbour-joining phylogenetic tree based on atpD gene sequences, showing 

the phylogenetic placement of strain VSW331T and their phylogenetic neighbours of the 

genus Rhizobium. Bootstrap percentages (based on 1000 replicates) are indicated at 

branching points (values >50 % are shown). 
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Fig. 6F.4. Phylogenetic tree based on recA gene sequences constructed using neighbour-

joining method, showing the phylogenetic placement of strain VSW331T and their 

phylogenetic neighbours of the genus Rhizobium. Bootstrap percentages (based on 1000 

replicates) are indicated at branching points (values >50 % are shown). 

 

6F.4. Description of Rhizobium azorensis sp. nov 

Rhizobium azorensis (azo.ren′sis, N.L. masc. adj. azorensis, after the portug. Islas dos 

Azores, pertaining to the Azorean Islands, the source of the sample from which the type 

strain was isolated). 

 R. vignae CCBAU 05176T(GU128902)

 R. galegae ATCC 43677T(AM182127)

 R. petrolearium SL-1T(EU556970)

 R. sullae IS123T(FJ816279)

 R. alkalisoli CCBAU 01393T(EU672490) 

 R. huautlense S02T(AM182128)

 R. soli DS-42T(GQ260192)

 R. flavum YW14T(KF609368)

 R. cellulosilyticum ALA10B2T(AM286427)

 R. mesosinicum CCBAU 25010T(EU120732) 

 R. yanglingense CCBAU 71623T(AY907359)

 R. mongolense USDA 1844T(AY907358)

 R. tubonense CCBAU 85046T(EU288696)

 VSW331T 

 R. tibeticum CCBAU 85039T(EU288694) 

 R. borbori DN316T(GQ289385)

 R. tarimense PL-41T(JF508523)

 R. grahamii CCGE 502T(JF424622)

99

97 

99 

54

0.02



202 
 

Cells are Gram-staining-negative, rod shaped (0.6–0.9 × 1.2–2.5 μm), motile and non-

spore forming. The colonies are non-pigmented, 1.0 mm in diameter, circular and 

smooth on YMA. Growth is observed at temperature ranges from 4–40 °C, at pH 6.0–9.0 

and NaCl 0-10 %. The optimum temperature and pH for growth are 30 °C and 8.0 

respectively. Oxidase and catalase are positive. Nitrate is not reduced to nitrite. Tween 

20, urea and agar are hydrolyzed but DNA, gelatin, starch, Tween 80, tributyrin, 

xanthine, alginate, aesculin, xylan and CMC are not hydrolysed. Acids produced from 

the substrates, D-arabinose L-arabinose, D-ribose, D-xylose, Methyl-βD-xylopyranoside, 

D-glucose, D-fructose, D-mannose, esculin, D-lyxose, D-fucose, L-fucose N-acetyl 

glucosamine (weak) and D-arabitol (weak). Positive (in API ZYM strips) for alkaline 

phosphatase, esterase C4, esterase lipase C8, lucine arylamidase, acid phosphatase 

(weak), α-glucosidase and β-glucosidase, but negative for lipase C14, valine 

arylamidase, cystine arylamidase, trypsin, α-chymotrypsin, naphthol-AS-BI-

phosphohydrolase, α-galactosidase, β-galactosidase, β-glucuronidase, α-mannosidase, N-

acetyl-β-glucosaminidase and α-fucosidase. The major fatty acids (≥10 %) are summed 

feature 8 (C18:1 ω7c and/or C18:1 ω6c) and C16:0. Major respiratory quinone is Q-10 with 

minor amount of Q-9. The G+C content of the type strain is 64.2 mol%. 

The type strain, VSW331T (=KCTC 32415 = MTCC 11811), was isolated from surface 

seawater at a shallow water hydrothermal vent in Espalamaca, Azores (North Atlantic 

Ocean), Portugal. The GenBank/EMBL/DDBJ accession number of the 16S rRNA gene 

sequence of strain VSW331T is KC534384. 

  



Chapter 7 

 

 

 

 

 

Summary 

 

  



203 
 

 A Shallow water hydrothermal vent field has been discovered during summer 

2010 in the Faial-Pico channel off the Espalamaca headland (Faial Island, 

Azores, NE Atlantic). The main venting area, named Espalamaca extends at 

approximately 35 m depth. Preliminary analyses of the gaseous discharges from 

the vents suggest that they are mainly composed of CO2, with low concentrations 

of methane, temperature as high as 35 °C and pH 5.7. 

 Low-temperature hydrothermal vents, which form by mixing of high-temperature 

hydrothermal fluids and seawater, are omnipresent in recent submarine 

hydrothermal systems. Molecular approaches for the investigation of 

hydrothermal vent microbial communities based the genes of smaller subunit 

ribosomal RNA have led to insights into the community diversity and structure of 

microbial systems. In addition, resistance to heavy metals and producing various 

enzymes by hydrothermal vent microbes may possibly have an immense potential 

in biotechnology industries. 

 Culture dependent bacterial diversity analyzed with 16S rRNA gene from this 

vent resulted a total of 113 bacterial phylotypes (74 phylotypes from the venting 

region, 18 phylotypes from the non-vent and 21 phylotypes which are common in 

both sites). 

 Proteobacteria (α, β and γ) was found to be predominant phylum followed by 

Bacteroidetes, Firmicutes and Actinobacteria. Rarefaction curve analysis clearly 

indicated that the vent area harbors more number of phylotypes than non-vent 

region. Culture dependent analysis revealed more than 30 novel bacterial taxa and 

majority of the bacterial groups obtained from this study were not reported earlier 

in any of the shallow water vents. 
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 Culture independent bacterial diversity was investigated based on metagenomic 

clone library approach. The 16S rRNA gene sequences of the hydrothermal vent 

clones were affiliated with Acidobacteria, Bacteroidetes, Chloroflexi, 

Cyanobacteria, Deferribacteres, Firmicutes, Gemmatimonadetes, 

Ignavibacteriae, Planctomycetes, Proteobacteria (includes α, γ, ε, δ, ζ 

subdivisions), Spirochaetes and Verrucomicrobia.  

 Among the Proteobacteria, γ-Proteobacteria was predominant in this study area 

which is contrast to other shallow water hydrothermal vent regions where ε-

Proteobacteria was reported to be higher.  

 The presence of methanol dehydrogenase (mxaF), carbonic anhydrase and 

sulphur oxidizing (soxB) genes from the micobes of Espalamaca vent sediments 

indicating the involvement and active role in biogeochemical cycles of the 

hydrothermal vent. 

 Proteobacteria and Bacteroidetes are the dominant groups in both culture 

dependent and culture independent methods. Merely, 18.6 % of culture dependent 

and 15.5 % of culture independent bacterial phylotypes are common between 

venting and non-venting sites. Remaining around 80 % of the organisms which 

may be of specialized groups, their activities are inevitable in various processes 

involved in the vent Espalamaca. 

 More than 10 phylogenetic groups were obtained in this study area which is 

higher while comparing with other shallow water vents except South Tonga Arc 

in the South Pacific Ocean.  

 Phylogenetic groups Proteobacteria (ε, δ, ζ subdivisions), Acidobacteria, 

Chloroflexi, Cyanobacteria, Deferribacteres, Gemmatimonadetes, 
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Ignavibacteriae, Planctomycetes, Spirochaetes and Verrucomicrobia obtained 

from non-culturable diversity were not detected in culture dependent analysis.  

 Roseovarius, Photobacterium, Vibrio and Pseudoalteromonas are the common 

genera observed in both culture dependent and culture independent analysis. 

 Bacterial isolates from this study area could tolerate up to 50 mM manganese, 7.5 

mM lead and 1 mM iron; most of the isolates were able to grow even with 7 % of 

thiosulphate.  

 Forty six bacterial strains were able to oxidize soluble Mn(II) to insoluble 

Mn(III/IV) and most of the isolates were not reported previously for Mn(II) 

oxidation. One of the isolate (Citreicella sp), VSW210 could tolerate up to 50 

mM MnCl2 and also oxidize soluble Mn(II).  

 Esterase, esterase lipase, lipase, leucine arylamidase, phosphatases, naphthol-AS-

BI-phosphohydrolase, catalase and oxidase were the predominant enzymes 

produced by most of the Espalamaca isolates.  

 VSW306 which belong to the genus Cellulophaga could synthesize up to 15 

enzymes. Bacterial isolates in this vent were mostly mesophilic and moderately 

halophilic; able to grow at 30 °C and pH 6 – 8. Enzymes obtained from the above 

conditions may have better applications to use in detergent, animal feed, wine, 

fruit and starch processing industries. 

 Six novel bacterial taxa were proposed from this study which includes Nioella 

nitratireducens gen. nov., sp. nov. (Strain SSW136T), Roseovarius azorensis sp. 

nov. (Strain SSW084T), Vitellibacter nionensis sp. nov. (Strain VBW088T), 

Citreicella manganoxidans sp. nov. (Strain VSW210T), Vibrio azorensis sp. nov. 

(Strain VSD707T) and Rhizobium azorensis sp. nov. (Strain VSW331T). Former 

four novel taxa were published and the later two are under review. 
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 The sequences obtained from this study are available in GenBank database with 

accession numbers from KC534142 to KC534459 (culture-dependent) and from 

KP303396 to KP303589 (culture-independent). 

 Present investigation gives a clear picture of bacterial community structure of the 

shallow water hydrothermal vent Espalamaca and it forms the first report. 
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