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ABSTRACT 

The Untapped Diversity of Culturable Bacteria in the Red Sea Mangrove 

Ecosystem 

 

Fatmah Omar Sefrji 

 

Microorganisms are widespread in all ecosystems and play critical roles in nature. They 

are major players in global biogeochemical cycles that are fundamental in nutrient cycling. 

Molecular ecology surveys that investigate the microbial diversity of many different 

environments have revealed an impressive diversity of microbes in nature and have 

highlighted our inability to cultivate the vast majority of them in the laboratory. The 

improvement of our ability to grow uncultivable microbes in laboratory conditions will 

help us in this challenging task. Standard cultivation methods that have helped to bring to 

culture many relevant microorganisms in the past century are, however, characterized by 

limitations which hamper the isolation of novel microbes. For this reason, alternative 

cultivation strategies have been developed in recent decades which have allowed to expand 

the collection of environmentally relevant but poorly represented microbial strains. The 

use of such novel approaches for investigating the microbial diversity of underexplored 

natural ecosystems, such as sub-tropical mangrove forests, can result in the isolation, in 

laboratory conditions, of bacterial strains belonging to previously undescribed taxa. 

Mangroves are unique environments exposed to strong selection forces with respect to 

other marine environments, including high temperatures, salinity and oligotrophy. I 

hypothesize that these unique combinations of environmental features have selected 

microbiomes with unique characteristics.  
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The aim of this PhD research is to explore the bacterial diversity of the Red Sea mangrove 

ecosystem, by applying an alternative cultivation strategy that uses oligotrophic conditions 

and long incubation time. I also exploited the diffusion chamber to cultivate bacterial taxa 

belonging to rarely isolated or even novel genera. This approach allowed me to isolate four 

novel bacterial taxa. Using 16S rRNA gene sequencing, the isolated bacteria were 

identified as one novel species and three novel genera belonging to Alpha-proteobacteria, 

Bacteroidetes, and Firmicutes, respectively. These isolates were further characterized and 

described through genomic, phylogenetic, chemotaxonomic, and phenotypic analysis to 

describe their ecological significance in the ecosystem of origin (i.e., mangrove sediments). 

This study reveals that the extreme conditions of the Red Sea mangroves have selected a 

unique and yet mostly untapped culturable microbiome with great potential for 

environmental applications. 
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Chapter 1: General Introduction 

1.1 Importance of Microbes  

Prokaryotes are the most numerous life forms on earth and the most abundant in terms of 

biomass (Whitman et al., 1998; Keller and Zengler, 2004). Microorganisms include fungi, 

archaea, bacteria and viruses and have extensively colonized almost all of the Earth’s 

biospheres, including extreme environments. Some are pathogenic or toxic while others 

are necessary for living systems to survive (Madigan et al., 2008). Great advancements 

have been made in our understanding of the role of microorganisms, and the knowledge 

developed has helped in the advancement of human society. With the evolution of 

microbiology, the critical role microbes play in nature and our understanding of how 

important they are for the services they provide to earth and to humankind have been 

unveiled (Figure 1).  

The great majority of microorganisms provide essential and irreplaceable ecological 

functions; they are now recognized as key players in many critical transformations in the 

biogeochemical cycles of the biosphere, providing critical services for ecosystems, and 

keeping our planet habitable. For instance, they contribute to the production and 

maintenance of the gases that make up breathable air in the Earth’s atmosphere (Walker, 

1980). Many examples of critical microbial involvement into the biogeochemical cycling 

of carbon, nitrogen and sulfur have been described (Keller and Zengler, 2004; Jetten, 2008; 

Muyzer and Stams, 2008). Moreover, microorganisms can be a significant metabolic 

resource (Figure 1) for bioremediation applications, assisting in the clean-up of 

environments contaminated by deliberate or accidental release of toxic substances such as 
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pesticides, toxic metals and oil (Cichocka et al., 2010; Hu et al., 2017). For instance, 

several bacteria such as those in the genus Pseudomonas can carry out the 

biotransformation of toxic mercury into nontoxic forms by converting Hg2+ into nontoxic 

elemental Hg0 (Summers and Lewis, 1973). Another useful example is the use of bacteria 

for petroleum bioremediation to clean up oil spills. Bacteria belonging to genus 

Alcanivorax are well-described hydrocarbon degraders, which can produce bio-surfactants 

that make oil hydrocarbons more bioavailable (Antoniou et al., 2015). 

 

Figure 1.1 Application of the diverse culturable microorganisms in different areas of research and 

development, including agriculture, bioenergy, industries, ecosystem services, and development of novel 

therapeutics (modified from Prakash et al., 2013). 
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Microbes are also widely used in waste treatment facilities, and their metabolic abilities 

are exploited for the removal of harmful chemicals, such as excess nitrogen fertilizers, from 

aquatic environments (Schmidt et al., 2003). The use of microbial enzymes is increasingly 

widespread in industrial processes due to the potentially endless variety of reactions that 

they can catalyze and for their tolerance to extreme conditions, such as high temperature 

and pressure, extreme pH and hypersaline conditions (Sanchez and Demain, 2017). Bio-

plastics produced by microbes are emerging as valuable alternatives to petrol-based ones 

in biomedical applications, e.g. bone fixation and drug delivery (Verlinden et al., 2007). 

Last but not least, microorganisms are a natural source of primary and secondary 

metabolites which have found many uses in human health: antimicrobials, growth 

hormones, immunosuppressants, natural herbicides, anti-inflammatory and antitumor 

compounds, organic acids, and vitamins (Demain, 2000; Singh et al., 2017). For example, 

a new antimicrobial teixobactin has recently been isolated from a previously uncultured 

bacterium and is active against gram-positive pathogens, including the multi-drug-resistant 

strains Staphylococcus aureus and Mycobacterium tuberculosis (Ling et al., 2015). 

 

1.2 Growing Unculturable Bacteria 

1.2.1 The Phenomenon of Uncultivability  

Estimates of the biodiversity of microbial species on Earth hypothesize that the total 

number of microbes spans between 4 to 6 × 1030 cells, which can be found everywhere 

from open oceans, to soils, to oceanic and terrestrial subsurface environments (Whitman et 

al., 1998; Keller and Zengler, 2004). Looking back at the history of microbiology, the first 

clues to the huge diversity of microbes can be found in the first seminal studies performed 
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more than a century ago. In a 1898 study, it was reported that the number of observed 

microbial cells did not match the number of colonies formed on nutrient media 

(Winterberg, 1898). Later on, another study quantified this mismatch, showing that the 

number of non-growing cells outnumbered the cultivable ones by almost 150 times 

(Amann, 1911). Since then, this incongruity has been reported many times in the literature 

(Butkevich and Butkevich, 1936; Jannasch and Jones, 1959), and was finally recognized 

as “The Great Plate Count Anomaly” (Staley and Konopka, 1985). At the end of the last 

century, the revolution of molecular biology was not only important in the study of 

microbiology and microbial ecology for the reasons explained above, it also helped to 

unequivocally highlight the vast microbial diversity overlooked by cultivation methods. 

Countless novel microbial divisions were discovered and the vast majority of uncultured 

microbial groups were described (Ward et al., 1990; Dojka et al., 2000). When a 

compendium of bacterial phyla was published in 1985, 11 phyla were recognized (Woese 

et al., 1985), while as of today, a total of 35 phyla are listed in the BacDive database of 

DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, 

http://bacdive.dsmz.de/) and in the List of Prokaryotic Names with Standing in 

Nomenclature (LPSN, www.bacterio.net). Despite the tremendous microbial diversity that 

genomic studies keep bringing to light, less than 10,000 bacterial species have been validly 

described so far (Achtman and Wagner, 2008). It is now clear that a vast majority of not-

yet-cultivated microbes exists and data available suggest that they belong to nearly every 

prokaryotic group (Rappé and Giovannoni, 2003). Estimates suggest that they constitute 

99% of global microbial diversity (Epstein, 2013). This highlights why one core issue of 

microbiology is understanding the underlying causes of microbial uncultivability and then 

http://bacdive.dsmz.de/
http://www.bacterio.net/
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bypassing them through alternative strategies of cultivation capable of avoiding the 

limitations of traditional cultivation methods (Hurst, 2005). It is thus necessary to 

understand the complexity underlying the subject of microbial cultivation before being able 

to cultivate novel, fastidious microorganisms. 

 

1.2.2 Why Microbe Cultivation Is Important 

The last two decades have seen the rise of next-generation sequencing and of metagenomic 

and metatranscriptomic approaches. These molecular techniques have allowed for the 

study of the genetic and metabolic features of single genomes and of complex microbial 

communities bypassing the need of cultivation and isolation in pure culture (Woyke et al., 

2006; Nielsen et al., 2014). These novel approaches have given a boost to research in 

microbiology and have contributed greatly to the advancement of knowledge of microbial 

diversity (Simon and Daniel, 2011). On the other hand, cultivation-based approaches, often 

tedious and labor-intensive, usually result in the isolation of the same fast-growing 

microbial species (the so-called lab weeds) already well characterized (Dieckmann et al., 

2005; Sfanos et al., 2005; Bruce et al., 2010). Despite the great amount of microbial 

diversity that has been described thanks to omics-based approaches, a huge knowledge gap 

still remains between the assessment of genomic potential and the assignment of function 

to genes and proteins (Prakash et al., 2013). Through cultivation, researchers can expand 

the collection of microbes and genomes available, even those that are not easily detected 

by molecular methods (due to low abundance in the environment: the rare biosphere) but 

that can have crucial roles in microbiomes’ functionality (Jousset et al., 2017). Isolates 

allow us to prove metabolic capacities hypothesized from the analysis of metagenomic 
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data, and provide reference strains to expand the knowledge of basic cell physiology and 

of mechanisms of adaptation and pathogenicity (Zengler, 2009). Moreover, novel 

microbial isolates are a source of novel molecules, metabolites and enzymes for 

biotechnological and industrial applications (Bull et al., 1992). Thus, it is clear that the 

ecological role of microbes in ecosystems and their metabolic potential can be greatly 

expanded using cultivated organisms (Radajewski et al., 2000), and the efforts to isolate 

and characterize novel microbes remains a cornerstone in microbiology. 

 

1.2.3 How to Grow Uncultivable Microorganisms in the Laboratory 

The majority of environmental bacteria cannot be grown in the laboratory, and there is only 

a small fraction of the total diversity that exists in nature. The last decade has seen the 

development of several effective strategies for growing these microorganisms. Molecular 

techniques, such as metagenomic sequencing, has lead to a comprehensive body of 

information to improve our ability to cultivate these organisms. However, to gain access to 

previously unculturable bacteria, it is essential that we understand their physiology and 

their roles in the ecosystem. Current laboratory growing techniques are unable to grow the 

given bacteria due to lack of significant knowledge of their biology, and this presents both 

challenges and opportunities (Stewart, 2012). 
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Figure 1.2 Diagram showing the root cause of uncultivability that inhibits the growth of microorganisms in 

laboratory petri dishes (modified from Prakash et al., 2013). 

 

1.3 Limitations of Traditional Cultivation Methods 

The reasons why we are not able yet to cultivate in laboratory conditions the largest portion 

of natural microbial diversity are still largely unknown (Epstein, 2013). The most obvious 

explanation for this is that microbiologists keep failing to replicate, in the laboratory, 

essential aspects of the natural environments such as availability and concentration of 

nutrients, growth conditions such as temperature, pH, osmotic conditions, redox 

conditions, and many others (Stewart, 2012). Some of the possible factors responsible for 

low cultivability of microorganisms in the laboratory are shown in (Figure 2).  The first 

factor is nutrient source. The use of complex culture media does not favour the growth of 
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novel microbial strains. Conventional cultivation of microorganisms by using either solid 

or liquid nutrient-rich media leads mostly to the isolation of already known and cultivated 

species, with very limited success in the isolation of new strains (Hunter-Cevera, 1998). 

Sediments, soils and fresh seawater are complex natural “media” and it is a challenging 

task to prepare an artificial medium mimicking the original environment appropriately, and 

providing all the nutrients necessary to sustain microbial growth. Moreover, using nutrient-

rich media (solid or liquid) at the initial enrichment step, in most cases, favours fast-

growing bacteria, referred to as r-strategists, which easily outcompete the ecologically 

more relevant slow-growing, k-strategist, bacteria (Watve et al., 2000). 

An important aspect related to culturing media is the nutritional shock that might affect 

microbial cells brought from the environment to the lab. While most natural habitats are 

oligotrophic, the transition of microorganisms from the environment to nutrient-rich 

laboratory media could result in the inhibition of cell growth or even death. For instance, 

Marine Broth 2216 is a widely used laboratory medium, containing 170 times more 

dissolved organic carbon than natural seawater, and it is reasonable to hypothesize that it 

may inhibit the growth of marine oligotrophs which represent the majority of 

microorganisms in the ocean. Standard media may also not meet the metabolic needs of 

syntrophic bacteria without the addition of the partner’s by-products. 

Over the years, many examples of nutritional networks that are necessary for different 

microorganisms to thrive in natural environments have been reported. Considering the 

harsh conditions that microorganisms face in nature, it is plausible to hypothesize that it is 

important to carefully choose in which conditions they invest energetic resources for 
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growth and proliferation. It is possible that microorganisms would not grow in an 

unfamiliar environment even in the presence of appropriate nutrients, but lacking specific 

signaling molecules, vitamins or other growth factors (Kaeberlein et al., 2002). It has been 

hypothesized that uncultured bacteria will only start to grow and divide in a familiar 

environment, which may be recognized by the presence of specific molecules released by 

other active neighboring microbes of the same community (D’Onofrio et al., 2010). 

Also, the preparation procedure of a laboratory medium was proved to be a critical step. 

The simultaneous presence of phosphate and agar during autoclaving generates hydrogen 

peroxide, which inhibits the growth of microorganisms. If phosphate and agar are 

autoclaving separately, and are mixed together only after sterilization, more colonies 

develop on the petri dishes, with an increase in recovery of 30% previously uncultured 

organisms (Tanaka et al., 2014). Another important aspect is incubation time, which, if not 

appropriately chosen, favors the growth of fast growers. Considering that environments are 

generally oligotrophic, it is reasonable to hypothesize that environmental microbes could 

be characterized by long lag periods and thus long generation times, resulting in slow 

growth and division after prolonged incubation periods in laboratory conditions. It is also 

possible that slow-growing bacteria may be able to grow more rapidly once media and 

growth conditions have been optimized. 

A further critical factor is the method used to measure cell growth. microbial growth is 

usually measured by increase of turbidity of the liquid medium. This is a fast and easy 

procedure to perform, but it may have the disadvantage of rather low sensitivity. Cultures 

may be discarded because they apparently display no visible growth due to low cell density. 
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A study on the micro-cultivation approach demonstrated an abundant growth of soil 

bacteria of micro-colony size detectable only by microscopic visualization, but otherwise 

escaping detection (Ferrari et al., 2008). 

These arguments clearly point out that existing isolation methods have ample margin for 

improvement. The implementation of novel strategies that involve the set-up of cultivation 

experiments that closely reflect the environmental niches where the samples are collected 

is needed. Furthermore, it is important to take into account complex nutritional needs, 

longer generations times of the slow-growing style of K-strategist, and the possible 

signaling and nutritional interactions among bacteria. 

 

1.4 Novel Cultivation Strategies 

In recent years, there have been important achievements regarding the isolation of novel 

microbial species. Some of the limitations of standard cultivation strategies have been 

bypassed allowing for novel and ecologically relevant members of the global microbial 

communities that have been long overlooked to be brought to culture. Combining 

cultivation with advanced molecular tools such as metagenomic assembled genomes have 

driven cultivation-independent developments that have improved our understanding of 

microbial community structure, biological functions and metabolisms in their natural 

environment. For instance, the successful isolation of the cosmopolitan marine bacterium 

“Candidatus Pelagibacter ubique” (Carini et al., 2013) was recently reported thanks to the 

use of a specifically designed medium, whose composition was defined on the basis of 

metabolic reconstruction obtained from the genome (Giovannoni et al., 2005). Similarly, 

Bomar and coworkers (2011) were able to determine, through high-throughput sequencing 
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of RNA transcripts, that an uncultured bacterium in the gut of leeches was able to use 

mucin as a carbon and energy source. Thanks to this insight, they succeeded in isolating 

this microbe on a medium containing mucin and thus showed the importance of 

information obtained from RNA sequencing. 

Longer incubation times have led to the isolation of ecologically relevant novel species of 

bacteria in different environments. Representatives of the SAR11 clade were found to be 

the most abundant isolates after 20 to 24 weeks of incubation (Song et al., 2009). A new 

genus, Planktomarina gen. nov., of the Roseobacter clade, abundant in seawater, was 

isolated after an incubation time of 7 weeks (Giebel et al., 2013). Combining the two simple 

approaches of diluting the growth medium and prolonging the incubation times, Pulschen 

and colleagues (2017) were able to isolate several rare uncultured bacteria belonging to 

recently described genera from the extreme environment of Antarctica. 

Different classes of molecules can have a beneficial effect on the growth of 

microorganisms. Siderophores, for instance have been shown to favor syntrophic growth 

and lead to the isolation of novel bacterial species (D’Onofrio et al., 2010). Among other 

molecules that have been shown to favor syntrophic interaction, vitamins and signal 

molecules have been used to increase microbial recovery from environmental samples. 

Folate, produced by the bacteria Lactococcus lactis and Serratia grimesii was 

demonstrated to be a key molecule in the syntrophic growth of the spirochete Treponema 

primitia, an homoacetogenic bacterium that is a major component of the hindgut 

microbiota of termites (Graber and Breznak, 2005). The signaling molecule cAMP was 

shown to dramatically increase the cultivation and isolation at high dilution of strains, 
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representing only a small fraction of the total bacterial community of the original sample 

(Bruns et al., 2002). 

 

1.4.1 Simulated Natural Environment 

It can be difficult to replicate the natural environment without knowing a-priori which 

parameters are important for the growth of a given bacterial species from that setting. One 

alternative could be “taking back” the bacteria to their original environment by moving a 

portion of that environment to the lab. In this way, the naturally occurring chemicals in the 

environment could be provided for microbial growth (Keller and Zengler, 2004). In this 

context, the development of novel methodologies based on the growth of bacterial cells in 

their natural environment proved to be an effective alternative to increase microbial 

recovery from a variety of habitats. Two interesting examples are the use of a diffusion 

chamber (Kaeberlein et al., 2002) and high-throughput cultivation in gel micro-droplets 

(GDM) (Keller and Zengler, 2004), mimicking conditions of the bacterial natural 

environment that favor the growth of previously uncultured bacterial species, such as 

diluted cell suspensions, low-substrate concentrations, the presence of signaling 

compounds and in situ incubation. 

By using the simulated natural environment with a diffusion chamber, it was possible to 

increase the cultivable fraction of bacteria species in marine sediment compared to 

traditional petri dish methods (Bollmann et al., 2007). Gavrish and coworkers (2008) 

further modified the diffusion chamber into a trap. They use membranes of a pore size just 

large enough that only filamentous bacteria could grow into the chamber by hyphal 

proliferation, and preventing the passage of non-filamentous bacteria. The traps gave 
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nearly complete enrichment for filamentous Actinobacteria, with greater diversity and 

number than the traditional cultivation method, including isolates of rare groups of 

actinomycetes. 

 

1.4.2 Co-Cultivation 

Standard isolation media often lack necessary signaling and growth factor molecules thus 

preventing the growth and subsequent cultivation of many bacteria. Moreover, it is 

necessary to note that the possible dependence of many microbes on “helper” strains has 

been described extensively (Stewart, 2012). Increased growth of the previously uncultured 

Catellibacterium nectariphilum from a sewage treatment plant was obtained in the 

presence of the spent medium of another bacterium (Tanaka et al., 2004), while the cell 

extract of Geobacillus toebii, was shown to be necessary for the growth of several 

anaerobic thermophiles of the family Clostridiaceae (Kim et al., 2008, 2011). In an effort 

to identify co-cultivation dependence of bacteria from one environment that would grow 

only in the presence of helper organisms from the same environment, a simple co-

cultivation method was set-up by D’Onofrio and colleagues (2010).  

The initial hypothesis of this method was that some colonies would grow on the isolation 

plate only because of their proximity to a helper colony which produces some molecule 

necessary for the first one. Subsequent re-streaking on petri dishes of a couple of strains, 

which in the original petri dish were growing close to each other, could result in the 

identification of uncultivable-helper couples of bacteria. The examples reported above are 

just a few alternative cultivation strategies that have been set-up and successfully tested in 

the past. These strategies have contributed to the expansion of the cultivable fraction of 
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environmental microbial diversity and the identification of some molecular mechanisms at 

the root of the phenomenon of microbial uncultivability (Figure 3). For instance, a co-

culture of microorganisms from marine sediment has been used to determine that the 

mechanism lying behind the dependence-induced growth of some previously uncultivated 

strains was based on scavenging of siderophores from neighboring species (D’Onofrio et 

al., 2010). Another example is the inhibition of growth caused by hydrogen peroxide and 

possibly other forms of reactive oxygen species (Stewart, 2012).  

Helper organisms can remove oxidative stress, for instance releasing catalases, allowing 

for the growth of sensitive bacteria. Helper bacteria can also provide amino acids, vitamins, 

carbon sources, and other common nutrients that are often included in a rich laboratory 

medium (Stewart, 2012). With the ability to culture novel microbes, will also come the 

possibility of learning more about their role in the environment, their ecology and their 

involvement in the cycling of elements. An important aspect is the biotechnological 

potential that novel species may harbor in their genomes which can have unlimited 

applications, from the production of antimicrobials, antitumor compounds and vitamins, to 

bio-plastics and thermo- and piezo-stable enzymes. 
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Figure 1.3 Model of mechanisms influencing microbial uncultivability. Uncultivable bacteria are 

schematically represented in the center of the figure, while known and potential helping mechanisms are 

arrayed around the periphery. Arrows indicate positive growth effects; stopped lines indicate inhibitory 

growth effects. Dashed arrows and inhibition lines indicate effects caused by as-yet-unidentified factors, 

while solid symbols indicate known factors (taken from Stewart, 2012). 

 

1.5 Untapped Environmental Source of Microbial Diversity: Mangrove Sediment as 

Model 

The past two decades have seen spectacular discoveries of novel microbial diversity from 

various underexplored “rare biospheres” such as in the deep sea and in deep sediments as 

well as in other marine environments (de Bruijn, 2011). Mangroves are coastal forests 

found in transition zones between land and sea. Mangroves occur along sheltered tropical 

and inter-tropical areas, being present in 121 countries and covering between 60–70% of 

the world’s tropical and subtropical coastlines. Mangroves host a wide variety of organisms 
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such as plants and animal species including arthropods, fish, amphibians, reptiles, birds 

and mammals which have adapted their morphology and physiology to survive in the 

peculiar conditions of mangroves (Patra and Thatoi, 2011; Thatoi et al., 2013). Many 

animal species use these habitats as refuges, natural shelters, nurseries and food reservoirs. 

Mangroves have been described as highly productive ecosystems, playing an important 

role in cycling energy and nutrients and in the export of organic matter to other coastal 

environments, such as coral reefs (Sheaves, 2009; Donato et al., 2011). They are also 

characterized by periodic tidal flooding with consequent high fluctuation of environmental 

factors such as nutrients, salinity, temperature and oxygen concentration. For instance, soil 

water content can vary from 10% of fresh weight in sediments where inundation occurs 

only occasionally during a dry season, to 70% in sediments regularly flooded by tides (Ball, 

1998). Salinity has been reported to be widely variable depending on the level of hydration 

and salinity values ranging from 0 to 68 ppt (Taylor et al., 1995) or from 7 to 219 ppt (Ball, 

1998). Ground temperature can be highly variable especially in sub-tropical areas in 

summer periods where it has been found to oscillate daily between 45°C and 60°C on the 

Saudi Arabian coasts (Booth et al., 2019). Mangroves release high amounts of tannins 

(polyphenolic compounds) in the sediment to avoid fouling from marine organisms, such 

as sponges or encrusting Mollusca and Crustacea. This massive tannin release imposes a 

strong selection on organisms living on the sediment such as protozoa, bacteria and algae 

(Alongi, 1987). 

The other main driver of community assembly in the sediments is oxygen availability. 

Mangrove soil is strongly anoxic since it is periodically waterlogged by tidal fluctuation. 
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However, animal bioturbation induces a modification of anoxic soil creating a highly 

patchy variable redox condition throughout all the sediment with extreme ecological 

consequences in terms of nutrient availability, sediment microbial metabolisms and carbon 

storage (Kristensen, 2008). For instance, bioturbated soil has higher redox potential than 

unbioturbated soil, defining two main microhabitats which contribute to the differentiation 

of bacterial niches (Booth et al., 2019). Mangroves not only host a wide variety of animal 

and plant species, but also provide a unique ecological environment for diverse bacterial 

communities adapted to fluctuating environmental conditions. There are various factors 

shaping mangroves ecosystems and regulating microbial communities such as extreme 

temperatures, high radiation, changes in osmotic stress and limited availability of nutrients, 

all of which create one of the most extreme environmental conditions for microbial life. 

Numbers of prokaryote cells per gram of dry sediment range between 109 to 1011 and it has 

been estimated that they constitute up to 80% of the total living biomass (Alongi, 2005). 

In tropical mangroves, bacteria and fungi together make up to 91% of the total microbial 

biomass, while algae represent 7% and protozoa 2% (Alongi, 1988). 

Several studies have shown that the role of bacteria in mangroves is vital for 

biogeochemical cycles, transformation of nutrients, and control of the chemical 

composition of the whole ecosystem (Alongi et al., 1993; Holguin et al., 2001). They 

control sulfur, carbon and nitrogen dynamics as sulfate-reducers (Desulfovibrio, 

Desulfotomaculum, Desulfococcus sp., etc.), methanogens (Methanoccoides methylutens 

sp., etc.), anoxygenic bacteria (Chloronema, Chromatium, Beggiatoa, Leucothiobacteria 

sp., etc.) and nitrogen-fixers (Azospirillum, Azotobacter, Rhizobium sp., etc.) and are 

ubiquitously distributed (Kathiresan and Bingham, 2001). Bioturbation controls the 
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number of bacteria by modifying the redox condition due to the introduction of oxygen in 

the sediment, and by the grazing and sediment mechanical reworking determined by the 

bioturbating organism. The selective feeding of fiddler crabs on microphytobenthos 

determines a strong selective pressure and an overall rearrangement of the sediment 

bacterial assemblage and network (Kristensen and Alongi, 2006; Kristensen, 2008).  

Despite advancement in knowledge of microbes and environmental microbial communities  

in recent decades (Andreote et al., 2012), we are still only scratching the surface of 

microbial diversity of mangrove ecosystems, the exploration of which can help us 

understand more about these natural ecosystems and can teach us how to manage them in 

a sustainable way. The unique conditions of the mangrove ecosystem and the microbial 

communities that have adapted to such extremely variable and harsh conditions may 

represent an important and yet untapped source for biotechnological exploitation. For 

instance, according to Shrivastava and coworkers (2015), eight actinomycete isolates 

possessing plant growth promoting potential were isolated from Andhra Pradesh 

mangroves in India. In another study, a halophile bacterium belonging to the genus 

Halococcus and isolated from mangroves was found to produce L-asparaginase, an enzyme 

known for its tumoricidal activity (Thatoi et al., 2013). Moreover, different strains of 

actinomycetes isolated from Indian mangroves have been reported to produce compounds 

with antitumor properties and antimicrobial activity against gram-positive bacteria (Sahoo 

and Dhal, 2009). Last but not least, the novel strain Streptomyces sp. MUSC 125 was 

isolated from Malaysia mangrove soil and explored for its antioxidant capacity (Ser et al., 

2016). Mangrove sediment microorganisms harbor novel and useful biotechnological 

properties highlighting the importance of enhanced systems for their cultivation.  
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AIM OF THE WORK 

In this Ph. D. thesis, I aim to study the diversity of culturable microorganisms thriving in 

the sediment of mangrove ecosystems, focusing my attention on different strategies to 

enhance the probability of isolating those microorganisms not readily cultivable and 

associated with this extreme environment. I conducted my studies on the mangrove 

sediments present along the Red Sea, a very warm and salty system that challenge the 

adaptation of microorganisms. To better understand how microbes are adapted to the 

mangrove environment, I decided to study the microbial community associated with bulk 

mangrove sediments and exposed to variable environmental conditions, such as 

temperature, salinity, and oxygen concentration that continuously varies with the tide 

turnover. Furthermore, these sediments are constantly affected by bioturbation processes 

caused by the activities of crabs, which are one of the main players reshaping mangrove 

sediments. 

The exploration of this untapped microbial diversity allowed me to gain insight into the 

role and metabolisms of those microorganisms in the mangrove ecosystem. In this study, I 

decided to adopt alternative approaches to conventional bacterial cultivation and isolation 

methods, and aimed to discover microbes belonging to previously undescribed taxa. In 

detail, I enriched and isolated slow-growing bacteria by increasing the incubation time and 

using oligotrophic media, while in parallel I cultivated microorganisms in a ‘diffusion 

chamber.’ This cultivation method mimics the natural environments in laboratory 

conditions by exposing the bacteria associated with mangrove sediments to the same 

molecules present in their original environment as well to those produced by other 

microbes present in the community. However, I sought to minimize competition between 
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microorganisms and avoid the limitations that occur with standard isolation methods. This 

approach favors the adaptation of bacteria to grow in in vitro conditions, and should 

increase microbial recovery. Thus, I aimed to assess the isolation of previously uncultured 

bacteria in pure culture, first to identify and characterize novel bacterial taxa from the 

mangrove ecosystem, and then to investigate their metabolisms with a genomic approach. 

Therefore, the first part of my research activity was focused on the establishment of a 

microorganism collection, followed by a screening to identify the microbial strains 

belonging to new taxonomic groups which previously escaped notice from cultivation 

attempts based on traditional isolation methods. The second part dealt with the mining of 

genomic information to characterize the genomic, phylogenetic, chemotaxonomic, and 

phenotypic metabolic features of these novel isolates to understand how they adapted to 

cope with mangrove environments. Finally, I focused my attention on interesting features 

with the potential to be exploited in future biotechnological applications. 
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Chapter 2: Isolation of Uncultured Bacteria from the Red Sea 

Bioturbated Sediments of Mangrove Using Diffusion Chamber Approach 

and Description of Mangrovibacillus cuniculi gen. nov., sp. nov. 

 

2.1 Abstract 

The great majority of microbial species remains uncultured. These uncultured 

microorganisms belong to various taxa. Despite the development of next-generation 

sequencing and metagenomic tools, most of these microbes still cannot be cultured in the 

laboratory. This study reported a successful methodological approach for the isolation of 

bacteria rarely and infrequently isolated (i.e., recently described genera) using the diffusion 

chamber cultivation approach applied to mangrove sediments as an environmental 

microbial source. From the total number of bacteria isolated (n=171), I was able to obtain 

three bacterial strains presenting 16S rRNA gene sequences, with similarity ranging from 

90 to 97%, and with validly described species belonging to novel uncultivated taxa in the 

orders Rhizobiales within Alphaproteobacteria, Cytophagales within Bacteroidetes, and 

Bacillales within Firmicutes. My data indicate that in comparison with standard cultivation 

methods, the diffusion chamber-based approach can better mimic the natural condition of 

the selected environment (i.e., mangrove sediments) leading to the isolation of uncultured 

bacteria. Hereafter, I describe one of the novel isolates belonging to a new genus within 

the family Bacillaceae in the phylum of Firmicutes, namely Mangrovibacillus cuniculi 

gen. nov., sp. nov. (strain R1DC41T). 
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2.2 Introduction 

The majority of microorganisms in the environment cannot be cultivated with standard 

laboratory isolation methods and are thus still classified as uncultivable (Rappé and 

Giovannoni, 2003; Solden et al., 2016). Appreciable differences between the number of 

colonies growing on petri dishes and direct cell counts were already observed at the 

beginning of the last century (Amann and J., 1911) and were later confirmed in many 

studies (Jannasch and Jones, 1959; Barer and Harwood, 1999), unveiling the enigma of the 

“great plate count anomaly” (Staley and Konopka, 1985). Indeed, in the last decades, 

culture-independent molecular methods have shown that cultivable-species represent only 

a small portion of  global bacterial diversity, with a vast proportion of bacterial phyla 

having no or only a few cultured representatives (Handelsman, 2004; Keller and Zengler, 

2004; Solden et al., 2016). Given the important role of microorganisms in the functionality 

of ecosystems and metaorganisms (e.g., soil, plant, animals; Bang et al., 2018), the 

unexplored component of microbial biodiversity may play an important role in 

environmental stability (Panizzon et al., 2015). To be able to cultivate uncultivable 

microbial species is of extreme significance to as we attempt to increase our knowledge of 

natural systems dynamics and the biotechnological potential of these microbial species. 

In respect to broad, yet-to-be cultivated biodiversity, environments rich in biodiversity (i.e., 

have a high number of bacterial cell and high taxa richness) such as mangrove forests 

(Santana et al., 2019) have been overlooked. Mangroves are dominant coastal shoreline 

ecosystem covering between 60–70% of the world’s tropical and subtropical coastlines 

(Thatoi et al., 2013). They are one of our most productive ecosystems, playing an important 

role in nutrient cycling and energy at the dynamic interface between land and sea (Sheaves, 
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2009; Donato et al., 2011). It has been estimated that in mangrove ecosystems, bacteria 

and fungi constitute 91% of the total microbial biomass (Pramanik et al., 2019), and 

estimated bacterial numbers range between (109 to 1011) cells per gram of sediment 

(Alongi, 2005). This ecosystem is characterized by extreme fluctuations of environmental 

factors such as nutrient availability, salinity, temperature, and oxygen concentration 

(Hossain and Nuruddin, 2016). Additionally, mangrove forests are a unique ecosystem 

subject to intense environmental selection due to their growth in the intertidal zone of 

coastal areas as well as the abundance of animal bioturbators. Animal bioturbators impose 

selective pressure at the interface of land and marine environments associated with 

microbial hotspots through burrowing activity (Booth et al., 2019). Animal bioturbators 

such as crabs are abundant in mangroves (20-28 individual per square meter; Mokhtari et 

al., 2016). By exposing deep layers of sediment to air and oxygen and increasing the redox 

potential, they significantly affect the biogeochemical nature of sediments (Kristensen et 

al., 2012). All the bioturbating processes have ecological consequences on the selection of 

the microbial communities thriving in mangrove sediments. For instance, bioturbation 

significantly affects microbial biodiversity and activity in mangrove sediments, 

consequently modifying the biogeochemical reactions in this substrate (Booth et al., 2019). 

The microbial communities which have adapted to the extremely variable and harsh 

conditions of the mangrove ecosystem may represent an important, and yet untapped, 

source of microorganisms to be explored, cultivated and exploited for possible 

biotechnological-applications, specifically in bioremediation, carbon fixation, enzymes 

biosurfactant, vaccine and agriculture activities (Andreote et al., 2012). For example, a new 

actinobacterial species was recently isolated from mangrove sediments which showed new 
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antibacterial metabolites (Li et al., 2019) that protect the plants and enable them to compete 

with various pathogenic bacteria and fungi (Das et al., 2014). Similarly, another rare 

actinomycete which produces a novel antibiotic group defined as mangromicins was also 

successfully cultivated and used for biotechnological applications in pharmaceutical and 

clinical fields (Nakashima et al., 2014). 

In recent decades, different methods have been proposed to narrow the gap between the so-

called environmental “microbial dark matter” (Marcy et al., 2007; Hedlund et al., 2014) 

and the collection of cultivable strains. Some of these techniques are simple, such as the 

dilution of growth medium and increased length of incubation periods, which led to the 

isolation of several previously uncultured bacteria from Antarctica (Pulschen et al., 2017). 

Members of the ubiquitous marine clade SAR11 were isolated in the laboratory thanks to 

a combination of natural medium (seawater) and dilution-to-extinction of the microbial 

population of the seawater samples used as inoculum (Connon and Giovannoni, 2002). Use 

of specific growth signals, for example the cyclic adenosine 3',5'-monophosphate (cAMP), 

has also been successfully used to isolate novel microbes (Bruns et al., 2002). A promising 

approach is that developed by Kaeberlein and colleagues (2002): the diffusion chamber 

(DC). The principle of this technique is to enclose microbes inside an agar matrix to be 

incubated in the presence of the same chemical milieu and with the same environmental 

parameters of their original natural habitat, which favors the growth of slow growing 

bacteria. Since DC has led to the isolation of several novel bacterial taxa from the marine 

environment (Bollmann et al., 2007; Steinert et al., 2014; Remenár et al., 2015). I decided 

to use this system to isolate the microbial community harbored by crabs’ bioturbated 

sediments of mangrove. The aim of my work is to combine the potential of the DC system 
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with oligotrophic media, extended incubation time and natural sediments as inoculum in 

an isolated system (aquarium) filled with sea water and mangrove sediments to isolate new 

microbes. Furthermore, I have compared these results to those obtained using a standard 

petri dish method to estimate its efficiency. 

 

2.3 Materials and Methods 

2.3.1 Sample Collection, Set-Up of the Aquarium and Isolation Procedures 

Sampling was carried out at the Ibn-Sina Field Research Station and Nature Conservation 

Area (22.34°N, 39.09°E) at King Abdullah University of Science and Technology 

(KAUST), Saudi Arabia (Figure 1) in April 2017. Triplicate samples of crabs’ bioturbated 

sediments of mangroves were sampled with sterile scalpels and spoons, after that samples 

were pooled together, and then used as bacterial inoculum for the cultivation experiments. 

Aliquots of sediments and mangroves’ dead leaves from the site were also sampled to be 

used as supplementary nutrient source to prepare the growth media.  

 

 

 

 

 

 

 

 

Figure 2.1 Bioturbated mangrove sediments site at Ibn-Sina research station Red Sea, KAUST, Saudi Arabia. 
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The DC method (Figure 2a) was then used for microbial cultivation. In this approach, 

microorganisms are placed in an agar seawater matrix (1.5% agar in filtered sea water, 

FSW) supplemented with 0.1% sediments or leaves extract  inside a confined environment 

(stainless-steel washer) that was separated from the environment by two 0.03 μm pore-size 

polycarbonate membranes (Kaeberlein et al., 2002; Figure 2b). Sediment or mangrove 

plant leaves extracts were prepared by mixing sediments with milli-Q water in a 1:10 ratio; 

the obtained mixture was autoclaved for 30 min, spun down for 10 minutes at 11,000 rpm 

and then filter-sterilized using 0.22-μm-pore-size filters. The melted DC agar matrix 

(40°C) was inoculated with bioturbated sediments (1 g) diluted with FSW to reach a final 

sediment concentration of 10-4. Sterile 0.03 μm pore size membrane filters (diameter 25 

mm; Osmonics Inc., Westborough, MA) were then glued to one side of the stainless-steel 

washers (70mm) and 3 ml of the 50 ml microbial culture medium was used to inoculate 

each DC, filling the central hole of the washer. After the agar solidified, a second 

membrane filter was glued to the other side of the washer, sealing the inoculated FSW-

Agar matrix inside (Figure 2a). The remaining volume of bacterial culture medium 

(approximately 47 ml) was poured in two petri dishes and was incubated at room 

temperature, as were the DCs.  

The DCs were then incubated in an aquarium (30 × 46 × 30 cm) filled with the original 

sediments (5-8 cm-thick layer) and sea water (5 cm-thick layer above the sediments; Figure 

3b). The sealed DCs were placed on the surface of the sediment inside the aquarium for 21 

days incubation at room temperature (25±2°C). The membranes have pores too small to 

allow the passage of microbes from the external environment to the agar inside the DC, 
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and vice versa, but are permeable to molecules (nutrients, solutes, signaling molecules, 

growth factors) from the natural environment. 

For each cultivation round, six DCs were set up in an aquarium and at the beginning of 

each round of cultivation in DCs, both sediments and seawater were replaced with freshly 

collected material. A schematic diagram of the experimental strategy followed and rounds 

of cultivation is illustrated in (Figure 3a). After incubation, the DCs were taken from the 

aquarium, washed in pure milliQ water and then opened under sterile conditions in a flow 

hood and the FSW-agar was homogenized by passing it through a syringe equipped with a 

25-gauge needle, then diluted with FSW and mixed with medium (molten FSW-agar 1.5% 

w/v and sediments or leaves extract at final concentration of 0.1% v/v) to obtain the same 

dilution as in the original sample (10-4); the obtained microbial culture was used to 

inoculate the DCs of the next generation or round (incubation in the aquarium for an 

additional 3 weeks) and in parallel to prepare standard plating cultures on petri dishes 

(incubation 25°C for 14 days). This isolation technique was repeated once more, with the 

FSW-agar of grown material inoculated into the DCs of the next generation. The original 

sample of sediment microorganisms was thus sequentially grown in three successive 

rounds of in situ cultivation in DCs and three runs of incubation on pour plates, containing 

filtered seawater (FSW)-agar supplemented with 0.1% sediments or leaves extract. 

Colonies growing in these petri dishes were further collected and picked up by using glass 

Pasteur pipettes with long tip (Sigma-Aldrich), then sub-cultured in plates containing 0.1× 

Lysogeny Broth (LB; 1L tryptone 10 g, yeast extract 5 g, agar 20 g) prepared with FSW 

and supplemented with 0.1% sterile sediments and/or leaves extracts and incubated for two 

weeks at 25°C. After that, each growing isolate was re-streaked three times on Lysogeny 



51 

Broth (LB) plus FSW (LB+FSW) plate medium and incubated at 25°C for 3-4 days to 

obtain pure bacterial colonies. The visual homogeneity of colonies was confirmed at the 

stereomicroscope. Pure cultures of bacterial isolates were stored at -80°C in medium 

supplemented with 30% glycerol (v/v).  

 

Figure 2.2 The principle of in situ microbial cultivation with DC. (a) Assemblage of the DC. Environmental 

cells are mixed with molten agar and poured in the space between two 0.03-μm pore-size membranes. The 

device is then put in contact with the same environment from which the cells come. (b) Section of the 

diffusion chamber, showing microbial cells growing inside the agar plug and confined by the two 0.03-μm 

pore-size membranes which avoid passage of cells, but allow the diffusion of signaling molecules, growth 

factors and nutrients (modified from Epstein, 2013). 
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Figure 2.3 Scheme of the optimized protocol for the cultivation of previously uncultured microorganisms 

from mangrove sediments (modified from Chaudhary et al., 2019). (a) DC vs standard isolation. (b) 

Aquarium (glass container) filled with sediments and seawater and containing the inoculated DCs with 

bacterial cells. 

 

2.3.2 DNA Extraction and 16S rRNA Sequencing 

Genomic DNA was extracted from isolates by boiling lysis (Marasco et al., 2012). A single 

bacterial colony was chosen from the petri dish and suspended in 50 μl of sterile Tris-HCl 

buffer (10 mM, pH 8.0) in a PCR tube. Suspended cells were subjected to 10 minutes of 
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boiling at 95°C then cooling at 4°C by using iCycler thermocycler (Bio-Rad). The samples 

were then centrifuged at 13000 rpm for 10 minutes at 4°C. The supernatant containing 

DNA was transferred to another clean tube and stored at –20°C. Phylogenetic identification 

of the isolates was performed by amplification and sequencing of the 16S rRNA gene using 

the DNA obtained from the boiling protocol as template. Three PCR were performed using 

universal primer-sets which amplified three partially overlapping regions of the 16S rRNA 

gene: 27F/785R (fragment F1; PCR product of ≈750 bp), 341F/907R (F2; ≈550 bp) and 

785F/1492R (F3; ≈700 bp). In 50-μl PCR mix reaction, 0.02 U/μl (corresponding to 1.0 

U/reaction) of Taq DNA polymerase (Thermo-Fisher Scientific), 1X PCR buffer, 1.5 mM 

MgCl2, 0.2 mM dNTPs mix, 0.3 μM each primer (SIGMA) and 1 to 3μl of template DNA 

were used. The PCR thermal protocol was the following: initial denaturation at 94°C for 5 

minutes, 30 cycles of denaturation at 94°C for 45 seconds, annealing at 52°C, 59°C and 

55°C (respectively F1, F2 and F3) for 1 minute and extension at 72°C for 1 minute, and 

final extension at 72°C for 10 minutes. The size of the expected PCR products was 

evaluated on 1.5% agarose gel, then purified with Illustra ExoProStar 1 Step (GE Life-

sciences) following the standard protocol, and then sequenced with both forward and 

reverse primers with the Sanger technology available at the Bioscience Core Lab 

(KAUST). Electropherograms of the sequences were checked for quality and edited and 

assembled with Geneious v. 8.1.9 (Biomatters) to obtain an almost full-length sequence 

(variable between 1300 and 1450 bp) of the 16S rRNA gene. The sequences obtained were 

then compared through the Basic Local Alignment Search Tool (BLAST) algorithm against 

the reference RNA sequences database (refseq_rna) of the National Center for 

Biotechnology Information (NCBI). 
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2.3.3 Isolation of the Total Genomic DNA, Sequencing and Annotation  

Genomic DNA of strain R1DC41T was extracted from 1 ml of liquid culture (corresponding 

approximately to 2x109 cells/ml) with the Maxwell RSC Automated Nucleic Acid 

Purification system and the Maxwell® RSC Cultured Cells DNA kit (Promega). Bacterial 

culture was grown at 25°C in marine broth (MB) medium for 48 hours. DNA concentration 

was quantified by a Qubit® dsDNA assay with the high sensitivity kit (Thermo-Fischer 

Scientific). Quality control was performed by electrophoresis on 1% agarose gels and with 

Bioanalyzer 2100 (Agilent). Sequencing was performed at KAUST Bioscience Core Lab 

using 1 cell of the PacBio RS2 platform (Pacific Biosciences). The high quality reads were 

then de novo assembled using the SMRT analysis software, PACBIO genome assembler 

(Ono et al., 2013), and the HGAP.3 workflow (hierarchical genome-assembly process, 

Chin et al., 2013). First, the longest reads were selected as 'seed' reads to which all other 

reads were mapped. Secondly, these reads were pre-assembled into highly accurate reads 

and used for genome assembly. Lastly, using all the reads, a final assembly step was 

performed to correct the initial assembly. The automated annotation pipeline for microbial 

genomes PROKKA (Seemann, 2014) was used to predict genes within the contigs. 

Additional annotation and gene functional prediction analysis was achieved with the Rapid 

Annotation using Subsystem Technology (RAST) (Aziz et al., 2008; Bertini et al., 2014), 

as well as the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2016). 

 

2.3.4 Phylogenetic Analysis  

Based on the complete 16S rRNA gene sequence from the draft genome of strain R1DC41T, 

the CLUSTAL W algorithm within MEGA version 7 (Kumar et al., 2016) was used for 
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sequence alignments and the phylogenetic analysis of the 16S rRNA gene sequence of 

strain R1DC41T and the phylogenetically related taxa (obtained from the NCBI database). 

A phylogenetic tree was reconstructed applying the neighbor-joining method (Saitou and 

Nei, 1987) in the MEGA 7 software. The stability of relationships was assessed by a 

bootstrap analysis based on 1000 resamplings. Another phylogenetic tree of 120 

concatenated single copy genes obtained from the genome contig of the strain R1DC41T 

and compared with those  from more than 23.000 bacterial genomes available at the 

Genome Taxonomy Database (http://gtdb.ecogenomic.org) was reconstructed based on 

Multi-Locus Sequence Analysis (MLSA) by using the GTDB-Tk software (Parks et al., 

2018; Chaumeil et al., 2019). A bootstrap analysis of 1000 resamplings was used to 

evaluate the tree topology (Felsenstein, 1985). The genome sequence of the isolate of 

interest and those of other closely related species were imported into the JSpecieWS, an 

online service for in-silico calculation of the extent of identity between two genomes. The 

online software measures the average nucleotide identity (ANI) based on BLAST (ANIb). 

JSpeciesWS indicates whether two genomes share genomic identities above or below the 

species embracing thresholds (Burall et al., 2016; Richter et al., 2016). The 16S rRNA 

gene sequence and the whole-genome were uploaded in Genbank under the accession 

number MT146882 and CP049742, respectively. 

 

2.3.5 Physiological, Biochemical and Chemotaxonomy Analysis 

In order to characterize strain R1DC41T phenotypically, standard phenotypic tests were 

performed. The recommended minimal standards for describing new taxa of aerobic, 

endospore-forming bacteria were followed (Logan et al., 2009). Cell morphology and the 
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presence of endospores was examined under a transmission electron microscope (Teneo 

SEM-FEI) at the Imaging Core Lab at King Abdullah University of Science and 

Technology (KAUST). The standard Gram stain protocol (Madigan et al., 2008) was 

followed for bacterial cell Gram staining. Motility was assessed on a tube containing semi-

solid (0.3% agar) MB medium. The ability of R1DC41T to grow at various temperatures 

(10–50°C), salt concentrations (0–19% NaCl with increment of 1%, w/v) and pH (3.5–10) 

was assessed using MB broth. For temperature tests, 50 ml of the medium was prepared in 

250 ml flasks. Three replicates per each temperature were set up. Optical density at 600nm 

(OD600) was measured by using the UV-1600PC Spectrophotometer (VWR) every 24 hours 

for 6 days. 

For the salinity experiment, a stock of MB broth at 1% salinity was prepared. Aliquots at 

different salinity concentrations were prepared from the 1% stock by adding different 

amounts of NaCl. Bacterial cultures used as inoculum were prepared adding 2 ml of pre-

inoculum to 50 ml of MB and grown for 48 hours at 25°C, until OD600 0.8. Two ml of the 

medium at different salinity concentrations were inoculated with the bacterial culture, then 

200-μl aliquots of the inoculated medium were loaded into 100-well plate (n=5 for each 

salt concentration) and the plate was incubated at 25°C in the BioScreen Analyzer C 

(Growth Curves, USA) for 7 days. The oxidase activity of the R1DC41T strain was tested 

using oxidase test strips (Sigma-Aldrich), and the catalase by using 3% (v/v) hydrogen 

peroxide solution (Aladame, 1987). Indole production was tested according to Bric et al., 

(1991). Nitrate reduction ability was determined using a nitrate reduction kit (Sigma) and 

following the manufacturer’s instructions. The nitrate broth medium was modified and 

supplemented with 2% (w/v) NaCl. Screening for enzyme activity was evaluated as 
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described in Liu et al., (2019) using MB agar plates containing 1.5% of starch, casein, 

tween 80, and cellulose as substrates. Those were separately streaked with the bacterial 

strain R1DC41T to determine the production of amylase, protease, lipase and cellulase 

activity, respectively. 

Another phenotypical characterization was carried out using the BIOLOG (PM 

Microplates) technology. This platform comprises a total of 1920 unique tests and uses 

tetrazolium violet irreversible reduction to formazan as a reporter of active metabolism. 

The isolate was tested on six 96-well PM microplates (PM 1, 2, 9, 10, 11, 12) comprising 

different metabolic and toxic compound conditions, including 192 assays of C-source 

metabolism (PM 1–2), 96 assays of ion effects and osmolarity (PM 9), 96 assays of pH 

response range (PM 10) and 192 assays of chemical sensitivity (PM 11–12), according to 

the manufacturer’s instructions. Carbon utilization was performed using Biolog MicroPlate 

(PM1-2); and nutrient microplate reader (adding 0.2%, w/v) tested substrate to MB 

medium, were used to examine utilization of different single carbon sources (final 

concentration of 0.2%, v/v). The culture volume was 200 μl in 96-well plates and the cell 

pellets were diluted to 0.01 in the culture medium. Experiments were conducted on five 

replicates and the plates were incubated at 25°C, 900 rpm for 5 days. The microplate reader 

BioScreen Analyzer C (Growth Curves, USA) measured the OD at 600nm every15 min for 

5 days. 

For chemotaxonomic determination, cells were grown in MB medium and harvested at the 

mid-exponential phase by centrifugation and freeze-dried. The fatty acid, polar lipids and 

respiratory quinones analyses were outsourced to the identification service of the DSMZ 

and Dr. BJ Tindall, DSMZ, Braunschweig, Germany.  
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2.4 Results and Discussion 

2.4.1 Overall Phylogenetic Diversity of The Cultivable Bacteria from Mangrove 

Bioturbated Sediments 

 In this study, a collection of slow growing bacterial strains was established from 

bioturbated sediments using two approaches: (i) the diffusion chamber cultivation 

technique and (ii) the direct plating of diluted cultures. The DC approach is based on in 

situ cultivation strategy in which the environmental conditions of the sample (i.e., 

mangrove sediments) are conserved as much as possible (i.e., in an aquarium). This 

strategy allows the bacterial cells trapped inside the DC (starting inoculum) to have access 

to the natural growth factor driving their growth and development in mangrove sediments. 

This approach facilitates the cultivation of bacteria whose growth is strongly dependent on 

their natural environmental conditions, compared to the standard approach (i.e., plating) 

that may generate isolation of bacteria from dormant cells (Jung et al., 2016). 

In my study, the use of the DC approach led to the retrieval of more bacterial colonies (180) 

(i.e., three successive rounds of cultivation) compared to that obtained with the plating 

technique (30). After 16S rRNA gene sequencing, 199 unique bacterial strains were 

identified: 171 (85.9%) using the DC technique (i.e., three successive rounds of cultivation) 

and 28 (14.1%) directly plated on petri dishes. In particular, in the case of DC, the 

distribution of isolates for each DC round was 57 (33.3%), 59 (34.5%) and 55 (32.2%) in 

rounds one, two and three, respectively (Table 1). Notably, considering the entire 

collection, 168 (84.4%) bacterial species were obtained from all the rounds of DC, 26 

(13.1%) via direct plating on petri dishes and 5 (2.5%) from both approaches (Table 2). 

Notably, the limited number of isolates obtained by the two different methods (DC vs 
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plating) and higher rate of isolation of DC, confirmed that the in situ incubation method 

used to cultivate bacteria with DC improved the overall number of different bacterial 

species isolated, as was previously observed (Bollmann et al., 2007). 

 

2.4.2 Comparison of Bacterial Diversity Recovered by the DC Cultivation Technique 

and the Conventional Method 

The relative abundance of bacterial isolates was evaluated at phylum/class levels. Results 

clearly showed greater phylogenetic diversity in the collection of isolates obtained using 

the DC method (Table 2). Bacterial strains belonging to Gammaproteobacteria and 

Actinobacteria dominated the collection, representing 47.4% and 42.1% of relative 

abundance, respectively, followed by Alphaproteobacteria (7.6%), Firmicutes (1.8%) and 

Bacteroidetes (1.2%) (Figure 4-A). This is in agreement with ecological datasets showing 

that these phyla are dominant in Red Sea bioturbated mangrove sediments (Booth et al., 

2019) with the greatest contribution to relative abundance made by Proteobacteria and 

Actinobacteria. These results confirmed the potential of a new methodological approach 

to increasing the biodiversity of bacterial isolates as already observed using low-substrate 

concentrations, the addition of signaling compounds, and in situ incubation (Hahn et al., 

2004).  

In contrast, Actinobacteria (42.9%) and Firmicutes (25.0%) dominated the collection of 

isolates obtained using standard method (i.e., plating on petri dish), while 

Alphaproteobacteria, Gammaproteobacteria and Bacteroidetes represented a minority 

(Figure 4-B). These results underline that while the effects of the cultivation strategy does 

not significantly affect the phylotypes retrieved at phylum/class level (Kato et al., 2018), 
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their relative abundance was different (e.g., Gammaproteobacteria dominate DC, but had 

a low abundance among isolates from standard plating). 

The analysis of 16S rRNA gene sequencing of the 199 isolates showed the presence of 18 

different genera, representative of five bacterial phyla (Table 2), including Labrenzia, 

Pelagibaca, Roseivivax, Salipiger, Pseudoalteromonas, Rhodoligotrophos, Thalassospira, 

Marinobacter, Halomonas, Microbulbifer, Saccharospirillum, Roseivirga, Muricauda, 

Demequina, Mycobacterium, Nocardiopsis, Isoptericola, and Bacillus. Furthermore, the 

isolates could be attributed to 36 different bacterial species (97% similarity with the closest 

cultured relative in NCBI). Notably, the DC approach covered more microbial diversity 

(13 genera, Table 2) compared to the standard cultivation approach (11 genera, Table 2). 

Novel isolates and previously uncultured bacteria were recovered with the DC method but 

not the standard method (0.018 versus 0 novelty index, respectively) (Table 3). The novelty 

index was calculated using the equation number of novel stains/total number of isolates for 

each isolation strategy (Kato et al., 2018). These results demonstrate that the use of DC in 

situ cultivation significantly increased the possibility of obtaining phylogenetically novel 

bacterial taxa. 

 

2.4.3 DC Allowed Isolation of Members of Potentially Novel Bacterial Taxa 

Three unique phylogenetic strains were acquired exclusively via the DC-based technique 

isolated from the bioturbated mangrove sediments. Strains R1DC9T, R1DC25T and 

R1DC41T were classified into the class Bacteroidia, Alphaproteobacteria, and Bacilli, 

respectively. The selected strains were related to species previously cultivated with 

similarity ranging from 90 to 97% (Table 1 and Table 4). These new isolates are close to 
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Roseivirga spongicola (90.31% sequence identity of 16S rRNA gene), Rhodoligotrophos 

jinshengii (94.43%) and Bacillus aquimaris (97.42%) even though having low 16S rRNA 

sequence similarity. They likely belong to undescribed taxa. Conservative cutoff values 

consider novel species when 16S rRNA sequence similarity is less than 97-98%, novel 

genera and families when these values are between 95 and 91%, and novel order when the 

values are below 91% (Fournier et al., 2015; Pulschen et al., 2017). In addition, the 

abundance of the selected novel strains in comparison with whole microbial communities 

of the mangrove bioturbated sediments was explored based on the metagenomic data base 

analysis of 16S rRNA genes of Booth et al. (2019). Strain R1DC9T makes up a maximum 

abundance of 0.0129% of bacterial communities, R1DC41T makes up 0.0212%, while 

strain R1DC25T was not detected, highlighting the fact that these isolates are present in 

very low abundance in the mangrove sediments. 

These results indicate that the diffusion chamber cultivation strategy coupled with the use 

of long incubation time and oligotrophic media successfully lead to the isolation of unique 

microorganisms not obtained by conventional cultivation techniques. 

Thereafter, I focused on the characterization of strain R1DC41T. On the basis of the 

phenotypic and chemotaxonomic characteristics as well as genotypic data, strain R1DC41T 

represents a novel genus and species in the family Bacillaceae, for which the name 

Mangrovibacillus cuniculi gen. nov., sp. nov. is proposed.  (The strain has been deposited 

in three public bacterial collections; R1DC41T = KCTC 43068T, = NCCB 100700T, = JCM 

33621T.) 
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Table 2.1 Comparison of phylogenetic diversity and novelty of the strains obtained from mangrove 

sediments by standard and diffusion chamber-based approaches. 

 

 

  

Closest described 

relative 

 

Similarity (%) of 

the 16S rRNA 

gene 

 

No. of strains 

specific to petri 

dish 

No. of strains specific to diffusion 

chamber of: Total no. 

of strains 

isolated 

Round 

1 

Round 

2 

Round 

3 
All rounds 

Bacillus aquimaris 97.42  1   1 1 

Bacillus cereus 100 1     1 

Bacillus endolithicus 98.92    1 1 1 

Bacillus infantis 99.64 2     2 

Bacillus licheniformis 99.15 4     4 

Bacillus niabensis 98.88    1 1 1 

Demequina activiva 99.24    9 9 9 

Halomonas denitrificans 99.52   1  1 1 

Isoptericola chiayiensis 99.93  11 23 28 62 62 

Isoptericola 

halotolerans 
98.97 4     4 

Isoptericola 

jiangsuensis 
99 1 1   1 2 

Labrenzia aggregata  99  2  1 3 3 

Labrenzia alba 98.6  2   2 2 

Marinobacter adhaerens 99.31  4 4  8 8 

Marinobacter salsuginis 100  3 19 15 37 37 

Marinobacter 

zhanjiangensis 
98.35 1     1 

Microbulbifer celer 99  15 5  20 20 

Microbulbifer elongatus 98.98   2  2 2 

Microbulbifer 

halophilus 
98.34  10 2  12 12 

Microbulbifer mangrovi 98.43 1     1 

Microbulbifer 

salipaludis 
98.2 1     1 

Muricauda aquimarina 98.62  1   1 1 

Muricauda lutimaris 99.45 1     1 

Mycobacterium 

insubricum 
98.52 1     1 

Nocardiopsis alba  98.95 2     2 

Nocardiopsis 

dassonvillei  
98.66 2     2 

Nocardiopsis flavescens 98.84 1     1 

Nocardiopsis mwathae 98.84 1     1 

Pelagibaca bermudensis 99.79  1 3  4 4 

Pseudoalteromonas 

shioyasakiensis 
98.11 2     2 

Rhodoligotrophos 

jinshengii 
94.43  2   2 2 

Roseivirga seohaensis 90.31  1   1 1 

Roseivivax marinus 98.42 1     1 

Saccharospirillum 

impatiens 
98.92  1   1 1 

Salipiger mucosus 99.85 1 2   2 3 

Thalassospira australica 99.14 1     1 

Total  28 57 59 55 171 199 
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Table 2.2 Phylogenetic affiliation of the strains obtained by conventional and diffusion chamber-based 

techniques. 

 

 

 

Phylum Family Genus No. of isolates 

from petri 

dish 

No. of 

isolates from 

DC 

No. of isolates 

obtained with 

both methods 

Total 

no. of 

isolates 

Alphaproteobacteria Rhodobacteraceae Labrenzia 0 5  5 

Pelagibaca 0 4  4 

Roseivivax 1 0  1 

Salipiger 0 0 3 3 

Pseudoalteromonadaceae Pseudoalteromonas 2 0  2 

Rhodobiaceae Rhodoligotrophos 0 2  2 

Rhodospirillaceae Thalassospira 1 0  1 

Gammaproteobacteria Alteromonadaceae Marinobacter 1 45  46 

Halomonadaceae Halomonas 0 1  1 

Microbulbiferaceae Microbulbifer 2 34  36 

Saccharospirillaceae Saccharospirillum 0 1  1 

Bacteroidetes Flammeovirgaceae Roseivirga 0 1  1 

Flavobacteraceae Muricauda 1 1  2 

Actinobacteria Demequinaceae Demequina 0 9  9 

Mycobacteriaceae Mycobacterium 1 0  1 

Nocardiopsaceae Nocardiopsis 6 0  6 

Promicromonosporaceae Isoptericola 4 62 2 68 

Firmicutes Bacillaceae Bacillus 7 3  10 

Total   26 168 5 199 
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Figure 2.4 Pie chart showing the taxonomic distribution of total pure cultured bacteria isolated from 

mangrove sediments, through (A) all rounds in the diffusion chamber and (B) standard petri dish. (C) Round 

1, (D) round 2 and (E) round3. The bacterial diversity of isolates is associated with one of five classes: 

Actinobacteria, Alphaproteobacteria, Gammaproteobacteria, Firmicutes and Bacteroidetes. 

 

Table 2.3 Comparison of the novelty of microorganisms isolated from mangrove sediments 

using conventional and diffusion chamber approaches. 

Isolation method No. of isolates No. of novel strains Novelty index 

Diffusion chamber 171 3 0.018 

    

Direct plating 28 0 0 
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Table 2.4 Genetic distance between the cultivated strains. 

Similarity (%) of the 16S 

rRNA gene with the closest 

cultured relative  

No. of petri 

dish specific 

strains 

No. of strains 

specific to DC 

1st round 

No. of strains 

specific to DC 

2nd round 

No. of strains 

specific to DC 

3rd round 

Total no. of 

strains 

100 1 3 19 15 38 

99 (99.0≤x≤99.9) 10 36 36 38 120 

98 (98.0≤x≤98.9) 17 14 4 2 37 

97 (97.0≤x≤97.9)  1   1 

94 (94.0≤x≤94.9)  2   2 

90 (90.0≤x≤90.9)  1   1 

Total 28 57 59 55 199 

 

2.4.4 Morphological Characterization and Phylogenetic Analysis of Strain R1DC41T 

The novel strain R1DC41T, with the proposed genus name Mangrovibacillus 

(Man.gro.vi.ba.cil'us. N.L. neut. n. mangrovum a mangrove, Gr. n. baktron rod, N.L. masc. 

n. Mangrovibacillus rod of the mangrove), and species name Mangrovibacillus. cuniculi 

(cu.ni.cu'li. L. masc. n. cuniculi a burrow, N.L. gen. n. cuniculi, so named because the 

species was isolated from the crab burrow of mangrove), was isolated from the Red Sea 

mangrove bioturbated sediments using the diffusion chamber-based cultivation approach. 

The bacterial cells were Gram stain variable (initially Gram-negative and in the later stages 

of growth Gram-positive) with aerobic respiration, moderately halotolerant, non-motile 

rod-shaped, and central or subterminal endospores former and approximately 0.4 to 0.6μm 

wide and 1.7 to 2.3μm long (Figure 5a). The strain formed pale yellow, circular, smooth 

colonies with irregular edges on MB agar medium. 
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Figure 2.5 (a) Scanning electron micrographs of Mangrovibacillus cuniculi R1DC41T. Bar length is 5 µm. 

(b) Strain R1DC41T growth at different temperatures. (c) Strain R1DC41T growth in the presence of 

increasing concentrations of NaCl%. 

 

Comparative phylogenetic analysis of the 16S rRNA gene sequence with closely related 

species reveals that strain R1DC41T forms a distinct clade within the family Bacillaceae 

and showed the highest 16S rRNA gene sequence similarity to Bacillus aquimaris TF-12T 

(97.42%) and Bacillus marisflavi TF-11T (97.28%). Moreover, lower sequence similarities 

were found between strain R1DC41T and type species of the genera Jeotgalibacillus (94.18 

– 94.96%), Quasibacillus (94.73%) and Domibacillus (93.10–94.59%), respectively. In 

summary, similarity values with the type species of other recognized genera in the family 

Bacillaceae were all below 95.0%. In the neighbor joining tree (Figure 6a), based on the 

16S rRNA gene sequence, strain R1DC41T occupied a separate branch placed at the 

deepest root of the major clade represented by Bacillus of the family Bacillaceae. To 

further elucidate the taxonomy of this new strain, the multi-locus sequence analysis 

(MLSA) reconstructed phylogenetic tree (Figure 6b) which was based on 120 concatenated 

single-copy genes of bacterial genomes revealed the distinct positions of R1DC41T with 

respect to the other clades. This phylogenetic tree represents closely related species of the 
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Bacillaceae family genera, confirming the phylogenetic placement of strain R1DC41T in a 

novel genus distinct from all other known genera in the family Bacillaceae. The ANIb 

analysis (Table 5) shows the percentages of identity in a range of 66-68% (lower than 95%) 

between R1DC41T strain and other described species for all genomic comparisons, which 

is the species-embracing threshold (Richter et al., 2016). This further confirms that 

R1DC41T might represent a novel species and even a new genus. 

On the basis of the phylogenetic analysis, Mangrovibacillus designated R1DC41T strain 

with the type species Mangrovibacillus cuniculi (gen. nov., sp. nov.,) R1DC41T (=KCTC 

43068T =NCCB 100700 T = JCM 33621T) represents a novel species in a new genus within 

the family Bacillaceae within the phylum Firmicutes. 

 

 

 

 



68 

 

Figure 2.6 (a) Phylogenetic tree based on the neighbor-joining algorithm of Mangrovibacillus cuniculi strain 

R1DC41T with other closely related members based on 16S rRNA gene sequences, reconstructed using 

MEGA 7 software. Bootstrap values based on 1000 replications are listed as percentages at branch points. 

Bar, 0.020 nt substitutions per nucleotide position. (b) The MLSA Phylogenetic tree based on the neighbor-

joining algorithm of strain R1DC41T with other closely related members of the family Bacillaceae, based on 

120 concatenated single-copy genes, reconstructed using Gtdb-Tk software. Bootstrap values based on 1000 

replications are listed as percentages at branch points. Bar, 0.2 nt substitutions per nucleotide position. 
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Table 2.5 Average Nucleotide Identity via BLAST (ANIb) matrix of isolate Mangrovibacillus cuniculi 

R1DC41T with other closely related species. Cut-off percentage to be assigned to the same species is ≥ 

95%. 

Reference genome ANIb (%) Aligned Nucleotide (%) 

Bacillus acidicola DSM 14745T 68.31 18.41 

Bacillus aquimaris DSM 16205T 68.36 30.65 

Bacillus camelliae KCTC 33845T 67.68 19.47 

Bacillus kochii CCUG 59877T 68.5 22.37 

Bacillus licheniformis ATCC 14580T 66.13 17.23 

Bacillus marisflavi DSM 16204T 66.57 22.02 

Bacillus oleronius DSM 9356T 68.15 19.8 

Bacillus shackletonii LMG 18435T 68.51 19.18 

Bacillus subtilis ATCC 6051T 67.41 19.76 

Bacillus toyonensis CECT 876T 68.51 18.72 

Domibacillus indicus MCC 2255T 66.57 20.88 

Jeotgalibacillus soli LMG 25523T 67.50 24.95 

Quasibacillus thermotolerans KACC 16706T 67.30 21.54 

 

 

2.4.5 Physiological and Biochemical Characteristics 

The bacteria were cultivated for 1–2 days on MB medium, within a temperature range of 

15–40°C with optimum at 25°C (Figure 5b), at pH 6–10 (optimum pH 8) and with NaCl 

concentrations of 0–11% (w/v); NaCl was not essential for growth, with optimum growth 

occurring in the presence of 2% NaCl (Figure 5c). The doubling time for R1DC41T under 

optimal conditions was 3.9 hours. Phenotypical and biochemical characteristics of strain 

R1DC41T in comparison with other closely related species are summarized in (Table 6). 

The strain was catalase positive and oxidase negative, unable to reduce nitrate to nitrite and 

indole production from tryptophan was negative. Cells were negative for amylase, 

protease, lipase and cellulase hydrolysis enzymes (Table 6). The carbon source utilization 

tests (Biolog PM1-2) showed active growth for 1.6% of the tested carbon sources (3 out of 

190); R1DC41T was positive for L-arginine, pyruvate and gelatin, while showed negative 

results for 98.4% of the total carbons for both PM1and PM2 plates. 



70 

The analysis of (Biolog MicroPlate PM9) indicated the effects on the strain metabolic 

activity at different stress conditions (Table 7). The activity of strain R1DC41T was 

confirmed in the presence of NaCl (with optimal activity between 1-9%) as well as in 

presence of various osmolytes and ions at different concentrations, which revealed the 

osmoadaptation capacity of M. cuniculi under salinity stress. However, a reduction in the 

metabolic activity of R1DC41T strain under certain stress conditions, i.e., in the presence 

of 10% NaCl, 15–20% ethylene glycol, 3% sodium lactate and 20mM sodium nitrate, was 

observed. Also, negative metabolic activity was detected under certain conditions (Table 

7). Antibiotic activities (Table 8) belonging to ten different chemical classes were tested 

and showed susceptibility of strain R1DC41T to 37% (15 out of 41) antibiotics and 

resistance to 63% (26 out of 41) of the total antibiotics for both plates (Biolog PM11-12). 
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Table 2.6 General features, genomic and phenotypic characteristics between strain R1DC41T and closely 

related members of Bacillaceae family.  

Characteristic 1 2 3 4 5 6 

General features       

Isolation source Mangrove 

sediments 

Sea water Sea water Soil Compost Marine 

sediments 

Cell morphology rods rods rods rods Short rods rods 

Pigmentation (colony 

color) 

Pale yellow Pale orange Pale yellow Not pigmented Cream Red 

Gram stanning - (or variable) variable + (or variable) + + + 

Motility Non-motile flagellum flagellum flagellum Non motile Non motile 

Spore former + + + + + + 

Biotic relationship Free living Free living Free living Free living Free living Free living 

Pathogenicity NA NA NA NA NA NA 

Temperature range for 

growth (optimum °C) 

15–40 (20-25) 10–44 (30-37) 10–47 (30-37) 15–40 (30-37) 20–55 (40-45) 10–40 (28-30) 

NaCl range for growth 

(optimum%) 

0–11 (2) 0–18 (2-5) 0–16 (2-5) 0–9 (0-1) 0–10 (0.5-2) 0–6 (2) 

pH range for growth 

(optimum) 

6–10 (8-8.5) 6–8 (6-7) 4.5–9 (6-8) 5.5–10.5 (8-8.5) 5–9 (6.5-7) 6–10 (7.5) 

Genome size (Mb) 3.2 NA NA NA 3.8 NA 

DNA G+C content 

(mol%) 

38.3 38 49 39.4 44.4 37.4 

Predominant 

ubiquinone 

MK-7 MK-7 MK-7 MK-7 MK-7 MK-6 

Major cellular fatty 

acids 

iso-C15 : 0 

anteiso-C15 : 0 

iso-C15 : 0 

anteiso-C15 : 0 

anteiso-C15 : 0 

iso-C15 : 0 

anteiso-C15 : 0 

iso-C15 : 0 

iso-C15:0  

iso-C16:0 

anteiso-C15 : 0 

C16 : 0 

Polar lipids DPG, PG, L, 

AL 

NA NA APL DPG, PG, PE DPG, PG, PL 

Activity of:       

Indole production - NA NA NA - NA 

Nitrate reduction - NA NA - + - 

Oxidase reaction - - - + - - 

Catalase reaction + + + + + + 

Strains: 1. M. cuniculi R1DC41T (data from this study); 2. Bacillus aquimaris TF-12T (data from Yoon et al., 2003); 3. Bacillus marisflavi 

TF-12T (data from Yoon et al., 2003); 4. Jeotgalibacillus soli P9T; (data from Cunha et al., 2012); 5. Quasibacillus thermotolerans SgZ-

8T (data from Verma et al., 2017); 6. Domibacillus indicus SD111T(data from Sharma et al., 2014). (NA) no data available. 
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Table 2.7 Metabolic profiling of M. cuniculi strain R1DC41T on Biolog PM 9 Microplate. “+” and “−” indicates the actively grow ability of strain R1DC41T, 

under different stresses: “++”positive, “+”weakly positive, “−” negative.  

Well  Substrate  R1DC41T Well  Substrate  R1DC41T Well  Substrate R1DC41T Well Substrate  R1DC41T 

A1 NaCl1%  ++ C1 NaCl6%+KCl ++ E1 Sodium formate 

1%  

+ G1 Sodium Phosphate pH 7 

20 mM  

++ 

A2 NaCl2%  ++ C2 NaCl 6 % + L-proline ++ E2 Sodium formate 

2%  

+ G2 Sodium Phosphate pH 7 

50 mM  

++ 

A3 NaCl3%  ++ C3 NaCl 6 % + N-Acethyl L-
glutamine 

++ E3 Sodium formate 
3%  

+ G3 Sodium Phosphate pH 7 
100 mM  

++ 

A4 NaCl4%  ++ C4 NaCl 6 % + ß-Glutamic acid ++ E4 Sodium formate 

4%  

+ G4 Sodium Phosphate pH 7 

200 mM  

++ 

A5 NaCl5%  ++ C5 NaCl 6 % + γ-Amino-n-

butyric acid 

++ E5 Sodium formate 

5%  

+ G5 Sodium Benzoate pH 5.2 

20 mM  

++ 

A6 NaCl5.5%  ++ C6 NaCl 6 % + Glutathione ++ E6 Sodium formate 

6%  

+ G6 Sodium Benzoate pH 5.2 

50 mM  

- 

A7 NaCl6%  ++ C7 NaCl 6 % + Glycerol ++ E7 Urea 2%  - G7 Sodium Benzoate pH 5.2 

100 mM  

- 

A8 NaCl6.5%  ++ C8 NaCl 6 % + Trehalose ++ E8 Urea 3%  - G8 Sodium Benzoate pH 5.2 
200 mM  

- 

A9 NaCl7%  ++ C9 NaCl 6 % + 

Trimethylamine-N-oxide 

++ E9 Urea 4%  - G9 Ammonium sulfate pH 8 

10 mM  

- 

A10 NaCl8%  ++ C10 NaCl 6 % + Trimethylamine ++ E10 Urea 5%  - G10 Ammonium sulfate pH 8 

20 mM  

- 

A11 NaCl9%  + C11 NaCl 6 % + Octopine ++ E11 Urea 6%  - G11 Ammonium sulfate pH 8 

50 mM  

- 

A12 NaCl10%  - C12 NaCl 6 % + Trigonelline ++ E12 Urea 7%  - G12 Ammonium sulfate pH 8 

100 mM  

- 

B1 NaCl6%  ++ D1 Potassium chloride 3% ++ F1 Sodium Lactate 

1%  

++ H1 Sodium Nitrate 10 mM  ++ 

B2 NaCl6%+ Betaine ++ D2 Potassium chloride 4% ++ F2 Sodium Lactate 

2%  

++ H2 Sodium Nitrate 20 mM  ++ 

B3 NaCl6%+ N-N Dimethyl 
glycine 

++ D3 Potassium chloride 5% ++ F3 Sodium Lactate 
3%  

+ H3 Sodium Nitrate 40 mM  ++ 

B4 NaCl6%+ Sarcosine ++ D4 Potassium chloride 6% ++ F4 Sodium Lactate 

4%  

- H4 Sodium Nitrate 60 mM  ++ 

B5 NaCl6%+ Dimethyl 

sulphonyl propionate  

++ D5 Sodium sulfate 2% ++ F5 Sodium Lactate 

5%  

- H5 Sodium Nitrate 80 mM  ++ 

B6 NaCl6%+ MOPS ++ D6 Sodium sulfate 3% ++ F6 Sodium Lactate 

6%  

- H6 Sodium Nitrate 100 mM  ++ 

B7 NaCl6%+ Ectoine ++ D7 Sodium sulfate 4% ++ F7 Sodium Lactate 

7%  

- H7 Sodium Nitrite 10 mM  ++ 

B8 NaCl6%+ Choline ++ D8 Sodium sulfate 5% ++ F8 Sodium Lactate 
8%  

- H8 Sodium Nitrite 20 mM  + 

B9 NaCl6%+ Phosphoryl 

choline 

++ D9 Ethylene glycol 5% ++ F9 Sodium Lactate 

9%  

- H9 Sodium Nitrite 40 mM  - 

B10 NaCl6%+ Creatine ++ D10 Ethylene glycol 10% ++ F10 Sodium Lactate 

10%  

- H10 Sodium Nitrite 60 mM  - 

B11 NaCl6%+ Creatinine ++ D11 Ethylene glycol 15% + F11 Sodium Lactate 

11%  

- H11 Sodium Nitrite 80 mM  - 

B12 NaCl6%+ L-Carnitine  ++ D12 Ethylene glycol 20% + F12 Sodium Lactate 

12%  

- H12 Sodium Nitrite 100 mM  - 
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Table 2.8 Antibiotic sensitivity test of R1DC41T on Biolog PM11-12 Microplate. 

S sensitive; R resistant. 

Antibiotic class R1DC41T Antibiotic class R1DC41T 

Aminoglycosides  
 

Glycopeptides  
 

Amikacin  R Bleomycin  R 

Neomycin  R Colistin  R 

Gentamicin  R Capreomycin  R 

Kanamycin  R PolymyxinB  R 

Paromomycin  R Vancomycin  S 

Sisomicin  R Tetracyclines 
 

Novobiocin  S Chlortetracycline  R 

Tobramycin  R Minocycline  R 

Spectinomycin  R Demeclocycline R 

β-lactams  
 

Tetracycline  R 

Amoxicillin  S Penimepicycline  S 

Cloxacillin  S Amphenicols  
 

Nafcillin  S Chloramphenicol  R 

Cefazolin  S Macrolides 
 

Ceftriaxone  R Erythromycin  S 

Cephalothin  S Spiramycin  S 

PenicillinG  S Sulfonamides  
 

Carbenicillin  S Sulfamethoxazole  R 

Oxacillin  S Sulfathiazole  R 

Lincosamides  
 

Sulfadiazine  R 

Lincomycin  S Sulfamethazine  R 

Synthetic antibiotics  
 

Rifamycins 
 

Lomefloxacin  R Rifampicin  S 

Enoxacin  R   
 

Nalidixic acid R     

Ofloxacin  R     

 

2.4.6 Chemotaxonomic Characteristics 

The major cellular fatty acids (>5 %) of strain R1DC41T were branched saturated-chain 

fatty acids iso-C15 : 0 (52.05%), anteiso-C15 : 0 (12%), anteiso-C17 : 0 (9.60%), , iso-C16 : 0 

(7.57%), iso-C17 : 0 (6.65%) and straight chain saturated fatty acid C16 : 0 (5.61%). Moreover, 

proportions of iso-C15 : 0 in strain R1DC41T were significantly higher than those in the 

related genera. In addition, unsaturated chain fatty acids were poorly presented. The 

detailed cellular fatty acid compositions of strain R1DC41T with the related type strains 

are shown in (Table 9). Major polar lipids of strain R1DC41T were diphosphatidylglycerol 
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(DPG), and phosphatidylglycerol (PG). In addition, moderate amounts of two unidentified 

lipids (L1 and L2) and a minor amount of one unidentified aminolipid (AL1) were also 

detected. The major respiratory quinone of the strain was menaquinone MK-7 (100%), 

which is the predominate one in Bacillaceae family members (De Vos et al., 2009). The 

DNA G+C content of strain R1DC41T was 38.3 mol%, which was slightly lower than those 

of the type strains of closely related species (Table 6).  

The strain R1DC41T can be distinguished from the members of the most closely related 

genera based on the presented data which suggested that Mangrovibacillus is a novel genus 

belonging to the family Bacillaceae. 
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Table 2.9 Cellular fatty acid composition (%) of strain R1DC41T and the closely related members of the 

family Bacillaceae. Strains: 1. M. cuniculi R1DC41T (data from this study); 2. Bacillus aquimaris TF-12T 

(data from Yoon et al., 2003); 3. Bacillus marisflavi TF-12T (data from Yoon et al., 2003); 4. Jeotgalibacillus 

soli P9T (data from Cunha et al., 2012); 5. Quasibacillus thermotolerans SgZ-8T (data from Verma et al., 

2017); 6. Domibacillus indicus SD111T(data from Sharma et al., 2014). Star *: Summed features are groups 

of two or three fatty acids that could not be separated by GLC with the MIDI system. Summed feature 3 

comprises (iso-C15 : 0 2-OH and/or C16 : 1 7c and/or C16 : 1 6c) and 4 (iso-C17 : 1 I and/or anteiso-C17 : 1 

B).Values shown are percentages of total fatty acids with major components highlighted in bold (>5%). –, 

Not detected.   

 
Fatty acid type Fatty acid composition 1 2 3 4 5 6 

Saturated straight chain C12 : 0 0.25 - - - - 0.2 

 C14 : 0 1.96 0.9 1.7 0.8 2.2 2.4 

 C15 : 0 - 0.5 1.1 1.1 - - 

 C16 : 0 5.61 0.5 1.0 2.3 5.6 19.43 

 C17 : 0 - - - - - 0.2 

 C18 : 0 - - - - - 3.4 

Saturated branch chain iso-C13 : 0 0.31 0.4 - - - - 

 iso-C14 : 0 1.49 6.5 9.1 1.6 5.8 6.5 

 anteiso-C15 : 0 12.0 22.2 27.7 45.4 8.1 22.7 

 iso-C15 : 0 52.05 46.9 22.9 22.0 15.5 10.86 

 iso-C16 : 0 7.57 4.2 7.7 2.5 18.9 9.97 

 iso-C17 : 0 6.65 0.8 1.2 5.7 2.5 4.6 

 anteiso-C17 : 0 9.60 2.3 7.1 11.2 5.6 7.3 

 iso-C18 : 0 - - - - - 1.0 

Unsaturated branch chain iso-C15 : 1 - 0.7 - - - - 

 iso-C16 : 1 H - - - - 2.7 - 

 C16 : 1 7c - 8.4 2.5 1.8 13.8 1.6 

 C16 : 1 11c 0.60 1.3 - 2.5 9.1 - 

 iso-C17 : 1 10c 1.0 1.8 - 0.5 2.6 - 

 C18 : 1 9c 0.46 - - - - 0.7 
Hydroxylated Iso-C14 : 0 3-OH - - 2.0 - - - 

 Iso-C15 : 0 3-OH - - 6.1 - - - 

 C15 : 0 2-OH - - 5.5 - - - 

 Iso-C16 : 0 3-OH - - 1.5 - - - 

 C17 : 0 2-OH - - 1.2 - - - 

SF3*  0.45 - - - 3.8 - 

SF4*  - 2.9 1.8 - 2.4 - 

 

 

 



76 

2.4.7 Genomic analysis 

The size of complete draft genome of strain R1DC41T was 3.2 Mb long with 38.3 mol% 

G+C content and assembled into 2 contigs (Figure 7). The total number of predicted genes 

was 3,304, including 3,119 protein-coding sequences genes (CDS), 36 ribosomal RNA. 12 

copies of the 16S rRNA gene sequence (1574 bp) were detected, with 100% similarity 

between them, and 81 copies of tRNA. One phage sequence was also obtained. The length 

of the phage genome was 16645 bp. A summary of the genome information is presented in 

(Figure 7). 

 

Figure 2.7 Graphical circular map of the chromosome and genome features of Mangrovibacillus cuniculi 

strain R1DC41T. From outside to the center: Genes on forward strand, Genes on reverse strand, RNA genes 

(tRNAs purple, rRNAs blue), GC content, GC skew. 

 

2.5 Conclusion  

Overall, this study shows that it is possible to recover uncultivated bacteria from the Red 

Sea mangrove sediments using the DC technique. The use of oligotrophic media, long 

incubation time and in situ cultivation strategy yields high diversity of cultivated bacteria. 
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Comparison between the results of diffusion chamber and standard cultivation methods 

showed the success of the DC approach for cultivating novel bacterial taxa. Such an 

approach has allowed three bacterial isolates with low 16S rRNA sequence similarity to 

any described species to be obtained. Moreover, the results of phylogenetic, phenotypic 

and chemotaxonomic characteristics indicate that strain R1DC41T represents a novel 

species and genus in the family Bacillaceae with the proposed name Mangrovibacillus 

cuniculi. 
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Chapter 3: Kaustia mangrovi gen. nov., sp. nov., Isolated from Red Sea 

Mangrove Sediments and Proposal of Kaustiaceae fam. nov. Within the 

Order Rhizobiales 

 

3.1 Abstract  

Designated strain Kaustia mangrovi gen. nov., sp. nov. R1DC25T was isolated from 

bioturbated sediments of mangrove Avicenia marina forest along the Red Sea coast of 

Saudi Arabia. The isolate is moderately halophilic, aerobic/facultatively anaerobic, gram-

negative bacterium, with growth optimum at 40°C, pH 8.5 and 5.0% NaCl. The bacterium 

genome size is 4,630,536-bp, with a 67.3 mol% GC content. Phylogenetic analyses based 

on the 16S rRNA gene sequence and MLSA (Multi-locus Sequence Analysis) phylogenetic 

tree constructed with 120 concatenated single copy genes and genomic data demonstrate 

that strain R1DC25T is both a representative member of a novel genus and a novel family 

within the bacterial order Rhizobiales in the class Alphaproteobacteria. Microbial fatty 

acid profiles–unique from one species to another–revealed the dominance of cyclo-C19 : 

05c, a combination of C18 : 17c and/or C18 : 16c (summed feature 8), C16 : 0, while the 

predominant quinone was Q-10. On the basis of genomic, chemotaxonomic, biochemical 

and physiological data, the new isolate is classified as a representative of a novel proposed 

genus and species Kaustia mangrovi gen. nov., sp. nov., represented by the type strain 

R1DC25T (= KCTC 72348T; = JCM 33619T; = NCCB 100699T). In addition, the novel 

family Kaustiaceae fam. nov., is proposed to accommodate the genus Kaustia. 
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3.2 Introduction 

Extreme marine environments are characterized by a variety of severe geochemical and 

physical conditions which contribute to the selection and composition of the microbial 

communities adapted to these harsh ecosystems (Mapelli et al., 2016). Highly productive 

and ecologically important extreme coastal marine habitats are mangrove forests, which 

are considered to be hot spots for microbial abundance and diversity (Andreote et al., 

2012). The severe and peculiar characteristics of the mangrove ecosystem, such as tidal 

fluctuations, high salinity and low oxygen concentration, make it an ideal environment to 

study microbial diversity and search for novel lineages of life. The order Rhizobiales 

(Alphaproteobacteria) is composed of 14 families with validly published genera and 

species names (Huang et al., 2017). It is comprised of diverse and strategically important 

bacteria because it occupies different ecological niches and has important ecological 

functions (Carvalho et al., 2010). These bacteria are widespread in soil and marine 

environments such as sediments and hydrothermal vents. Rhizobiales are Gram-negative, 

rods or oval shaped, and grow well under aerobic conditions and salt concentrations 

ranging from 0.5 to 5% of NaCl. 

In a previous survey (Chapter 1), a series of new bacterial taxa, which include a new 

member of Rhizobiales, was been isolated from bioturbated sediments in the mangrove 

forest at the King Abdullah University of Science and Technology (KAUST) campus on 

the Saudi Arabian coast of the Red Sea. In order to characterize and classify this novel 

moderately halophilic bacterium of the mangrove habitat, I combined the study of its 

genome, chemotaxonomy features, physiology and phenotypic properties. The data 

allowed me to propose the assignment of such a novel isolate to the first genus and species, 
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Kaustia mangrovi gen. nov., sp. nov., in a novel family Kaustiaceae fam. nov., within the 

order Rhizobiales. 

 

3.3 Materials and Methods 

3.3.1 Bacterial Strain Cultivation and Growth Conditions 

Kaustia mangrovi R1DC25T a moderately halophilic strain was isolated under aerobic 

conditions from the Red Sea mangrove, in which burrow crabs (Uca spp.) bioturbated the 

sediments, mixing deep-surface substrates to create their holes (Booth et al., 2019). 

Bioturbated sediments were collected on April 2017 from the Ibn-Sina Research Station 

(22.34°N, 39.09°E) at the King Abdullah University of Science and Technology (KAUST) 

campus, on the Red Sea coast of Saudi Arabia. Using the diffusion chamber-based 

approach (in-situ cultivation), sediments were used as inoculum (details of isolation 

procedures reported in Chapter 1). Strain R1DC25T was maintained routinely on Marine 

Broth 2216 (MB, BD, U.S.A.) at 37°C for 48 hours; bacterial culture stocks were prepared 

in MB with glycerol 30 % (v/v) and stored at 80°C. 

 

3.3.2 Genome Sequencing and Annotation 

Genomic DNA of strain R1DC25T was extracted with the Maxwell RSC® Automated 

Nucleic Acid Purification system and the Maxwell® RSC Cultured Cells DNA kit 

(Promega). Bacterial cultures were grown at 37°C in MB medium for 48 hours. The 

quantification and qualification of extracted DNA were assessed by Qubit® dsDNA assay 

with a high sensitivity kit (Thermo-Fischer Scientific) and electrophoresis on 1% agarose 

gels and with Bioanalyzer 2100 (Agilent). Genomic DNA was sequenced using a PacBio 
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RS2 sequencer (Pacific Biosciences) at the Bioscience Core Lab of KAUST, (Saudi 

Arabia). The reads were assembled using PACBIO and HGAP.3 workflow analysis (Chin 

et al., 2013). The genome was annotated using RAST, PROKKA and KEGG analysis for 

gene functional prediction (Aziz et al., 2008; Bertini et al., 2014; Seemann, 2014; Kanehisa 

et al., 2016). 

 

3.3.3 Phylogenetic analysis 

The full-length 16S rRNA gene sequence was extracted from annotation results of strain 

R1DC25T for phylogenetic analysis. A phylogenetic tree based on 16S rRNA gene 

sequence was reconstructed using neighbor-joining and MEGA7 software. Topologies of 

the phylogenetic trees were evaluated by bootstrap analyses (based on 1000 resamplings) 

as described previously (Liu et al., 2019) to evaluate the significance of generated tree. The 

Multi-Locus Sequence Analysis (MLSA) of 120 concatenated single copy genes, obtained 

from the genome contig of the unclassified isolate, was also included to illustrate the 

existing phylogenetic tree. The GTDB-Tk software was used to construct phylogenetic 

diversity based on the alignment of the best BLAST matches for the genes of these markers 

(Chaumeil et al., 2019). A bootstrap analysis of 1000 resamplings was used to evaluate the 

tree topology (Felsenstein, 1985). The 16S rRNA gene sequence and the whole-genome 

were uploaded in Genbank under the accession number MT146881 and SAMN12206557, 

respectively. 

 

3.3.4 Physiological, biochemical and chemotaxonomy analysis 

Cell morphology was examined using scanning electron microscopy on a Teneo SEM 
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(FEI) at the Imaging Core Lab at King Abdullah University of Science and Technology 

(KAUST). Motility was determined using a modified semi-solid agar medium. To 

determine the growth temperature range, the strain was grown in MB (4%NaCl) at different 

temperatures, ranging from 10° to 50°C.  50 ml of bacterial cultures with three replicates 

per each temperature were set up and optical density at 600 nm (OD600) was measured 

using a UV-1600PC Spectrophotometer (VWR) every 24 hours for 6 days. To evaluate the 

capacity to grow in the presence of salt, different concentrations of NaCl (from 0 to 19%, 

w/v) were added to the MB recipe medium prepared manually to obtain minimum salinity 

of 0% (incubation at 37°C). Optical density (OD600) of the cultures was measured at 15 

min intervals in the plate reader, BioScreen Analyzer C (Growth Curves, USA), using non-

inoculated media as control (blank). Further physiological and phenotypical 

characterizations were performed using different Phenotype Microarray (PM) MicroPlates 

(BIOLOG) to investigate the pH response range for growth (PM10), osmotic and ionic 

response (PM9), and chemical sensibility (PM11-12), according to the manufacturer’s 

instructions. Carbon utilization was performed using a Biolog MicroPlate (PM1-2) as well 

as using the microplate reader at 37 °C incubation temperature for 5 days. MB medium was 

used as a growth medium after replacing the peptone with different carbon sources at a 

final concentration of 0.2% (w/v), as described in Chapter 1. 

Other biochemical tests were carried out to evaluate the biochemical properties of the 

bacterial strain. The oxidase activity of R1DC25T strain was tested using an oxidase strip 

test (Sigma-Aldrich), and the catalase activity was determined by bubble formation in 3% 

(v/v) hydrogen peroxide solution (H2O2) (Aladame, 1987). Indole production was tested 

according to Bric et al., (1991). Nitrate reduction ability was examined using a nitrate 
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reduction kit and following the manufacturer’ instructions. The nitrate broth medium was 

modified and supplemented with 4% (w/ v) NaCl. Screening for enzyme activity was 

evaluated as described in Liu et al., (2019) using MB 2216 (MB, BD, U.S.A.) agar plate 

medium to determine the production of amylase, protease, lipase and cellulase activity. In 

addition, cellular fatty acids, respiratory quinones and polar lipid composition were 

analyzed by the identification service laboratories of DSMZ (Braunschweig, Germany) for 

chemotaxonomic determination. 

 

3.4 Results and Discussion 

3.4.1 Morphological Characterization and Phylogenetic Analysis of Strain R1DC25T 

The novel strain R1DC25T, with the proposed family name Kaustiaceae (Kauus.tia.ce´ae 

N.L. fem. n. Kaustia, type genus of the family; suff. aceae, ending to denote a family; N.L. 

fem. n. Kaustiaceae, the Kaustia family), genus and species names Kaustia mangrovi 

[Kaustia (Kaus´ti.a. N.L. fem. n. Kaustia subjective name derived from the abbreviation 

KAUST-King Abdullah University of Science and Technology; man.gro´vi. N.L. neut. n. 

mangrovum a mangrove; N.L. gen. n. mangrovi of a mangrove, indicating to the cultivation 

of this bacterial isolate from the mangrove environment)] was isolated from the Red Sea 

mangrove bioturbated sediments using the diffusion chamber-based cultivation approach 

(Chapter 1). 

The bacterial cells are Gram-negative, aerobic/facultative anaerobic, moderately 

halophilic, mesophilic, non-motile and do not form spores. The ultrastructure examined by 

scanning electron microscopy showed irregular coccoid cells with appendages with a size 

of 0.8 x 0.8 µm in diameter (Figure 1a and b). The appendages seemed to be involved in 
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bacterium–bacterium interactions and might be used for biofilm formation in the microbial 

mats (Fukuda et al., 2012). Its colonies are circular with regular edges, smooth, shiny and 

creamy color and 2–3 mm in diameter. 

 

Figure 3.1 (a and b) Scanning electron micrographs of K. mangrovi R1DC25T. Bar length is 1 µm. (c) Strain 

R1DC25T growth at different temperatures. (d) Strain R1DC25T growth in presence of increasing 

concentrations of NaCl%. 

 

The 16S rRNA gene sequence comparison showed that the closest related species to strain 

R1DC25T were Rhodoligotrophos appendicifer (95.8% sequence identity), 

Rhodoligotrophos jinshengii (95.3%) and Rhodoligotrophos defluvii (94.5%), respectively. 

The 16S rRNA gene-based neighbor-joining phylogenetic tree grouped strain R1DC25T 

apart from the three species of the genus Rhodoligotrophos in the family Rhodobiaceae 

(Figure 2a). A phylogenetic reconstruction based on MLSA of 120 concatenated conserved 

bacterial marker genes showed that Kaustia mangrovi strain R1DC25T clusters in a group 

defining the novel family Kaustiaceae, separate and distinct from the other members of the 

order Rhizobiales, as supported by a 100% bootstrap confidence value (Figure 2b). 

Based on phylogenetic uniqueness, the new isolate R1DC25T (= KCTC 72348T =JCM 

33619T =NCCB 100699T) designates the novel genus Kaustia with type species Kaustia 
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mangrovi (fam. nov., gen. nov., sp. nov.,) to represent a novel family within the order 

Rhizobiales of the class Alphaproteobacteria. 

 

 

Figure 3.2 (a) Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences showing the position 

of Kaustia mangrovi R1DC25T (MT146881). Only bootstrap values (expressed as percentages of 1000 

replications) of >70% are shown at branching points. Escherichia coli ATCC 11775T (GenBank accession 

no. X80725) was used as an outgroup. Bar, 0.020 substitutions per nucleotide position. (b) Neighbor-joining 

phylogenetic tree using a MLSA concatenating 120 essential single-copy genes, highlighting the position of 

Kaustia mangrovi gen. nov. sp., nov., strain R1DC25T relative to other closely related bacterial taxa within 

the order Rhizobiales. The tree was built with the software Gtdb-Tk. Numbers at nodes designate bootstrap 

support values resulting from 1000 bootstrap replicates. Bar, 0.2. 
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3.4.2 Physiological and Biochemical Characteristics 

Phenotypical and biochemical characteristics of strain R1DC25T were summarized in 

(Table 1). R1DC25T is a mesophilic bacterium able to grow between 15°C to 40°C with 

optimum at 40°C (Figure 1c), with a doubling time of 5.2 hours. The pH range in which 

this bacterium can grow is between 6.5 and 10, with growth optimum at pH 8.0. R1DC25T 

is able to grow up to 19% NaCl (w/v), indicating its adaptation to the salinity of the 

mangrove sediments in the Red Sea, where fresh water input (river or rain) does not occur 

and sediments can reach 15-20% salinity (Booth et al., 2019). Optimal growth occurs at 

5% of NaCl (Figure 1d) but the ability to grow on a wider range of salinity from 2 to 19% 

w/v NaCl distinguishes R1DC25T from other closely related species within Rhizobiales 

order (Table 1). These results were also confirmed using the phenotype microarray plate 

PM9 of Biolog (growth between 1-10% NaCl; Table 2). R1DC25T is also able to actively 

growth under stress conditions imposed by other osmolytes and ions (such as ectoine, 

betaine, L-proline or glycerol (6%NaCl), 2-5% sodium sulfate and 10-100 mM sodium 

nitrate present in Biolog PM9; Table 2), which revealed the osmoadaptation capacity of 

this strain. An inhibition/reduction of growth (i.e., metabolic reduction) of R1DC25T was 

detected in certain cases, i.e., in the presence of 20–100 mM sodium phosphate (pH 7), 10–

100 mM ammonium sulfate (pH 8.0) and 20 mM sodium nitrate (Table 2). 

Strain R1DC25T is catalase negative and oxidase positive. The strain is able to reduce 

nitrate to nitrite. Cells are negative for amylase, protease, lipase and cellulase hydrolysis, 

while they are positive for the production of ammonia and indole from tryptophan (Table 

1).  
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Table 3.1 General features and genomic and phenotypic characteristics between strain R1DC25T and 

closely related members of Rhizobiales order. 

Characteristic Kaustia  

mangrovi 

Rhodoligotrophos 

appendicifer 

Rhodoligotrophos 

jinshengii 

Rhodoligotrophos 

defluvii 

General features     

Isolation source Mangrove sediments Freshwater  Activated sludge Activated sludge 

Cell morphology Irregular coccoid Irregular coccoid  Ovoid Short rod 

Appendages cells + + - - 

Pigmentation (colony 

color) 

Creamy Orange–red Red Red 

Motility Non-motile Non-motile Non-motile Non-motile 

Biotic relationship Free living Free living Free living Free living 

Pathogenicity NA NA NA NA 

Temperature range for 

growth (optimum °C) 

15–40 (40) 5–35 (30) 15–40 (30) 15–45 (40) 

NaCl range for growth 

(optimum%) 

2–19 (5) 0–5 (0.5-1) 0–7 (1.5-3) 0–4 (1-2) 

pH range for growth 

(optimum) 

6–10 (8.5) 6–9 (7) 5–10 (7) 4–10 (8) 

Genome size (Mb) 4.63 5.49 NA 5.49 

DNA G+C content (mol%) 67.3 61.1 67.7 64.4 

Predominant ubiquinone Q-10 Q-9 Q-10 Q-10 

Polar lipids  PG, PC, DPG, AL, 

L 

PE, PG, PC, DPG,  

AL, GL, L 

PE, PG, PC, DPG, 

AL, GL, L 

PE, PG, PC, DPG, AL, 

GL, L 

Activity of:     

Indole production + NA - - 

Nitrate reduction + - - NA 

Oxidase reaction + + - - 

Catalase reaction - + - + 

Substrate utilization     

L-Arginine + NA NA - 

L-Arabinose + + + NA 

D-Glucose - + + + 

D-Mannose - - + - 

D-Mannitol - - + - 

Maltose - - + - 

Sucrose - - + - 

Rhamnose - + - - 

Pyruvate + NA NA + 

Strains: 1. (data from this study); 2. (data from Fukuda et al., 2012) 3. (data from Deng et al., 2014); 4. (Liu et al., 2019). 

Characteristics are scored as (+) positive, (-) negative, (NA) no data available. 
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Strain R1DC25T showed active growth (measured as reduction of NADH) in presence of 

9 out of 190 carbon sources available in the PM1 and PM2 MicroPlate™ (Biolog; Table 

3); among other R1DC25T is able to use D-saccharic acid, L-proline, mucic acid, pyruvic 

acid, D-arabinose, D-glucosamine, L-ornithine and dihydroxy acetone as preferable carbon 

source. In the case of nitrogen source (part of Biolog PM10), several substrates were used 

in absence of N in the growth media, including aliphatic amino acids (leucine, glycine, 

valine and L-alanine), aromatic amino acids (phenylalanine, tryptophan, tyrosine, 

histidine), neutral amino acids (asparagine, serine, threonine, glutamine, proline, 

methionine) acidic amino acids (glutamic acid, aspartic acid), and basic amino acids 

(arginine, lysine). Finally, antibiotic activities (Table 4) of ten different chemical classes 

(PM11 and PM12 MicroPlate™, Biolog), were tested and showed sensitivity of R1DC25T 

to 24% (10 out of 41) of antibiotics such as amoxicillin, erythromycin, and penicillin, and 

resistance to 76% (31 out of 41) of the tested antibiotics. 
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Table 3.2 Metabolic profiling of K.mangrovi strain R1DC25T on Biolog PM 9 Microplate. “+” and “−” indicates the active growth ability of strain R1DC25T, 

under different stresses: “++”positive, “+”weakly positive, “−” negative.  

Well  Substrate  R1DC25T Well  Substrate  R1DC25T Well  Substrate R1DC25T Well Substrate  R1DC25T 

A1 NaCl1%  ++ C1 NaCl6%+KCl ++ E1 Sodium formate 

1%  

- G1 Sodium Phosphate pH 7 

20 mM  

+ 

A2 NaCl2%  ++ C2 NaCl 6 % + L-proline ++ E2 Sodium formate 

2%  

- G2 Sodium Phosphate pH 7 

50 mM  

+ 

A3 NaCl3%  ++ C3 NaCl 6 % + N-Acethyl L-

glutamine 

++ E3 Sodium formate 

3%  

- G3 Sodium Phosphate pH 7 

100 mM  

+ 

A4 NaCl4%  ++ C4 NaCl 6 % + ß-Glutamic acid ++ E4 Sodium formate 
4%  

- G4 Sodium Phosphate pH 7 
200 mM  

++ 

A5 NaCl5%  ++ C5 NaCl 6 % + γ-Amino-n-

butyric acid 

++ E5 Sodium formate 

5%  

- G5 Sodium Benzoate pH 5.2 

20 mM  

- 

A6 NaCl5.5%  ++ C6 NaCl 6 % + Glutathione ++ E6 Sodium formate 

6%  

- G6 Sodium Benzoate pH 5.2 

50 mM  

- 

A7 NaCl6%  ++ C7 NaCl 6 % + Glycerol ++ E7 Urea 2%  - G7 Sodium Benzoate pH 5.2 

100 mM  

- 

A8 NaCl6.5%  ++ C8 NaCl 6 % + Trehalose ++ E8 Urea 3%  - G8 Sodium Benzoate pH 5.2 

200 mM  

- 

A9 NaCl7%  ++ C9 NaCl 6 % + 
Trimethylamine-N-oxide 

++ E9 Urea 4%  - G9 Ammonium sulfate pH 8 
10 mM  

+ 

A10 NaCl8%  ++ C10 NaCl 6 % + Trimethylamine ++ E10 Urea 5%  - G10 Ammonium sulfate pH 8 

20 mM  

+ 

A11 NaCl9%  ++ C11 NaCl 6 % + Octopine ++ E11 Urea 6%  - G11 Ammonium sulfate pH 8 

50 mM  

- 

A12 NaCl10%  ++ C12 NaCl 6 % + Trigonelline ++ E12 Urea 7%  - G12 Ammonium sulfate pH 8 

100 mM  

- 

B1 NaCl6%  ++ D1 Potassium chloride 3% ++ F1 Sodium Lactate 

1%  

- H1 Sodium Nitrate 10 mM  ++ 

B2 NaCl6%+ Betaine ++ D2 Potassium chloride 4% ++ F2 Sodium Lactate 

2%  

- H2 Sodium Nitrate 20 mM  ++ 

B3 NaCl6%+ N-N Dimethyl 

glycine 

++ D3 Potassium chloride 5% ++ F3 Sodium Lactate 

3%  

- H3 Sodium Nitrate 40 mM  ++ 

B4 NaCl6%+ Sarcosine ++ D4 Potassium chloride 6% - F4 Sodium Lactate 
4%  

- H4 Sodium Nitrate 60 mM  ++ 

B5 NaCl6%+ Dimethyl 

sulphonyl propionate  

++ D5 Sodium sulfate 2% ++ F5 Sodium Lactate 

5%  

- H5 Sodium Nitrate 80 mM  ++ 

B6 NaCl6%+ MOPS ++ D6 Sodium sulfate 3% ++ F6 Sodium Lactate 

6%  

- H6 Sodium Nitrate 100 mM  ++ 

B7 NaCl6%+ Ectoine ++ D7 Sodium sulfate 4% ++ F7 Sodium Lactate 

7%  

- H7 Sodium Nitrite 10 mM  ++ 

B8 NaCl6%+ Choline ++ D8 Sodium sulfate 5% ++ F8 Sodium Lactate 

8%  

- H8 Sodium Nitrite 20 mM  + 

B9 NaCl6%+ Phosphoryl 
choline 

++ D9 Ethylene glycol 5% - F9 Sodium Lactate 
9%  

- H9 Sodium Nitrite 40 mM  - 

B10 NaCl6%+ Creatine ++ D10 Ethylene glycol 10% - F10 Sodium Lactate 

10%  

- H10 Sodium Nitrite 60 mM  - 

B11 NaCl6%+ Creatinine ++ D11 Ethylene glycol 15% - F11 Sodium Lactate 

11%  

- H11 Sodium Nitrite 80 mM  - 

B12 NaCl6%+ L-Carnitine  ++ D12 Ethylene glycol 20% - F12 Sodium Lactate 

12%  

- H12 Sodium Nitrite 100 mM  - 
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Table 3.3 Carbon sources in Biolog PM1 and PM2 MicroPlates utilized by K. mangrovi strain R1DC25T.   

       Plate PM1         Plate PM2 

Well Substrate                          Well Substrate 

A2  L-Arabinose   B5  D-Arabinose  

A4  D-Saccharic Acid   D12  Butyric Acid  

A8  L-Proline   E5  D-Glucosamine  

B8  D-Xylose   E8 Hydroxy Butyric Acid  

B9  L-Lactic Acid   E12  5-Keto-D-Gluconic Acid  

B12  L-Glutamic Acid   F5  Oxalomalic Acid  

C8  Acetic Acid   G5  Glycine  

F8  Mucic Acid   H1  L-Ornithine  

G5  L-Alanine   H5  D, L-Carnitine  

G9  Mono Methyl Succinate   H9  Dihydroxy Acetone  

H8  Pyruvic Acid     
 

 

Table 3.4 Antibiotic sensitivity test of R1DC25T on Biolog PM11-12 Microplate.  

S sensitive; R resistant. 

Antibiotic class R1DC25T Antibiotic class R1DC25T 

Aminoglycosides    Glycopeptides    

Amikacin  R Bleomycin  R 

Neomycin  R Colistin  R 

Gentamicin  R Capreomycin  R 

Kanamycin  R PolymyxinB  R 

Paromomycin  R Vancomycin  R 

Sisomicin  R Tetracyclines 
 

Novobiocin  S Chlortetracycline  R 

Tobramycin  R Minocycline  R 

Spectinomycin  R Demeclocycline R 

β-lactams  
 

Tetracycline  R 

Amoxicillin  S Penimepicycline  R 

Cloxacillin  S Amphenicols  
 

Nafcillin  S Chloramphenicol  R 

Cefazolin  R Macrolides 
 

Ceftriaxone  R Erythromycin  S 

Cephalothin  S Spiramycin  S 

PenicillinG  S Sulfonamides  
 

Carbenicillin  S Sulfamethoxazole  R 

Oxacillin  S Sulfathiazole  R 

Lincosamides  
 

Sulfadiazine  R 

Lincomycin  R Sulfamethazine  R 

Synthetic antibiotics  
 

Rifamycins 
 

Lomefloxacin  R Rifampicin  R 
Enoxacin  R     

Nalidixic acid R     

Ofloxacin  R     



99 

3.4.3 Chemotaxonomic Characteristics 

Similar to many members of Alphaproteobacteria class (Fukuda et al., 2012), the 

predominant respiratory quinones of strain R1DC25T is ubiquinone Q-10 (100 %). The 

cellular fatty acids of R1DC25T are composed of C19 : 0 cyclo 8c, a combination of C18 : 

17c and/or C18 : 16c, and C16 : 0 (Table 5). The polar lipid composition is dominated by 

phosphatidylglycerol, phosphatidylcholine, diphosphatidylglycerol, and several distinct 

aminolipids and lipids (Table 1). Notably, the determination of cellular fatty acid 

composition is consistent with the phylogenetic analyses and confirmed by the separate 

taxonomic status of the novel isolate (Pradel et al., 2020). R1DC25T is clearly distinguished 

from the species of the genus Rhodoligotrophos by the predominance of a combination of 

saturated chain fatty acids cyclo-C19 : 08c (47.54%) and of unsaturated chain fatty acids 

C18 : 17c and/or C18 : 16c (summed feature 8, 20.71%) and straight chain saturated fatty 

acids C16 : 0 (15.54%). Moreover, proportions of cyclo-C19 : 08c in strain R1DC25T was 

significantly higher than those in the related species while the methylated fatty acids 11 

methyl-C18 : 17c and 10 methyl-C19 : 0 were only presented in R1DC25T strain (Table 5). 

In addition, branched saturated chain fatty acids were lacking in this species. 

Analysis of the polar lipids of strain R1DC25T by two-dimensional TLC, showed the 

presence of phosphatidylglycerol (PG), phosphatidylcholine (PC), diphosphatidylglycerol 

(DPG) three unidentified aminolipids (AL 1-3), and two unidentified lipids (L 1-2), which 

is different from the profiles of the species of the genus Rhodoligotrophos, by the absence 

of phosphatidylethanolamine (PE), glycolipid (GL), and five unknown lipids. The data show 
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that isolate R1DC25T is distinct from related species within the order Rhizobiales and 

support its classification as a novel genus in a novel family within the order. 

 

Table 3.5 Cellular fatty acid composition (%) of strain R1DC25T and closely related members of Rhizobiales 

order. Strains: 1. Kaustia mangrovi R1DC25T (data from this study) 2. Rhodoligotrophos appendicifer JCM 

16873T (data from Fukuda et al., 2012)  3. R. jinshengii BUT-3T (data from Deng et al., 2014)   4. R. defluvii 

lm1T (Liu et al., 2019) Star *: Summed features are groups of two or three fatty acids that could not be 

separated by GLC with the MIDI system. Summed feature 3 comprises iso-C15 : 0 2-OH and/or C16 : 17c 

and/or C16 : 1 6c. Summed feature 8 comprises C18 : 17c and/or C18 : 16c. Values shown are percentages of 

total fatty acids with major components highlighted in bold (>5%). –, Not detected. 

 
Fatty acid type Fatty acid composition 1 2 3 4 

Saturated straight chain C12 : 0 -  0.4 0.5 

 C14 : 0 -  1.0 0.7 

 C16 : 0 15.54 22.6 14.3 17.0 

 C17 : 0 1.00    

 C18 : 0 2.30  2.0 1.6 

Unsaturated branch chain anteiso-C15 : 1 A -  0.8  

 C16 : 17c - 9.5   

 C17 : 18c    0.1 

 C18 : 15c    0.2 

 C18 : 17c - 12.1 19.1 29.0 

 C18 : 19c - 14.1 1.8  

 C20 : 26c9 2.34    

Saturated branch chain iso-C14 : 0 -  0.3  

 anteiso-C15 : 0 -  6.6 0.2 

 iso-C15 : 0 -  5.3 0.6 

 iso-C16 : 0 -  0.7 0.1 

 iso-C17 : 0 -  0.8  

 anteiso-C17 : 0 -  1.5 0.1 

 C17 : 0 cyclo - 9.5 1.4 0.5 

 C19 : 0  cyclo 8c 47.54  38.2 44.2 

Hydroxylated C14 : 0 3-OH - 7.8   

 C16 : 0 2-OH 1.01  0.4 0.2 

 C18 : 0 3-OH 2.62    

 C18 : 1 2-OH 1.66  1.0  

Methylated 11 methyl-C18 : 17c 2.79    

 10 methyl-C19 : 0 1.81    

SF3*  0.69  1.8 3.3 

SF8*  20.57    

Unknown 14.959  0.66    
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3.4.4 Genomic Analysis 

The genome of R1DC25T has a size of 4.63 Mb, with a DNA GC content of 67.3 mol% 

(Figure 3). The genome was assembled in one contig containing 4437 of genes of which 

4383 are protein-coding sequences (CDSs) and 54 are RNA coding sequences. The genome 

includes two copies of the 16S rRNA gene (1522 bp) and 50 copies of tRNA. Of the 

protein-coding genes, 67% were assigned a putative function, while the remaining genes 

were annotated as hypothetical proteins. A summary of the genome information is 

presented in (Figure 3).  

The Kaustia mangrovi R1DC25T genome revealed the presence of genes for 

osmoprotectant biosynthesis or transport, such as for proline (proA, proB, proC), ectoine 

(lysC, asd), betaine and choline (betA) and for a glycine betaine/proline transport system 

(proV, proW, proX). These compounds are used by  Kaustia mangrovi in response to 

osmotic stress and the harsh environmental conditions, such as the one of the mangrove 

environment (Kathiresan and Bingham, 2001). The respiratory lipo-quinones and 

cytochromes oxidase, as well as membrane-bound electron transport chain encoding genes 

confirmed the aerobic metabolism of this strain that is able to use oxygen as a terminal 

electron acceptor in respiration. However, the genes for the catalase enzyme production 

were not detected in the genome. 
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Figure 3.3 Graphical circular map of the chromosome and genome features of Kaustia mangrovi strain 

R1DC25T. From outside to the center: Genes on forward strand, Genes on reverse strand, RNA genes (tRNAs 

purple, rRNAs blue), GC content, and GC skew. 

 

3.5 Conclusion 

All the conducted analyses indicate that the genus Kaustia (including the novel species) 

represents a novel family within the order Rhizobiales in the class Alphaproteobacteria. 

Considering the results of phenotypic, phylogenetic and chemotaxonomic analyses, I 

suggest that strain R1DC25T represents a novel species of the genus Kaustia, for which the 

name Kaustia mangrovi sp. nov. is proposed. I also propose a novel family Kaustiaceae 

fam. nov. in the order Rhizobiales to accommodate the genus Kaustia. 

 

 

 

 

Attribute Value

Genome size (bp) 4,630,536

Number of contigs 1

DNA G+C content (mol%) 67.3

Total genes number 4437

Protein coding sequences genes (CDSs) 4383

rRNA 3

tRNA 50

tmRNA 1

Genes assigned to COGs 2095

Genes with function prediction 67%
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 Chapter 4: Mangrovivirga cuniculi gen. nov., sp. nov., a moderately 

halophilic bacterium isolated from the mangrove sediments of the Red 

Sea coast 

 

4.1 Abstract 

The use of the diffusion chamber-based approach as a cultivation alternative method 

allowed me to isolate novel microorganisms from the bioturbated sediments of Red Sea 

mangroves (Chapter 1). Here, I describe one of the novel isolates, a Gram-negative, non-

motile, long rod-shaped bacterium, Mangrovivirga cuniculi gen. nov., sp. nov. (R1DC9T). 

R1DC9T genome sequencing using PacBio resulted in a genome of 4,661,901bp, with GC 

content of 63.1 mol%, encoding 4247 proteins, 12 rRNA operons and 43 tRNAs. 

Phylogenetic analysis based on the 16S rRNA gene sequence, whole-genome annotation, 

and MLSA (Multi-locus Sequence Analysis using 120 concatenated single copy genes) 

revealed that R1DC9T belongs to the Flammeovirgaceae family and Cytophagales order 

in the Bacteroidetes class. It represents the first species of a new genus, showing an average 

of nucleotide identity with the closely related genera of between 64 and 65%. The genome 

harbors genes responsible for protection against oxidative, osmotic and salinity stresses, 

such as the production of osmoprotectants. It also contains genes with a role in the 

production of carotenoids. The culture-dependent collection of bacteria from an overlooked 

ecosystem (i.e., mangrove sediments) combined with genome sequencing provides new 

opportunities for potential biotechnological applications. 
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4.2 Introduction 

The phylum Bacteroidetes is a group comprising bacteria ubiquitously distributed in 

marine ecosystems, such as coastal, offshore, sediments and hydrothermal vents (Pommier 

et al., 2006; Alonso-Saez and Gasol, 2007; Huo et al., 2013; Lin et al., 2015). Four classes 

compose this phylum: Bacteroidia, Flavobacteriia, Sphingobacteriia and the recently 

proposed class Cytophagia (Ludwig et al., 2010). The newly proposed class comprises, 

among others, the family Flammeovirgaceae to which the genera Roseivirga, Fabibacter 

and Marivirga belong (Nedashkovskaya et al., 2005, 2010; Lau et al., 2006). All are Gram-

negative, rods or coccobacilli shaped and grow under aerobic conditions. In this study, we 

present the complete genome sequence of Mangrovivirga cuniculi gen. nov., sp. nov. 

(R1DC9T), previously isolated from the bioturbated mangrove sediments of the Red Sea 

coast (Chapter 1). It is the first representative species of a new genus (i.e., Mangrovivirga) 

within the family Flammeovirgaceae, closely related to both Roseivirga and Marivirga. 

 

4.3 Materials and Methods 

4.3.1 Isolation Site and Bacterial Cultivation 

Mangrovivirga cuniculi R1DC9T was isolated from mangrove sediment burrows made by 

crabs of the genus Uca at the Ibn-Sina Field Research Station and Nature Conservation 

Area (22.34°N, 39.09°R) at King Abdullah University of Science and Technology 

(KAUST) using the Diffusion Chamber (DC)-based approach as described in Chapter 1. 

Pure cultures of R1DC9T were stored in 30% glycerol at 80°C. R1DC9T was grown in 

aerobic conditions on Lysogeny Broth plus Filtered Sea Water (LB+FSW) at 37°C for 48 

hours. 
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4.3.2 Genome Sequencing and Annotation 

Fresh bacterial cultures were used for total genomic DNA extraction using the Maxwell® 

RSC Automated Nucleic Acid Purification system and the Maxwell® RSC Cultured Cells 

DNA kit (Promega). DNA concentration was quantified by a Qubit® dsDNA assay with 

the high sensitivity kit (Thermo-Fischer Scientific). Quality control was performed by 

electrophoresis on 1% agarose gels and with Bioanalyzer 2100 (Agilent). The genome of 

strain R1DC9T was sequenced using PacBio RS2 sequencer (Pacific Biosciences, KAUST, 

Bioscience Core Lab, SA). The reads were assembled using the SMRT analysis software 

(PACBIO) and the HGAP.3 workflow (Chin et al., 2013). Genome was annotated using 

the automated annotation pipeline PROKKA (Seemann, 2014). Annotation was also done 

by using RAST and KEGG (Aziz et al., 2008; Bertini et al., 2014; Kanehisa et al., 2016). 

 

4.3.3 Phylogenetic Analysis 

The 16S rRNA gene sequence from the draft genome of strain R1DC9T was analyzed with 

the RDP Classifier and BLAST to search the NCBI database for all the available 16S rRNA 

sequences. Phylogenetic trees were reconstructed by using the neighbor-joining and 

maximum-likelihood method available in the MEGA7 software package (Kumar et al., 

2016). The topologies of the phylogenetic trees were evaluated by bootstrap analyses 

(based on 1000 re-samplings). The phylogenetic tree of Multi-locus Sequence Analysis 

(MLSA) was performed using 120 concatenated single copy genes and GTDB-Tk software 

was used to construct the phylogenetic tree based on the alignment of the best BLAST 

matches for these markers’ genes. A bootstrap analysis of 1000 resamplings was used to 

evaluate the tree topology (Felsenstein, 1985). BLAST based average nucleotide identity 
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(ANIb) scores of strain R1DC9T and those of other species closely related genome 

sequence were calculated using the software JSpeciesWS (Burall et al., 2016; Richter et 

al., 2016) with default parameters. The 16S rRNA gene sequence and whole-genome were 

deposited in GenBank under the accession numbers MT146883 and CP028923.1, 

respectively. 

 

4.3.4 Physiological, Biochemical and Chemotaxonomy Analysis 

Cell morphology of strain R1DC9T was determined by transmission electron microscopy 

on a Teneo SEM (FEI) at the Imaging Core Lab at King Abdullah University of Science 

and Technology (KAUST). Gram staining was performed following the standard protocol 

(Madigan et al., 2008). Cell motility was assessed on a tube containing a semi-solid 

medium and by the hanging drop technique. The effect of temperatures (10-50°C) on 

growth of R1DC9T was assessed using LB+FSW medium broth. Fifty ml of bacterial 

cultures with three biological replicates per each temperature were set-up and optical 

density at 600 nm (OD600) was measured by using the UV-1600PC Spectrophotometer 

(VWR) every 24 hours for 6 days. Growth of the strain under different salt concentrations 

from 0.5 to 15% NaCl was also evaluated using liquid LB medium prepared with diluted 

FSW to obtain minimum salinity of 0.5%; salinity was gradually increased (incremental 

step of 1%, w/v) adding 1% of NaCl to the LB-0.5% FSW medium broth. Cultures were 

inoculated in 100 wells plate (n=3 for each salt concentration) and incubated for 7 days at 

37°C (optimum temperature); growth was recorded using the plate reader BioScreen 

Analyzer C (Growth Curves, USA). 
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 Biolog Phenotype Microarray (PM) was also conducted using plates PM1-2 to assess the 

phenotypes of different carbon sources, plate PM10 to test for pH effects and plates PM11-

12 to test chemical sensitivity; the PM manufacturer instructions were followed. All the 

materials and reagents used were purchased from Biolog (Hayward, CA, United States). 

Oxidase activity was determined using oxidase test strips (Sigma-Aldrich). Catalase 

activity was determined by assessing bubble production in 3% (v/v) H2O2 (Aladame, 

1987). The nitrate reduction reaction was determined using a nitrate reduction kit and 

nitrate broth medium supplemented with 4% (w/v) sea salt (Sigma). An indole production 

test was conducted by measuring the amount of indole produced by the bacterial isolate in 

broth medium supplemented with L-tryptophan by using the Salkowski reagent (Bric et 

al., 1991). Screening for amylase, protease, lipase and cellulase enzyme activates were 

evaluated as described in (Liu et al., 2019) using LB+FSW medium containing 1.5% of 

starch, casein, tween 80, and cellulose as substrates. For chemotaxonomic determination, 

bacterial cells of R1DC9T were cultivated in LB+FSW medium and sent to the 

identification service of the DSMZ (Braunschweig, Germany), where fatty acids, polar 

lipids and respiratory quinones analyses were performed. 

 

4.4 Results and Discussion 

4.4.1 Morphological Characterization and Phylogenetic Analysis of Strain R1DC9T 

The novel strain R1DC9T, with the proposed genus and species names Mangrovivirga 

cuniculi [Mangrovivirga (Man.gro.vi.vir'ga. N.L. neut. n. mangrovum, a mangrove; L. 

fem. n. virga, rod; N.L. gen. n. Mangrovivirga, a mangrove-rod, referring to the isolation 

of a rod shaped bacterium from the mangrove environment); (cu.ni.cu'li. L. masc. n. 
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cuniculi, a burrow; N.L. gen. n. cuniculi, named because the type species was isolated from 

the crab burrow of mangrove)], was isolated from the Red Sea mangrove bioturbated 

sediments. It is a Gram-stain-negative, non-spore-forming, aerobic, long rod-shaped 

bacterium (0.5-0.8 μm wide, 1.2-2 μm long; Figure 1a and b). While the presence of some 

genes related to gliding motility were indicated from the genome annotation of this 

bacterium (gldD, gldF, gldH, gldJ, gldK, gldL, gldM, gldN), it was non-motile by in vitro 

test in semi solid medium. Its colonies appear circular with regular edges, smooth, and 

shiny with an orange color, and 1–2 mm in diameter. 

 

 

Figure 4.1 (a and b) Scanning electron micrographs of M. cuniculi R1DC9T. Bar length is 2 and 5 µm, 

respectively. (c) Strain R1DC9T growth at different temperatures. (d) Strain R1DC9T growth in presence of 

increasing concentrations of NaCl%. 

 

The 16S rRNA gene sequence comparison with related taxa revealed that the closest related 

species to strain R1DC9T were in the genera Roseivirga and Marivirga with BLAST 

similarity of 90% and 89%, respectively. The RDP classifier assigns R1DC9 to the family 

Flammeovirgaceae with 99% confidence, but designates the strain as unclassified 

Flammeovirgaceae with a 44% bootstrap confidence value for the genus Marivirga. Also, 

SILVA aligner tool identifies R1DC9T as unclassified. Neighbor-joining phylogenetic tree 
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based on 16S rRNA gene sequences grouped strain R1DC9T with a clade comprising 

previously described species of the genus Marivirga within the family Flammeovirgaceae 

(Figure 2a). MLSA phylogenetic tree of 120 concatenated single-copy genes of M. cuniculi 

(obtained from the genome) and several related taxa was constructed (Figure 2b). The 

isolate R1DC9T forms a cluster together with Marivirga, Roseivirga, and Fabibacter 

genera within the Flammeovirgaceae family. Notably, strain R1DC9T forms a separate 

branch from all the other genera. 

Average Nucleotide Index blast (ANIb) analysis was also performed to establish the 

genetic relatedness of isolate R1DC9T with eleven fully sequenced genome representatives 

of the family Flammeovirgaceae. ANIb analysis (Table 1) showed percentages of identity 

between R1DC9T strain and other described species (in the genera Cesiribacter, 

Fabibacter, Marivirga, Nafulsella, Reichenbachiella, Roseivirga) in a range of 64-65%, 

lower than species-embracing threshold (95%; Richter et al., 2016) for all genomic 

comparisons, confirming that R1DC9T represents a novel genus. 

Based on genomic data, the new isolate designates Mangrovivirga with type species 

Mangrovivirga cuniculi (gen. nov., sp. nov.,) R1DC9T (= KCTC 72349T, = JCM 33609T, 

= NCCB 100698T) could be classified as a novel genus of the Flammeovirgaceae family 

within the phylum Bacteroidetes. 
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Figure 4.2 (a) Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences showing the position 

of Mangrovivirga cuniculi R1DC9T (MT146883). Only bootstrap values (expressed as percentages of 1000 

replications) of >70% are shown at branching points. Psychroflexus torquis ATCC 700755T (GenBank 

accession no. U85881) was used as an outgroup. Bar, 0.020 substitutions per nucleotide position. (b) 

Neighbor-joining constructed phylogenetic tree showing the position of strain R1DC9T relative to the other 

type strains within the family Flammeovirgaceae. The phylogenetic tree built from the MLSA based on 120 

concatenated single-copy genes. The tree contains type strains of species from the genera Marivirga, 

Roseivirga and Fabibacter and other representatives of the family Flammeovirgaceae. Bootstrap values 

greater than 50% based on 1000 replications are indicated at branching nodes. Bar, 0.2 substitution per 

nucleotide position. 
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Table 4.1 Average Nucleotide Identity via BLAST (ANIb) matrix of isolate M. cuniculi R1DC9T with 

other representatives of the family Flammeovirgaceae. Cut-off percentage to be assigned to the same 

species is ≥ 95%. 

Reference genome ANIb (%) Aligned Nucleotide (%) 

Cesiribacter andamanensis AMV16 64 12.61 

Fabibacter misakiensis SK-8 65.13 17.43 

Fabibacter pacificus DSM 100771 65.52 16.92 

Marivirga sericea DSM 4125 65.65 19.7 

Marivirga tractuosa DSM 4126 65.87 21.52 

Nafulsella turpanensis ZLM-10 64.92 16.25 

Reichenbachiella agariperforans DSM 26134 65.02 13.75 

Roseivirga echinicomitans KMM 6058 65.42 18.38 

Roseivirga ehrenbergii KMM 6017 65.58 18.36 

Roseivirga seohaensis subsp. aquiponti D-25 65.52 18.54 

Roseivirga spongicola UST030701-084 65.47 17.87 

 

4.4.2 Physiological and Biochemical Characteristics 

The strain R1DC9T is able to grow between 20 and 40°C (optimum growth at 37°C, Figure 

1c); the doubling time for R1DC9T under optimal conditions for growth was 6.5 hours. The 

pH range for growth is between pH 6 and 10.0 (optimum growth at pH 8). The strain was 

determined to be a moderate halophile bacterium according to halophiles grouping (Zhu et 

al., 2007) as it was found to be unable to grow in a medium lacking NaCl; the optimum of 

NaCl concentration for growth is 3% at 37ºC and pH 8, but it can actively grow in a range 

between 2 to 12% of NaCl (Figure 1d). Its ability to tolerate and grow in the presence of 

high concentrations of NaCl (up to 12%) confirmed its adaptation to the saline 

environmental conditions of the mangrove sediments in the Red Sea, where no fresh water 

input (river or rain) occurs and sediments can reach salinities between 15 and 20% during 

the summer period, when the reduced tide and high temperature favor intense water 

evaporation and accumulation of salts in the sediments (Booth et al., 2019). 

The cytochrome oxidase and catalase tests, along with those for amylase, protease, lipase 
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and cellulase were negative, while the production of indole and ammonia were positive.  

The strain was unable to reduce nitrate to nitrite (nitrate reduction). The detailed 

morphological, physiological and biochemical characteristics of strain R1DC9T are 

summarized in (Table 2).  

 

Table 4.2 General features and genomic and phenotypic characteristics between strain R1DC9T and closely 

related members of Flammeovirgaceae family. 

Characteristic Mangrovivirga 

cuniculi 

Marivirga 

tractosa 

Roseivirga 

seohaensis 

Fabibacter 

misakiensis 

General features     

Habitat Mangrove sediments Beach sand Sea water Coastal water 

Morphology Rods Long-rods Rods Rods 

Pigmentation Orange Yellow Orange Pink 

Motility Non-motile  Motile-gliding  Motile-gliding Motile-gliding 

Biotic relationship Free living Free living Free living Free living 

Pathogenicity - - - - 

Temperature range for growth 

(optimum) 
20–40 (30-37) 10–40 (28-32) 4–40 (30) 10–30 (20-25) 

NaCl range for growth (optimum) 2–12 (3-5) 0.5–10 (4-7) 2–9 (2-3) 1-5 

pH range for growth (optimum) 6–10 (7.5–8.5) NA 5.5–9 (7-8) 6-10 (7-9) 

DNA G+C content (mol%) 36.1 36.1 39.3 39.1 

Predominant menaquinone MK-7 MK-7 MK-7 MK-7 

Activity of:     

Indole production + - - - 

Nitrate reduction - - - - 

Oxidase - + + + 

Catalase - + + + 

Strains: 1. (data from this study); 2. (data from Nedashkovskaya et al., 2010); 3. (data from Lau, Mandy M. Y. Tsoi, et al., 

2006); 4. (data from Lee et al., 2015). Characteristics are scored as (+) positive, (-) negative, NA no data available. 

 

 

Analysis of the carbon source microplates (Biolog PM1and PM2) showed that R1DC9T 

was able to utilize acetoacetic acid, along with a weak growth on D-glucosamine, 

oxalomalic acid and sorbic acid; all the others carbon sources present in PM1 and PM2 

plates did not support the growth. Moreover, R1DC9T was tested for the capacity to grow 

in presence of 41 antibiotics belonging to ten different chemical classes (PM11 and PM12), 

including aminoglycosides, β-lactams, lincosamides, synthetic-antibiotics, glycopeptides, 
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tetracyclines, amphenicols, macrolides, sulfonamides and rifampycins (Table 3). R1DC9T 

was found to be sensitive to 54% (22 out of 41) of antibiotics such as kanamycin, penicillin 

G, chloramphenicol and erythromycin, while it was resistant to 46% (19 out of 41) of total 

antibiotics (Table 3). 

 

Table 4.3 Antibiotic sensitivity test of R1DC9T on Biolog PM11-12 Microplate. 

Characteristics are scored as (S) sensitive or (-) resistant 

Antibiotic class R1DC9T Antibiotic class R1DC9T 

Aminoglycosides    Glycopeptides    

Amikacin  S Bleomycin  R 

Neomycin  R Colistin  R 

Gentamicin  R Capreomycin  R 

Kanamycin  S PolymyxinB  R 

Paromomycin  R Vancomycin  S 

Sisomicin  R Tetracyclines   

Novobiocin  S Chlortetracycline  S 

Tobramycin  R Minocycline  S 

Spectinomycin  S Demeclocycline S 

β-lactams    Tetracycline  R 

Amoxicillin  R Penimepicycline  R 

Cloxacillin  S Amphenicols    

Nafcillin  S Chloramphenicol  S 

Cefazolin  R Macrolides   

Ceftriaxone  R Erythromycin  S 

Cephalothin  S Spiramycin  S 

PenicillinG  S Sulfonamides    

Carbenicillin  S Sulfamethoxazole  R 

Oxacillin  S Sulfathiazole  R 

Lincosamides    Sulfadiazine  R 

Lincomycin  S Sulfamethazine  R 

Synthetic antibiotics    Rifamycins   

Lomefloxacin  S Rifampicin  S 

Enoxacin  S     

Nalidixic acid R     

Ofloxacin  S     
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4.4.3 Chemotaxonomic Characteristics  

The major fatty acids (>5%) of R1DC9T are saturated branch chain fatty acids iso-C15 : 0 

(57.09%), iso-C17 : 0 3-OH (12.77%) and iso-C17 : 0 (5.09%), while the unsaturated branch 

chain fatty acid C16 : 15c comprises 5.83% of the total fatty acids. R1DC9T is different 

from related genera in the Flammeovirgaceae family based on the proportions of iso-C15 : 

0 which is significantly higher than those of the other members. The presence of C16 : 15c 

was noted while unsaturated chain fatty acids were poorly represented. The detailed 

cellular fatty acid compositions of strain R1DC9T with the related type strains are shown 

in (Table 4). The major respiratory quinone was MK7 (100%), which is the predominate 

one in the Flammeovirgaceae family. The polar lipid profile of strain R1DC9T was 

analyzed by two-dimensional TLC, and was revealed to be composed of one 

phosphatidylethanolamine (PE), two unknown phospholipids (PL) and two unknown lipids 

(L). I observed some quantitative differences between the profile of the R1DC9T strain and 

the related species of the genera Marivirga and Rosivirga, such as the absence of two 

aminolipids (AL), one glycolipid (GL) and two unidentified polar lipids. Taken together, 

the results of this study suggest that strain R1DC9T belongs to the family 

Flammeovirgaceae.  
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Table 4.4 Cellular fatty acid composition (%) of R1DC9T and closely related members of Flammeovirgaceae 

family. Strains: 1. M. cuniculi R1DC9T (data from this study); 2. R. seohaensis SW-152T (data from 

Selvaratnam, Thevarajoo, Goh, et al., 2016); 3. M. tractosa DSM 4126T (data from Nedashkovskaya et al., 

2010); 4. F. misakiensis SK-8T (data from Lee et al., 2015). Star *: summed features are groups of two or 

three fatty acids that could not be separated by GLC with the MIDI system. Summed feature 3 comprises iso-

C15 : 0 2-OH and/or C16 : 17c and/or C16 : 16c. Summed feature 4 comprises isoI-C17 : 1 and/or anteiso-C17 : 1 

B. ND, not detected. 

Fatty acid type Fatty acid composition 1 2 3 4 

Saturated straight chain C12 : 0 0.16 - - - 

 C14 : 0 0.54 - - - 

 C15 : 0 0.93 - 4.4 - 

 C16 : 0 2.81 - - - 

Saturated branch chain iso-C13 : 0 0.47 4.3 1.2 - 

 iso-C14 : 0 0.25 0.6 - - 

 iso-C15 : 0 57.09 26.4 36.8 18.1 

 anteiso-C15 : 0 0.89 4.3 - 2.9 

 iso-C16 : 0 0.98 0.9 3.7 - 

 iso-C17 : 0 5.09 0.5 1.2 - 

Unsaturated branch chain iso-G-C15 : 1 1.46 27.0 23.0 47.6 

 anteiso-C15 : 1 - 0.8 - - 

 iso-G-C16 : 1 - 0.5 1.4 1.8 

 C16 : 15c 5.83 - - - 

Hydroxylated C15 : 0 2-OH - 0.3 - - 

 C15 : 0 3-OH - 0.4 - - 

 iso-C15 : 0 3-OH 3.23 5.7 - 6.2 

 C16 : 0 3-OH 3.38 1.9 2.8 6.2 

 iso-C16 : 0 3-OH 0.50 5.7 2.8 4.7 

 C17 : 0 2-OH - 1.4 - - 

 iso-C17 : 0 3-OH 12.77 11.1 12.2 9.8 

SF3*  0.93 2.4 0.8 - 

SF4*  1.83 - - - 

Unknown 13.565  0.82 - - - 

Unknown 14.959  0.70 - - - 

 

4.4.4 Genomic Analysis  

The genome size of R1DC9T is 4,661,901bp, with GC content 36.1 mol% (Figure 3). The 

annotation process showed that the genome contains 4,316 genes, of which 4,247 are 

protein-coding sequences (CDCs) and 12 RNA genes, including four identical copies of 

the 16S rRNA gene (1544 bp) and 43 copies of tRNA. Among the protein-coding genes, 
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54% were assigned to putative functions, while the remaining genes were annotated as 

hypothetical proteins (Figure 3). 

The R1DC9T genome revealed the presence of genes related to biosynthesis or transport of 

osmoprotectants. These compounds are used by halophilic bacteria to counteract the effects 

of osmotic stress. The majority of halophilic bacteria generally synthetize or uptake 

different osmoprotectants such as glycine-betaine, proline, and other compatible solutes in 

response to osmotic stress to adjust osmotic homeostasis against salt stress (Xu et al., 

2018). R1DC9T present several genes encoding for osmoprotectants such as proC (proline 

biosynthesis), lysC/asd (ectoine biosynthesis), and glgA/glgB (trehalose biosynthesis). 

Furthermore, it has the transporter genes proX, opuBB and opuBA which are involved in 

the transport of osmoprotectants inside the cells such as glycine betaine/proline. Notably, 

by comparing the R1DC9T genome with its closest relatives (i.e., Marivirga tractuosa 

DSM 4126T, Fabibacter misakiensis SK-8T and Roseivirga seohaensis SW-152T), it is 

possible to observe that in addition to the basic metabolic functions, all three genomes 

shared those genes involved in osmotic stress response. 

Additionally, Mangrovivirga cuniculi genome contains 8 genes that encode for the 

production of carotenoid pigments (lcyB, crtI, crtO, crtZ, miaA, al1, al2, ispB). This 

suggests the ability of this strain to synthesize various types of carotenoids such as beta-

carotene, astaxanthin and lycopene. These carotenoids are involved in antioxidation for 

quenching singlet oxygen and lipid peroxidation or the scavenging of hydroxyl radical 

(Sanchez et al., 2013; Nishino et al., 2016). They are part of the cell machinery to 

counteract photooxidative stress and other unfavorable environmental conditions (Li et al., 
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2008). The presence of a gene encoding for bioactive compounds could have possible 

industrial applications (e.g., pharmaceutical, cosmetic, and food production; Mata-Gómez 

et al., 2014). 

 

Figure 4.3 Graphical circular map of the chromosome and table detailing the genome features of M. cuniculi 

strain R1DC9T. From outside to the center: Genes on forward strand, Genes on reverse strand, RNA genes 

(tRNAs purple, rRNAs blue), GC content, and GC skew. 

 

4.5 Conclusion 

The low level of 16S rRNA gene sequence similarity, the independent phylogenetic 

position, a relatively low ANI value and differences in numerous phenotypic properties, 

cellular fatty acid compositions, polar lipid profiles and DNA G+C content between strain 

R1DC9T and its closest phylogenetic described species strongly indicate that R1DC9T 

diverges from such related taxa. Therefore, we suggest that R1DC9T represents a novel 

species in a novel genus within Flammeovirgaceae family of the order Cytophagales, for 

which the name Mangrovivirga cuniculi gen. nov., sp. nov., is proposed. 

Attribute Value
Genome size (bp) 4,661,901
Number of contigs 1
DNA G+C content (mol%) 36.1
Total genes number 4316
Protein coding sequences genes (CDSs) 4247
rRNA 12
tRNA 43
Other RNA genes 14
Genes with signal peptide 402
Genes with function prediction 2212
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Chapter 5: Isolation of Culturable Bacteria from the Red Sea Mangrove 

Sediments Using Long Incubation Times and Oligotrophic Media and 

Identification of the New Species Nitratireductor thuwali sp. nov. 

 

5.1 Abstract 

Uncultured microorganisms comprise the majority of biological diversity existing on our 

planet. Despite advances in metagenomic sequencing and single-cell genomics, no detailed 

studies are available for many of these bacterial groups due to the inability to culture 

representatives in the laboratory. Here, I report the isolation of uncultured bacteria from 

the Red Sea mangrove sediments using a method consisting of oligotrophic media, 

extended incubation times and selection of slow-growing bacteria. This cultivation strategy 

led to the isolation of bacterial species from rarely cultivated or recently described groups, 

such as Citreicella, Joostella, Pelagibaca, Muricauda, Reinekea and Sinomicrobium. 

Additionally, an uncultured species belonging to the genus Nitratireductor within the 

family Phyllobacteriaceae in the class Alphaproteobacteria was successfully obtained. 

The genotypic, chemotaxonomic and phenotypic characterization indicate that this isolate 

represents a novel species of the genus Nitratireductor as Nitratireductor thuwali sp. nov. 

Nit1536T. 
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5.2 Introduction 

It is a well-known fact that the vast majority of microorganisms found in environmental 

samples cannot be isolated and grown using conventional cultivation approaches (Rappé 

and Giovannoni, 2003). The reasons for failing to grow most of the existing 

microorganisms in the laboratory are various. Some are complex, such as the need for 

specific growth signals (Bruns et al., 2002; Nichols et al., 2008), dependence on other 

microorganisms (D’Onofrio et al., 2010; He et al., 2015), development as microcolonies 

(Davis et al., 2011), or failing to supplement the correct nutrients (Köpke et al., 2005), 

while others are simpler to address, such as the use of extremely rich media and insufficient 

incubation periods (Janssen et al., 2002; Davis et al., 2005). Several studies have shown 

that it is possible to isolate previously uncultivated microorganisms using simple strategies 

such as low concentrations of nutrients and longer incubation times (Janssen et al., 2002; 

Davis et al., 2005; Pulschen et al., 2017). Moreover, cultivation success can be improved 

by a deeper knowledge of the microorganism’s biology and activity, such as genomic 

analysis. 

The purpose of this study is to increase the isolation of novel previously-uncultivated 

bacteria from environmental samples. I decided to focus on underexplored environments, 

such as that represented by mangrove sediments. Mangroves are natural and widespread 

ecosystems covering between 60–70% of the world’s tropical and subtropical coastlines 

(Thatoi et al., 2013). Mangroves have been recognized as highly productive ecosystems 

and play a crucial role in cycling energy and nutrients at the interface between land and sea 

(Sheaves, 2009; Donato et al., 2011). They are characterized by periodic tidal flooding 

with consequent high fluctuation of environmental factors, such as nutrient, salinity, 
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temperature and oxygen concentrations. Mangroves not only host a wide variety of animal 

and plant species, but also provide a unique ecological environment for diverse bacterial 

communities adapted to fluctuating environmental conditions (Radhakrishnan et al., 2011). 

In fact, it has been demonstrated that mangrove sediments host a huge number of bacteria 

and fungi and  constitute 91% of the total microbial biomass (Pramanik et al., 2019). 

Moreover, this unique environment is subjected to other environmental stresses that 

primarily originate from anthropogenic activity along the coast. For instance, mangrove 

sediments act as a natural sink for several pollutants, such as micro-plastics (Martin et al., 

2019), organic compounds, polycyclic aromatic hydrocarbons and trace metals (Maiti and 

Chowdhury, 2013). Sediments from the mangrove located along the Red Sea coast of Saudi 

Arabia represent an interesting example of a fragile and unique ecosystem. Here, mangrove 

stands growing close to King Abdullah Economic City (Rabigh) were selected. These 

mangroves were considered to be one of the most extreme fringe mangrove-forests 

worldwide due to the limited nutrients and the absence of freshwater input from rivers and 

other run-off sources (Booth et al., 2019). Moreover, this part of the Red Sea has intense 

ship traffic, which is a major source of hydrocarbons and other anthropogenic pollutants 

(El-Amin Bashir et al., 2017). 

In this study, I report on the isolation of uncultured microorganisms from the Red Sea 

mangrove sediments using extended incubation periods and oligotrophic conditions, which 

should favor the growth of slow growing bacteria, allowing for the cultivation of peculiar 

and unique bacterial species. The description of a novel halophilic bacterium, strain 

Nit1536T, belonging to a new species of the genus Nitratireductor, proposed as 

Nitratireductor thuwali, is reported. 
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5.3 Materials and methods 

5.3.1 Sampling and Enrichment Cultures 

Three samples of bulk sediments were collected from a fringe mangrove characterized by 

coarse sandy sediment, much of which is made by coral debris (Basaham et al., 2014), 

which stands at the King Abdullah Economic City (KAEC), Rabigh, Saudi Arabia 

(22°24’N, 39°05’E). This mangrove has been impacted by the presence of anthropogenic 

activities due to boat passage, industrial and solid waste, human settlements, domestic 

sewage, fishing and other activities (Maiti and Chowdhury, 2013; Nagi and Abubakr, 2013; 

Al-Ali et al., 2015). The samples were used as inocula for the cultivation experiments. 

Enrichment cultures in liquid media were conducted in aerobic conditions. The sediment 

samples were pooled together and were used as bacterial inocula for the cultivation 

experiments. Three different media were used, ONR7a (for 1 liter NaCl 22.79 g, Na2SO4 

3.98 g, KCl 0.72 g, NaBr 83 mg, NaHCO3 31 mg, H3BO3 27 mg, NaF 2.60 mg, NH4Cl 

0.27 g, Na2HPO4 x 7 H2O 89 mg, TAPSO 1.30 g, MgCl2 x 6 H2O 11.18 g, CaCl2 x 2 H2O 

1.46 g, SrCl2 x 6 H2O 24 mg and, FeCl2 x 4H2O 2 mg);, Mineral Salt Medium (MSM, for 

1 liter Na2HPO4 2.79 g, KH2PO4 2 g, (NH4)2SO4 1 g, Ca(NO3)24H2O 0.05 g, ammonium 

iron(III) citrate 0.01 g and, MgSO4 x 7H2O 0.02 g) and filtered seawater (FSW). Liquid 

cultures were set up using 5 g of sediments as inoculum and 70 ml of medium. 750 μl of 

Arabian Light crude oil was added as the only carbon source (1% v/v). The microcosms 

were incubated for 20 days at 26°C according to the original temperature in the sampling 

sites. After the incubation time, 10-fold serial dilutions of the enriched cultures were 

prepared, ranging from the undiluted sample to 10-5. 100 μl of each dilution was then plated 

onto the petri dishes containing the same medium as the enrichment culture and the 
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resulting agar cultures were incubated at 26°C for 10 days, until growth of single colonies 

was observed. Isolates obtained were picked randomly and re-streaked three additional 

times on marine broth agar medium for 2 or 3 days at 26°C to isolate and purify single 

bacterial colonies. Obtained pure bacterial culture was stored at -80°C as a cell suspension 

in 30% glycerol for long-term storage. 

 

5.3.2 De-replication of Bacterial Isolates and Identification of Haplotype 

Representatives 

Genomic DNA was extracted from isolates by boiling lysis protocol (Marasco et al., 2012). 

A single bacterial colony was picked from the agar culture and suspended in 50 μl of sterile 

Tris-HCl buffer (10 mM, pH 8.0) in PCR tubes. Suspended cells were subjected to 10 

minutes of boiling at 95°C by using iCycler thermocycler (Bio-Rad) and afterwards kept 

in ice for 10 more minutes. The samples were then centrifuged at 13000 rpm for 10 minutes 

at 4°C. The supernatant containing DNA (50µl) was transferred to another clean tube and 

stored at –20°C. The DNA obtained from the boiling protocol was used as a template for 

PCR amplification. The bacterial collection that originated from crude oil microcosm 

enrichments was de-replicated by fingerprinting analysis of the rRNA 16S-23S Intergenic 

Transcribed Spacer (ITS) region with primer-set ITSf and ITSr as described elsewhere 

(Boyer et al., 2001). Briefly, the PCR mix was the following: in 20 μl of final volume of 

reaction, 0.50 U/reaction of Taq DNA polymerase (Thermo-Fisher Scientific), 1X PCR 

buffer, 1.5 mM MgCl2, 0.25 mM dNTPs mix, 0.50 μM of each primer (SIGMA) and 2 μl 

of template DNA were used. PCR conditions were: initial denaturation at 95°C for 5 

minutes, followed by 30 cycles of 94°C for 45 seconds, 50°C for 1 minute, 72°C for 2 
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minutes, and final elongation at 72°C for 10 minutes. PCR products were separated by gel 

electrophoresis on 1.5% agarose gel and fingerprinting profiles were visualized using a Gel 

Doc System (Bio-Rad). Isolates showing the same banding pattern were grouped in 

haplotypes, and for each group a representative strain was selected for further analysis. 

Phylogenetic identification of the isolates was performed by amplification and sequencing 

of the 16S rRNA gene using as template the DNA obtained from the boiling protocol. Three 

PCR were performed on isolate, using universal primer sets, which amplify three partially 

overlapping regions of the 16S rRNA gene: 27F/785R (fragment F1; PCR product of ≈750 

bp), 341F/907R (F2; ≈550 bp) and 785F/1492R (F3; ≈700 bp). PCR mix was the following: 

in 50 μl of final volume of reaction, 0.02 U/μl (corresponding to 1.0 U/reaction) of Taq 

DNA polymerase (Thermo-Fisher Scientific), 1× PCR buffer, 1.5 mM MgCl2, 0.2 mM 

dNTPs mix, 0.3 μM each primer (SIGMA) and 1 μl of template DNA were used. PCR 

conditions were: initial denaturation at 94°C for 5 minutes, followed by 30 cycles of 94°C 

for 45 seconds, 52°C, 59°C and 55°C (respectively F1, F2 and F3) for 1 minute, 72°C for 

1 minute, and final elongation at 72°C for 10 minutes. The sizes of the expected PCR 

products were evaluated on 1.5% agarose gel, then purified with Illustra ExoProStar 1 Step 

(GE Life-sciences) and then sequenced with both forward and reverse primer using the 

Sanger method (KAUST Bioscience Core Lab). Electropherograms of each sequence were 

checked for quality, and edited and assembled with Geneious version 8.1.9 (Biomatters) to 

obtain an almost full-length sequence of the 16S rRNA gene (variable between 1300 and 

1450 bp). The sequences obtained were then compared through the Basic Local Alignment 

Search Tool (BLAST) algorithm against the reference RNA sequences database 

(refseq_rna) of the National Center for Biotechnology Information (NCBI). 
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5.3.3 Cultivation, DNA extraction, Sequencing, Assembly and Annotation of 

Nitratireductor thuwali sp. nov. Strain Nit1536T 

Among the isolated strains, Strain Nit1536T was defined as a new species of the genus 

Nitratireductor based on 16S rRNA gene sequencing. The bacterial isolate was grown 

aerobically and routinely maintained on Marine Broth (MB, BD Difco Fisher Scientific) 

medium at 37°C for 48 hours. Cultivation on MB medium was used to determine the 

morphological, physiological and phenotypical characteristics of Nit1536T. Bacterial 

culture stocks were prepared in MB with glycerol 30 % (v/v) and stored at -80°C. 

  

5.3.4 Genome Sequencing and Annotation 

Genomic DNA was extracted from 1 ml of culture (corresponding to approximately 2x109 

cells/ml) with the Maxwell RSC Automated Nucleic Acid Purification system and the 

Maxwell® RSC Cultured Cells DNA kit (Promega). DNA concentration was quantified 

using the Qubit® dsDNA BR Assay Kit (Thermo-Fisher Scientific), and the quality was 

assessed by electrophoresis on 1% agarose gels and with a Bioanalyzer (Agilent). 

Sequencing of the genome of N. thuwali sp. nov. was performed at KAUST Bioscience 

Core Lab using one cell of the PacBio RS2 platform (Pacific Biosciences). The PacBio 

reads were assembled using the SMRT analysis software (PACBIO) and the HGAP.3 

workflow (hierarchical genome-assembly process, Chin et al., 2013). First, the longest 

reads were selected as 'seed' reads to which all other reads were mapped. Secondly, these 

reads were pre-assembled into highly accurate reads and used for genome assembly. 

Finally, using all the reads, a final assembly step was performed to correct the initial 

assembly. The genome was annotated using two automated annotation pipelines for 
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microbial genomes, INDIGO (INtegrated Data Warehouse of MIcrobial GenOmes) (Alam 

et al., 2013) and Prokka (Seemann, 2014). Additional annotation and gene functional 

prediction analysis was achieved with Rapid Annotation using Subsystem Technology 

(RAST) (Aziz et al., 2008; Brettin et al., 2015) as well as the Kyoto Encyclopedia of Genes 

and Genomes (KEGG) (Kanehisa et al., 2016).  

 

5.3.5 Phylogenetic Analysis 

Alignment of the 16S rRNA gene sequences was performed using the Aligner tool of 

MEGA7 software package. The gaps were removed by the same software to eliminate 

poorly aligned positions and divergent regions of the 16S rRNA gene alignment to make it 

more suitable for phylogenetic analysis. Phylogenetic neighbor-joining and maximum 

likelihood trees were constructed. A bootstrap analysis of 1000 resamplings was used to 

evaluate the tree topology (Felsenstein, 1985). The phylogenetic tree of multi-locus 

sequence analysis (MLSA) was performed using 120 concatenated single copy proteins, 

obtained from the genome of the strain Nit1536T and compared with those from more than 

23.000 bacterial genomes, available at the Genome Taxonomy Database 

(http://gtdb.ecogenomic.org) by the GTDB-Tk software (Parks et al., 2018). The genome 

sequence of the strain Nit1536T and those of other species belonging to the Nitratireductor 

genus were imported into JSpeciesWS, an online service for in-silico calculation of the 

extent of similarity between two genomes. The online software measures the average 

nucleotide identity (ANI) based on BLAST (ANIb) as well as correlation indexes of tetra-

nucleotide signatures (Tetra). JSpeciesWS indicates whether two genomes share genomic 

identities above or below the species embracing thresholds (Burall et al., 2016; Richter et 

http://gtdb.ecogenomic.org/
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al., 2016). The Genome-to-Genome Distance Calculator (GGDC) online server was used 

to calculate in- silico the estimate value of DNA–DNA hybridization of Nit1536T with the 

closest relative species, using the BLAST alignment method (Meier-Kolthoff et al., 2013). 

The whole genome project of Nit1536T was deposited to GenBank under accession number 

CP030941-CP030943, BioProject PRJNA480561. 

 

5.3.6 Physiological, Biochemical and Chemotaxonomy Analysis 

The standard Gram stain protocol was followed for bacterial cell Gram staining (Madigan 

et al., 2008). Cell morphology of strain Nit1536T was determined by scanning electron 

microscopy on a Nova Nano 630 SEM (FEI) at the Imaging Core Lab at King Abdullah 

University of Science and Technology. The ability of Nit1536T to grow at various 

temperatures (10–50°C), salt concentrations (0–19 % NaCl with increments of 1 %, w/v), 

pH (3–10) and motility (using (0.35% agar)), were assessed on MB medium. The oxidase 

activity of Nit1536T strain was tested using oxidase test strips (Sigma-Aldrich) and the 

catalase using 3% (v/v) hydrogen peroxide solution (Aladame, 1987). Indole production 

was tested according to Bric et al. (1991). Nitrate reduction ability was determined using 

a reduction kit (Sigma-Aldrich) following the manufacturer’ instructions. The nitrate broth 

medium was modified and supplemented with 4% (w/v) NaCl. Screening for enzyme 

activity was evaluated as described in (Liu et al., 2019), using MB agar plates containing 

1.5% of starch, casein, tween 80, and cellulose. Substrates were separately streaked with 

bacterial strain Nit1536T to determine the production of amylase, protease, lipase and 

cellulase activity.  

Phenotypic characterization of the strain was performed with BIOLOG Phenotype 
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Microarray (PM) technology (BIOLOG, USA). This platform comprises a total of 1920 

unique tests and uses tetrazolium violet irreversible reduction to formazan as a reporter of 

active metabolism. The strain Nit1536T was tested on six 96-well PM Microplates (PM 1, 

2, 9, 10, 11, 12) comprising different metabolic and toxic compound conditions, including 

192 assays of C-source metabolism (PM 1–2), 96 assays of ion effects and osmolarity (PM 

9), 96 assays of pH effects (PM 10) and 192 assays of chemical sensitivity at four different 

concentrations (0.04, 4.00, 0.08, 8.00 μg/mL) of the tested antibiotic (PM 11–12). The 

bacterial suspensions for the identification tests were prepared as recommended by the 

manufacturer (Jałowiecki et al., 2017). For PM1 and PM2 microplates, 20 ml of modified 

MB medium without C sources and with 4% of NaCl was used. 0.24 ml of Dye F, 2 ml of 

PM1–2 additive solution and 1.76 ml of cell suspension were added together to MB 

medium. IF-10b GN/GP base inoculating fluid was used with Dye F, PM9 additive solution 

and cell suspension to prepare the inoculating fluid for PM9 microplates. PM10 was 

inoculated with 50% diluted MB. PM11–12 with MB. BIOLOG experiments with different 

PM Microplates were run in duplicate and incubated at 30°C in Omnilog Incubater/Reader 

(Biolog). Changes of color in the wells were measured every 15 min providing both 

amplification and quantitation of the phenotype. OmniLog® phenotype microarray 

software was used for the data analysis (Jałowiecki et al., 2017). 

The microplate reader was used to perform the carbon utilization test. 200-μl aliquots of 

different inoculated medium supplemented with a single carbon source at final 

concentration of 0.2% (w/v) were loaded into 100-well plates in five replicates and the 

plates were incubated at 37°C, 900 rpm for 5 days in the BioScreen Analyzer C (Growth 

Curves, USA), with OD measurement at 600 nm of each well at intervals of 15 min. 
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For chemotaxonomic analysis, cells of strain Nit1536T were grown on MB and harvested 

by centrifugation at the mid-exponential phase, washed and then freeze-dried. The fatty 

acid, polar lipid and respiratory quinones analyses were carried out by DSMZ (Germany) 

Identification Service. 

 

5.4 Results and Discussion 

5.4.1 Phylogenetic Diversity of the Cultivable Bacteria from Mangrove Sediments 

I established a collection of 281 bacterial isolates from the mangrove sediments of King 

Abdullah Economic City (KAEC). The isolated strains are capable of growing in the 

presence of Arabian light crude oil hydrocarbon as unique carbon sources. Hydrocarbon 

was used as a carbon source in the isolation experiment because they are quite common in 

the Red Sea mangroves area due to, the traffic tanks that can release hydrocarbons and the 

presence of oil refinery all around the area. Moreover, there is a substantial body of 

literature (Maiti and Chowdhury, 2013; Martin et al., 2019; Rahim et al., 2020; Zuo et al., 

2020) show that mangroves are traps for pollutants that coming from the sea, and this 

includes different pollutants from chemicals to plastic and even to hydrocarbons that can 

float on the sea and arrive in the mangroves. Also, there is another essential reason, 

mangroves science they submerged all the time due to the continuous periodical tides. They 

produce a lot of lignins (Marchand et al., 2005; Kristensen et al., 2008) to protect the tissue 

of the plants from the rotten, and lignins are made of different aromatic compounds such 

as polyphenols, phenolic acid and cinnamic acids and others (Arapova et al., 2020). So, I 

thought to use this easy to use natural source that is hydrocarbons because they can be 
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degradable to mimic somehow the aromatic compounds and these reduced carbon 

compounds that are abundant in the mangrove environment. 

Furthermore, many isolates obtained belong to families and genera previously identified 

either in oil-polluted environments or in oil-hydrocarbon-degrading consortia (Table 1; 

Head et al., 2006; Yakimov et al., 2007; Kostka et al., 2011; Mortazavi et al., 2013; Wang 

et al., 2014). Total numbers of 84, 75 and 122 isolates were obtained respectively with 

MSM, ONR7a and FSW, corresponding to 22, 31 and 29 haplotypes after dereplication 

through ITS fingerprinting (82 haplotypes in total, Table 1). The three media favored the 

isolation of representatives of the phylum Proteobacteria (Figure 1): 96% of the strains 

isolated with MSM belong to classes Alphaproteobacteria (28.6%), Betaproteobacteria 

(20.2%) and Gammaproteobacteria (47.6%), while ONR7a and FSW collections were 

dominated by Gammaproteobacteria (88.0% and 79.5% respectively). The differences 

between the three media were more evident at the genus level, where representatives of 39 

different genera were detected (Figure 2). Pseudomonas and Ralstonia (20.24% and 

15.48%, respectively) dominated in the MSM collection, while Marinobacter, 

Pseudoalteromonas and Halomonas (33.33%, 18.67% and 17.33%, respectively) 

dominated in the ONR7a collection, and Halomonas, Alcanivorax and Cobetia (26.23%, 

14.75% and 13.93%, respectively) dominated in the FSW collection. Among the most 

abundant genera, from all media, rare taxa were detected in different percentages. The 

highest number (67) of rare taxa was obtained using the MSM medium, while with ONR7a 

and FSW a total of 11 and 24, respectively, were counted. Notably, interesting genera, 

rarely isolated from environmental samples, were found in ONR7a and FSW collections, 

including Citreicella, Joostella, Pelagibaca, Muricauda, Reinekea and Sinomicrobium. On 
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the contrary, in MSM collection, bacteria belonging to Pseudomonas, Sphingobium, 

Ralstonia and Acinetobacter genera were retrieved, as previously observed in cultivation 

studies focusing on hydrocarbon degradation (Zhou et al., 2006; Kostka et al., 2011; Table 

2). 

Interestingly, several genera obtained using ONR7a and FSW enrichment were described 

in the literature by only few isolates. For instance, Joostella and Sinomicrobium genera 

have two validly described representatives and have never been identified before in oil 

hydrocarbon degrading communities. They are characterized by interesting features with 

biotechnological potential, such as algicidal activity against toxic dinoflagellates or 

production of enzymes of industrial interest (Cheng et al., 2014; Yang et al., 2014). Other 

genera such as Pelagibaca (2 validly described species), Citreicella (4) and Reinekea (4) 

have been previously found in bacterial consortia associated with oil hydrocarbon 

contamination and biodegradation (Wang et al., 2014; Liu et al., 2017) and oligotrophic 

cultivation conditions (Hahnke et al., 2015). These data point out the usefulness of ONR7a 

and FSW as low nutritional media and of long incubation periods to favor the isolation of 

rarely isolated genera and slow-growing bacterial strains.
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Table 5.1 Haplotype representatives obtained with MSM, ONR7a and FSW.  

MSM  ONR7a  FSW 

Haplotype representative 

closest described relative 

Identity 

(%) 

No. of 

isolates 

Haplotype representative 

closest described relative 

Identity 

(%) 

No. of 

isolates 

Haplotype representative 

closest described relative 

Identity 

(%) 

No. of 

isolates 

Sphingomonas echinoides  99.72 3 Halomonas venusta 99.20 1 Halomonas gudaonensis  98.64 2 

Sphingobacterium thalpophilum  98.77 1 Halomonas halophila 99.65 2 Marinobacter lipolyticus  98.98 2 

Chryseobacterium hagamense  99.45 1 Chromohalobacter israelensis 97.07 1 Nitratireductor soli  98.94 1 

Pseudomonas parafulva  99.86 10 Cobetia litoralis 98.94 1 Halomonas anticariensis  99.72 1 

Saccharibacillus kuerlensis  97.69 1 Joostella atrarenae 97.95 1 Thalassospira australica  99.86 7 

Cupriavidus basilensis  100.00 2 Cobetia marina 99.09 2 Marinobacter adhaerens  99.93 2 

Pseudomonas plecoglossicida  99.73 3 Sinomicrobium oceani 97.75 2 Chromohalobacter israelensis  100.00 1 

Ralstonia insidiosa  99.30 13 Pseudoalteromonas arabiensis 97.92 4 Halomonas aquamarina 99.86 6 

Cronobacter sakazakii  99.78 8 Marinobacter gudaonensis 98.83 2 Idiomarina aquatica  97.46 4 

Cronobacter turicensis  99.78 1 Marinobacter salsuginis  97.41 3 Halomonas venusta  99.87 11 

Pseudomonas argentinensis  99.73 1 Bacillus megaterium 100.00 2 Marinobacter algicola  100.00 2 

Pseudomonas hibiscicola  99.78 2 Halomonas shengliensis 97.87 1 Pseudoalteromonas donghaensis  100.00 4 

Enterobacter cloacae  99.87 1 Marinobacter adhaerens  97.94 13 Cobetia marina  99.66 15 

Bordetella muralis  99.93 2 Idiomarina piscisalsi 99.64 1 Nitratireductor pacificus  95.41 4 

Stenotrophomonas humi  97.87 1 Microbulbifer celer 98.46 1 Cobetia pacifica  99.66 2 

Stenotrophomonas maltophilia  97.87 10 Halomonas rifensis 97.29 1 Halomonas desiderata  98.45 3 

Pseudomonas balearica  99.39 1 Pelagibaca abyssi 97.84 1 Bacillus litoralis  98.46 2 

Sphingobium hydrophobicum  97.90 15 Halomonas alkaliphila 99.72 2 Pseudomonas stutzeri  99.89 5 

Rhizobium pusense  98.81 1 Saccharospirillum impatiens 97.05 1 Micrococcus luteus  98.83 4 

Shinella zoogloeoides  99.86 4 Pseudoalteromonas donghaensis 99.77 8 Rhodobacter johrii  97.33 1 

Agrobacterium fabrum  99.93 1 Halomonas aquamarina 97.17 4 Salinicola salarius  100.00 1 

Acinetobacter calcoaceticus  100.00 2 Pseudoalteromonas lipolytica  97.75 2 Roseivivax atlanticus  100.00 2 

   Chromohalobacter salexigens  97.07 1 Marinobacter sediminum  99.59 6 

   Halomonas maura 97.62 2 Alcanivorax jadensis  99.57 18 

   Marinobacter lipolyticus 98.41 3 Muricauda aquimarina  98.02 1 

   Vibrio alginolyticus 99.09 4 Thalassospira profundimaris  99.72 3 

   Marinobacter vinifirmus 97.15 4 Halomonas shengliensis  98.90 1 

   Bacillus simplex  99.87 2 Reinekea blandensis  98.86 3 

   Reinekea aestuarii 97.67 1 Halomonas denitrificans  98.67 8 

   Alcanivorax jadensis  97.98 1    

   Citreicella marina 98.32 1    
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Table 5.2 Phylogenetic affiliation of the genera obtained with the three media tested. 

Genus MSM ONR7a FSW Unique isolates 

of ONR7a and 

FSW 

Unique isolates 

of MSM and 

ONR7a 

Unique isolates 

of MSM and 

FSW 
No. of 

isolates 

prop. 

(%) 

Unique isolates 

of MSM 

No. of 

isolates 

prop. 

(%) 

Unique isolates 

of ONR7a 

No. of 

isolates 

prop. 

(%) 

Unique isolates 

of FSW 

Acinetobacter 2 2.38 2 0 0.00 0 0 0.00 0 0 0 0 

Alcanivorax 0 0.00 0 1 1.33 0 18 14.75 0 19 0 0 

Agrobacterium  1 1.19 1 0 0.00 0 0 0.00 0 0 0 0 

Bacillus 0 0.00 0 4 5.33 0 2 1.64 0 6 0 0 

Bordetella  2 2.38 2 0 0.00 0 0 0.00 0 0 0 0 

Chromohalobacter 0 0.00 0 2 2.67 0 1 0.82 0 3 0 0 

Chryseobacterium  1 1.19 1 0 0.00 0 0 0.00 0 0 0 0 

Citreicella 0 0.00 0 1 1.33 1 0 0.00 0 0 0 0 

Cobetia 0 0.00 0 3 4.00 0 17 13.93 0 20 0 0 

Cronobacter  9 10.71 9 0 0.00 0 0 0.00 0 0 0 0 

Cupriavidus  2 2.38 2 0 0.00 0 0 0.00 0 0 0 0 

Enterobacter  1 1.19 1 0 0.00 0 0 0.00 0 0 0 0 

Halomonas 0 0.00 0 13 17.33 0 32 26.23 0 45 0 0 

Idiomarina 0 0.00 0 1 1.33 0 4 3.28 0 5 0 0 

Joostella 0 0.00 0 1 1.33 1 0 0.00 0 0 0 0 

Marinobacter 0 0.00 0 25 33.33 0 12 9.84 0 37 0 0 

Microbulbifer 0 0.00 0 1 1.33 1 0 0.00 0 0 0 0 

Micrococcus  0 0.00 0 0 0.00 0 4 3.28 4 0 0 0 

Muricauda  0 0.00 0 0 0.00 0 1 0.82 1 0 0 0 

Nitratireductor  0 0.00 0 0 0.00 0 5 4.10 5 0 0 0 

Pelagibaca 0 0.00 0 1 1.33 1 0 0.00 0 0 0 0 

Pseudoalteromonas 0 0.00 0 14 18.67 0 4 3.28 0 18 0 0 

Pseudomonas 17 20.24 0 0 0.00 0 5 4.10 0 0 0 22 

Ralstonia  13 15.48 13 0 0.00 0 0 0.00 0 0 0 0 

Reinekea  0 0.00 0 1 1.33 0 3 2.46 0 4 0 0 

Rhodobacter  0 0.00 0 0 0.00 0 1 0.82 1 0 0 0 

Roseivivax  0 0.00 0 0 0.00 0 2 1.64 2 0 0 0 

Rhizobium  1 1.19 1 0 0.00 0 0 0.00 0 0 0 0 

Saccharibacillus  1 1.19 1 0 0.00 0 0 0.00 0 0 0 0 

Saccharospirillum 0 0.00 0 1 1.33 1 0 0.00 0 0 0 0 

Salinicola  0 0.00 0 0 0.00 0 1 0.82 1 0 0 0 

Sinomicrobium 0 0.00 0 2 2.67 2 0 0.00 0 0 0 0 

Shinella  4 4.76 4 0 0.00 0 0 0.00 0 0 0 0 

Sphingobacterium 1 1.19 1 0 0.00 0 0 0.00 0 0 0 0 

Sphingobium  15 17.86 15 0 0.00 0 0 0.00 0 0 0 0 

Sphingomonas 3 3.57 3 0 0.00 0 0 0.00 0 0 0 0 

Stenotrophomonas  11 13.10 11 0 0.00 0 0 0.00 0 0 0 0 

Thalassospira  0 0.00 0 0 0.00 0 10 8.20 10 0 0 0 

Vibrio 0 0.00 0 4 5.33 4 0 0.00 0 0 0 0  
84 100 67 (23.84%) 75 100 11 (3.91%) 122 100 24 (8.54%) 157 (55.87%) 0 (0.00%) 22 (7.83%) 
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Figure 5.1 Pie charts showing the proportion of different bacterial classes of the strains isolated with (a) 

MSM medium, (b) ONR7a medium and (c) FSW medium. 

 

 

Figure 5.2 Phylogenetic affiliation at the genus level of cultivable bacteria isolated with MSM, ONR7a and 

FSW. 
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5.4.2 Morphological Characterization and Phylogenetic Analysis of Strain Nit1536T 

The novel strain Nit1536T with the proposed name Nitratireductor thuwali sp. nov. 

(thu.wal.´i. L.fem .gen. n. thuwali, pertaining to Thuwal village, Makkah region, Saudi 

Arabia); was isolated from the Red Sea mangrove sediments using log incubation times 

and an oligotrophic medium.The newly isolated strain Nit1536T is a short rod-shaped, 

Gram-negative, aerobic and non-motile bacterium. The cell morphology was examined by 

scanning electron microscopy; one cell is typically 0.8-0.9 μm in length and 0.3-0.4 μm in 

width (Figure 3a). Colonies are circular with a regular edge, smooth, shiny, of a creamy 

color and 1–2 mm in diameter after growth on marine agar 2216 at 37°C for 48 hours. 

 

Figure 5.3 (a) Transmission electron micrographs of N. thuwali sp. nov. Nit1536T. Bar length is 1 µm. (b) 

Strain Nit1536T growth at different temperatures. (c) Strain Nit1536T growth in presence of increasing 

concentrations of NaCl%. 

 

Among the bacteria isolated on FSW described before, four novel strains affiliated with 

Nitratireductor pacificus pht-3BT and Nitratireductor indicus C115T with an identity of 

95.4, and 95.36 % of the 16S rRNA gene, respectively, were successfully obtained. The 

four strains share 100% similarity of the 16S rRNA gene sequence. One of these strains, 

Nit1536T, was selected for subsequent studies and characterization. The 16S rRNA gene 
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phylogenetic tree built using a neighbor-joining method is shown in (Figure 4a). The 16S 

rRNA gene of strain Nit1536T clusters into a novel branch separated from the other species 

within the genus Nitratireductor. The sequence similarity calculations based on 

evolutionary distance demonstrate that strain Nit1536T represents a novel species and is 

related to N. pacificus and N. basaltis with 96.3 and 96.1% sequence identity, respectively. 

This topology was also supported by the maximum-likelihood tree (data not shown). To 

gain more information about the phylogenetic position of isolate Nit1536T, a multi-locus 

sequence analysis (MLSA) (Figure 4b) based on 120 concatenated single-copy genes was 

performed against a database of more than 23.000 publicly available bacterial genomes. 

The analysis confirmed that strain Nit1536T forms a branch separated from any other 

species within the genus Nitratireductor.  

To corroborate this data, ANIb analysis between strain Nit1536T and other closely related 

species (Table 3) showed percentages of identity between 73.03 to 75.29% which are below 

the 95 – 96 % species-embracing threshold (Richter et al., 2016). Similarly, in-silico DNA-

DNA hybridization has been performed and show that the DDH estimated values between 

strain Nit1536T and other species within the Nitratireductor genus (Table 4) were between 

19.08 to 21.01%, which are below the species standard cut-off value (70%) (Meier-

Kolthoff et al., 2013). These data confirm that this isolate with type species Nit1536T 

represents a novel species in the genus Nitratireductor; for which the name Nitratireductor 

thuwali sp. nov. is proposed (Nit1536T = KCTC 72347T = NCCB 100697T = JCM 33620T).
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Figure 5.4 (a) Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences showing the position 

of N. thuwali sp. nov., strain Nit1536T (MT146884) relative to the other species within the family 

Phyllobacteriaceae. Rhizobium leguminosarum (U29386) was used as an outgroup. Bootstrap values, 

generated from 1000 re-samplings, at or above 50% are indicated at the branch points. Bar indicates 0.01 

nucleotide substitutions per nucleotide position. (b) Neighbor-joining phylogenetic tree using a MLSA 

concatenating 120 essential single-copy genes, highlighting the position of N. thuwali strain Nit1536T relative 

to other closely related bacterial taxa within the family Phyllobacteriaceae. The tree was built with the 

software Gtdb-Tk. Numbers at the nodes are bootstrap values obtained by repeating the analysis 100 times. 

Bar, 0.2. 
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Table 5.3 Average Nucleotide Identity via BLAST (ANIb) matrix of N. thuwali sp. nov. with other 

representatives of the genus Nitratireductor. Cut-off percentage to be assigned to the same species is ≥ 

95%. 

Reference genome N. thuwali 

Nit1536T 

N. aquibiodomus 

NL21T 

N. basaltis 

J3TT 

N. indicus 

C115T 

N. pacificus 

pht-3BT 

N. thuwali Nit1536T * 74.14% 73.73% 73.42% 75.60% 

N. aquibiodomus NL21T 74.00% * 72.64% 76.11% 77.90% 

N. basaltis J3TT 73.84% 72.78% * 72.41% 73.28% 

N. indicus C115T 73.03% 75.87% 72.09% * 76.90% 

N. pacificus pht-3BT 75.29% 77.92% 72.85% 77.03% * 

 

Table 5.4 In silico DNA-DNA hybridization (GGDC) calculation of N. thuwali sp. nov. with other 

representatives of the genus Nitratireductor. Cut-off percentage (Model C.I) to be assigned to the same 

species is ≥ 70%. 

Reference genome DDH Model C.I. Distance Prob. DDH >= 

70% 

G+C difference 

N. aquibiodomus NL21T 20.04% [18.2 - 22.8%] 0.2154 0 2.57 

N. basaltis J3TT 19.08% [17.6 - 22.2%] 0.2223 0 4.11 

N. indicus C115T 20.03% [18.1 - 22.7%] 0.2165 0 3.07 

N. pacificus pht-3BT 21.01% [18.8 - 23.5%] 0.2084 0 1.59 

 

5.4.3 Physiological and Biochemical Characteristics 

Strain Nit1536T is able to grow at temperature 15–45°C (Figure 3b), at 1–14% NaCl 

(Figure 3c) and pH 6–10 (Biolog PM10). Under optimal conditions for growth, at 4% NaCl, 

37°C and pH 8, the doubling time for Nit1536T is 6.5 hours. Strain Nit1536T is unable to 

grow in a medium lacking NaCl. Thus, N. thuwali is a moderate halophile bacterium, 

according to the halophiles grouping (Zhu et al., 2007). The isolate is positive for oxidase, 

catalase and indole production. The nitrate reduction test was negative for Nitratireductor 

thuwali similarly to N. shengliensis, N. kimnyeongensis and N. aestuarii. Activities of 

amylase, protease, lipase and cellulase enzymes are negative. The detailed morphological, 
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physiological and biochemical characteristics of strain Nit1536T are summarized in (Table 

5).  

The carbon source utilization test (i.e., Biolog PM1-2) showed positive results for D-

galactose, D-mannose, glycerol, D-fructose, D-mannitol, sucrose, D-raffinose, L-lactic 

acid, L-asparagine, L-alanine and pyruvic acid, i.e. 5.8% of the tested carbon sources (11 

out of 190), while it was unable to utilize 94.2% of the total tested substrates. Growth of 

strain Nit1536T was tested on forty-one antibiotics and compounds of ten different 

chemical classes (PM11-12). Strain Nit1536T showed susceptibility to 9 antibiotics while 

it was resistant to the other 32 (Table 6). 
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Table 5.5 Differential phenotypic characteristics of strain Nit1536T and closely related species of 

Nitratireductor genus 

Characteristic 1 2 3 4 

Morphology Short-rods Rods Rods Cocci-rods 

Motility - + + - 

Temperature range for growth (optimum) 15–45 (37) 10–41 (30) 10–37 (30) 15–45 

NaCl range for growth (optimum) 1–14 (4) 0–7 (3) 0–7 (3) 0–8 

pH range for growth (optimum) 6–10 (8) NA NA 5.5–10 

DNA G+C content (mol %) 63.9 63 59 56.7 

Activity of:     

Indole production + - - - 

Nitrate reduction - + + + 

Oxidase + + + + 

Catalase + + + + 

Assimilation of:     

L-alanine, L-arginine, L-glutamic acid, L-serine, L-

valine 

+ NA + + 

L-aspartic acid + - + + 

Capric acid + - - - 

L-histidine + - + - 

L-proline, L-alanine + + + + 

Trehalose + - + - 

Susceptibility to antibiotics     

Ofloxacin + - + + 

Amikacin + - NA - 

Gentamicin + - + - 

Amoxicillin + + - - 

Tetracycline + + + - 

Penicillin + + - - 

Rifampicin + - - + 

Novobiocin - - NA + 

Erythromycin,  - - - + 

Strains: 1. N. thuwali Nit1536T (data from this study); 2. N. pacificus pht-3BT (data from Q. Lai et al., 2011; Pan et al., 

2014b); 3. N. indicus C115T (data from Qiliang Lai, Yu, Yuan, et al., 2011) 4. N. basaltis J3T (data from Pan et al., 2014b). 

Characteristics are scored as (+) positive, (-) negative, NA no data available. 
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Table 5.6 Antibiotic sensitivity test of Nit1536T on Biolog PM11-12 Microplate.  

S sensitive and R resistant. 

Antibiotic class  Nit1536T Antibiotic class  Nit1536T 

Aminoglycosides  
 

Glycopeptides  
 

Amikacin  R Bleomycin  R 

Neomycin  R Colistin  R 

Gentamicin  R Capreomycin  R 

Kanamycin  R PolymyxinB  R 

Paromomycin  R Vancomycin  R 

Sisomicin  R Tetracyclines 
 

Novobiocin  S Chlortetracycline  R 

Tobramycin  R Minocycline  R 

Spectinomycin  S Demeclocycline R 

β-lactams  
 

Tetracycline  R 

Amoxicillin  R Penimepicycline  R 

Cloxacillin  S Amphenicols  
 

Nafcillin  S Chloramphenicol  S 

Cefazolin  R Macrolides 
 

Ceftriaxone  R Erythromycin  S 

Cephalothin  R Spiramycin  S 

PenicillinG  R Sulfonamides  
 

Carbenicillin  R Sulfamethoxazole  R 

Oxacillin  S Sulfathiazole  R 

Lincosamides  
 

Sulfadiazine  R 

Lincomycin  S Sulfamethazine  R 

Synthetic antibiotics  
 

Rifamycins  

Lomefloxacin  R Rifampicin  R 

Enoxacin  R 
  

Nalidixic acid R 
  

Ofloxacin  R     

 

In addition, the metabolic profile activity of strain Nit1536T under different osmolytes and 

stress conditions was assessed with PM9 Microplate (Table 7). While strain Nit1536T could 

grow in the presence of NaCl (1–10%) and various osmolytes and ions at different 

concentrations, a reduction in the metabolic activity of the strain was observed under 

certain stress conditions, such as in the presence of L-carnitine–trigonelline (6% NaCl), 

20% ethylene glycol, 4–6% potassium chloride, 1–6 % sodium formate, 2–7% urea, 1–

12% sodium lactate, 10–100 mM ammonium sulfate at pH 8, and 10–100 mM sodium 

nitrite (Table 7). 
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Table 5.7 Metabolic profiling of N. thuwali strain Nit1536T on Biolog PM 9 Microplate. “+” and “−” indicates the actively grow ability of strain Nit1536T, under 

different stresses: “++”positive, “+”weakly positive, “−” negative 

Well  Substrate  Nit1536T Well  Substrate  Nit1536T Well  Substrate Nit1536T Well Substrate  Nit1536T 

A1 NaCl1%  ++ C1 NaCl6%+KCl ++ E1 Sodium formate 

1%  

- G1 Sodium Phosphate pH 7 

20 mM  

++ 

A2 NaCl2%  ++ C2 NaCl 6 % + L-proline ++ E2 Sodium formate 
2%  

- G2 Sodium Phosphate pH 7 
50 mM  

++ 

A3 NaCl3%  ++ C3 NaCl 6 % + N-Acethyl L-

glutamine 

++ E3 Sodium formate 

3%  

- G3 Sodium Phosphate pH 7 

100 mM  

++ 

A4 NaCl4%  ++ C4 NaCl 6 % + ß-Glutamic acid ++ E4 Sodium formate 

4%  

- G4 Sodium Phosphate pH 7 

200 mM  

++ 

A5 NaCl5%  ++ C5 NaCl 6 % + γ-Amino-n-

butyric acid 

++ E5 Sodium formate 

5%  

- G5 Sodium Benzoate pH 5.2 

20 mM  

- 

A6 NaCl5.5%  ++ C6 NaCl 6 % + Glutathione ++ E6 Sodium formate 

6%  

- G6 Sodium Benzoate pH 5.2 

50 mM  

- 

A7 NaCl6%  ++ C7 NaCl 6 % + Glycerol ++ E7 Urea 2%  - G7 Sodium Benzoate pH 5.2 
100 mM  

- 

A8 NaCl6.5%  ++ C8 NaCl 6 % + Trehalose ++ E8 Urea 3%  - G8 Sodium Benzoate pH 5.2 

200 mM  

- 

A9 NaCl7%  ++ C9 NaCl 6 % + Trimethylamine-

N-oxide 

++ E9 Urea 4%  - G9 Ammonium sulfate pH 8 

10 mM  

- 

A10 NaCl8%  ++ C10 NaCl 6 % + Trimethylamine ++ E10 Urea 5%  - G10 Ammonium sulfate pH 8 

20 mM  

- 

A11 NaCl9%  + C11 NaCl 6 % + Octopine ++ E11 Urea 6%  - G11 Ammonium sulfate pH 8 

50 mM  

- 

A12 NaCl10%  + C12 NaCl 6 % + Trigonelline + E12 Urea 7%  - G12 Ammonium sulfate pH 8 
100 mM  

- 

B1 NaCl6%  ++ D1 Potassium chloride 3% ++ F1 Sodium Lactate 

1%  

- H1 Sodium Nitrate 10 mM  ++ 

 

B2 NaCl6%+ Betaine ++ D2 Potassium chloride 4% + F2 Sodium Lactate 
2%  

- H2 Sodium Nitrate 20 mM  ++ 
 

B3 NaCl6%+ N-N Dimethyl 

glycine 

++ D3 Potassium chloride 5% - F3 Sodium Lactate 

3%  

- H3 Sodium Nitrate 40 mM  ++ 

 

B4 NaCl6%+ Sarcosine ++ D4 Potassium chloride 6% - F4 Sodium Lactate 

4%  

- H4 Sodium Nitrate 60 mM  ++ 

 
B5 NaCl6%+ Dimethyl sulphonyl 

propionate  

++ D5 Sodium sulfate 2% ++ F5 Sodium Lactate 

5%  

- H5 Sodium Nitrate 80 mM  ++ 

B6 NaCl6%+ MOPS ++ D6 Sodium sulfate 3% ++ F6 Sodium Lactate 

6%  

- H6 Sodium Nitrate 100 mM  ++ 

 

B7 NaCl6%+ Ectoine ++ D7 Sodium sulfate 4% ++ F7 Sodium Lactate 
7%  

- H7 Sodium Nitrite 10 mM  + 
 

B8 NaCl6%+ Choline ++ D8 Sodium sulfate 5% ++ F8 Sodium Lactate 

8%  

- H8 Sodium Nitrite 20 mM  - 

 

B9 NaCl6%+ Phosphoryl choline ++ D9 Ethylene glycol 5% ++ F9 Sodium Lactate 

9%  

- H9 Sodium Nitrite 40 mM  - 

 
B10 NaCl6%+ Creatine ++ D10 Ethylene glycol 10% ++ F10 Sodium Lactate 

10%  

- H10 Sodium Nitrite 60 mM  - 

B11 NaCl6%+ Creatinine ++ D11 Ethylene glycol 15% ++ F11 Sodium Lactate 

11%  

- H11 Sodium Nitrite 80 mM  - 

B12 NaCl6%+ L-Carnitine  + D12 Ethylene glycol 20% + F12 Sodium Lactate 
12%  

- H12 Sodium Nitrite 100 mM  - 
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5.4.4 Chemotaxonomic Characteristics 

Chemotaxonomic analysis indicated that predominant respiratory ubiquinone is Q-10. This 

is consistent with all Nitratireductor genus species (Chen et al., 2015). The major fatty 

acids (>5%) of the isolate are a combination of C18 : 17c and/or C18 : 16c (summed 

feature 8) (66.54%), C19 : 0 cyclo 8c (14.31%) and C18 : 0 (8.62%). Nit1536T varies with 

the related species by a high proportion of unsaturated fatty acids (C18 : 17c and/or C18 : 

16c (summed feature 8) and C19 : 0 cyclo 8c) and a low proportion of saturated fatty acids 

(C16 : 0, C17 : 0, C18 : 0 and iso-C17 : 0). The detailed cellular fatty acid composition of strain 

Nit1536T with the related type strains were shown in (Table 8). The dominant polar lipids 

were phosphatidylcholine (PC), phosphatidylglycerol (PG), phosphatidylethanolamine 

(PE), diphosphatidylglycerol (DPG) and phosphatidylmethylethanolamine (PME). In 

addition, a moderate amount of one unknown glycolipid (GL) and one unknown aminolipid 

(AL) and minor amounts of four unidentified lipids (L1, L2, L3 and L4) were present. 

 

 

 

 

 

 

 

 

 



151 

Table 5.8 Cellular fatty acid composition (%) of strain Nit1536T and the closely related species of 

Nitratireductor genus. Strains: 1. N. thuwali Nit1536T (data from this study); 2. N. pacificus pht-3BT (data 

from Q. Lai, Yu, Wang, et al., 2011); 3. N. indicus C115T (data from Q. Lai, Yu, Yuan, et al., 2011); 4. N. 

basaltis J3T (data from Kim et al., 2009). Star *: Summed features are groups of two or three fatty acids that 

could not be separated by GLC with the MIDI system. Summed feature 3 comprises (iso-C15 : 0 2-OH and/or 

C16 : 17c and/or C16 : 16c). Summed feature 8 comprises (C18 : 17c and/or C18 : 16c). Values shown are 

percentages of total fatty acids with major components highlighted in bold. –, Not detected. 

Fatty acid type Fatty acid composition 1 2 3 4 

Saturated straight chain C16 : 0 2.40 2.21 3.56 2.48 

 C17 : 0 0.67 1.66 1.18 0.88 

 C18 : 0 8.62 4.52 8.15 3.95 

Saturated branch chain iso-C17 : 0 2.87 5.81 2.31 2.86 

Unsaturated branch chain C18 : 17c - - - 81.93 

 C20 : 17c 0.71 - 2.38 0.27 

 C20 : 26c9 0.75 - - - 

Hydroxylated iso-C15 : 0 3-OH 0.97 - - 0.31 

 C18 : 0 3-OH 0.49 - - - 

Cyclopropane acids C19 : 0 cyclo 8c 14.31 40.09 19.10 4.25 

Methyl 11 methyl-C18 : 17c 1.13 2.83 - - 

Other SF3* 0.54 - - 1.58 

 SF8* 66.54 42.88 81.8 - 

 

 

5.4.5 Genomic Analysis  

The draft genome of N. thuwali sp. nov. presented three replicons that can be characterized 

as one main circular chromosome consisting of 4,746,780 bp in length (Figure 5) and two 

plasmids consisting of 3,228,45 and 2,162,24 bp in length, respectively. The genome 

sequences of the isolate consist of 3 contigs with 4558 CDS, 58 RNAs, and a G+C of 63.9 

mol%. More detailed information related to the chromosome of N. thuwali sp. nov. strain 

Nit1536T is provided in (Figure 5). Two copies of a full-length 16S rRNA gene sequence 

(1544) of strain Nit1536T have been detected, one in the chromosome and the other in one 

of the two plasmids, which cannot be strictly defined as a plasmid since it is harboring a 

housekeeping gene.  
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The majority of halophilic bacteria generally synthetize or uptake different 

osmoprotectants such as glycine-betaine, trehalose, and proline and other compatible 

solutes in response to osmotic stress to adjust osmotic homeostasis against salt stress (Xu 

et al., 2018). In addition, compatible solutes are known to increase the cells heat resistance 

as well as osmotolerance (Ono et al., 1998). The ability of the Nit1536T strain to grow in 

the presence of high NaCl concentrations of up to 14% (1.5 M), with growth rate optimum 

in the presence of 4–8% of NaCl, indicates adaptation to the osmotic stress found in 

mangroves (Zhu et al., 2007). The genome analysis of strain Nit1536T highlighted the fact 

that the strain possesses several genes that have been shown to be responsible for the 

osmotic stress response which can allow the bacterium to thrive in high salinity 

environments such as mangroves. The strain genome displayed the presence of the gene 

cluster responsible for ectoine biosynthesis (ectABC). Ectoine is induced with increasing 

K+glutamate levels in the cytoplasm due to increases in NaCl concentrations (Kindzierski 

et al., 2017). In addition, I noted the presence of genes involved in glycine betaine, proline, 

and choline biosynthesis and/or uptake (proXWV, betAB, proABC, etc.). In response to 

salinity stress, these major osmoprotectant osmolytes are used by bacteria to maintain the 

osmotic status of the cell.  

A comparison between strain Nit1536T genome and other closely related species, N. 

pacificus pht-3BT, N. indicus C115T, N. basaltis J3TT, and N. aquibiodomus NL21T, 

showed that all genomes shared genes involved in osmotic stress response, such as ectoine, 

betaine biosynthesis, and betaine-choline uptake, along with basic metabolic functions. As 

these last strains cannot grow at a salinity higher than 8% (Table 5), this suggests that other 

mechanisms are in place in N. thuwali to grow at salinities higher than 13-14%. I found 
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degradation, such as extradiol dioxygenases and rieske non heme iron oxygenases, in the 

genome genes predicted to be involved in polycyclic aromatic hydrocarbon (PAH). These 

genes might be responsible for the ability of strain Nit1536T to use crude oil as the sole 

carbon source for growth. 

 

 

 

Figure 5.5 Graphical circular map of the chromosome and genome features of N. thuwali strain Nit1536T. 

From outside to the center: Genes on forward strand, Genes on reverse strand, RNA genes (tRNAs purple, 

rRNAs blue), GC content, and GC skew. 

 

5.5 Conclusion 

The results of the cultivation strategy adopted here demonstrate the possibility to retrieve 

novel previously uncultivated microorganisms from the sediments of the Red Sea 

mangrove environment. The use of long incubation times along with oligotrophic media 

and selecting for slow-growing bacteria as an isolation approach led to the cultivation of 

rarely cultivable species. Amongst those, one new species (Nit1536T) affiliated with the 

genus Nitratireductor, was obtained. The combination of phenotypic, chemotaxonomic 

and genotypic data reveal that Nit1536T can be differentiated from its closely related type 
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strains. Thus, the name Nitratireductor thuwali sp. nov., is proposed as this isolate 

represents a novel species of the genus Nitratireductor. 
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Chapter 6: Halophilic Bacteria Isolated from the Red Sea Mangrove 

Sediments as Potential Plant Growth Promoting Bacteria Under Salinity 

Stress 

 

6.1 Abstract 

Plants and microorganisms establish mutually beneficial associations in which microbes 

help plants grow under a variety of stressful conditions, such as salinity and nutrient 

scarcity. To investigate the ecological services of the bacterial community adapted to the 

harsh condition in salty environments, I established a collection of cultivable bacteria using 

mangrove bioturbated and bulk sediment as biological sources. Among the bacteria 

isolated from mangrove sediments, new phylotypes were retrieved and three of them were 

investigated for their plant growth promoting (PGP) abilities in vitro in the presence of 

salinity (4%) and in vivo (i.e., using barley, Hordeum vulgare) under saline conditions (2% 

of filtered sea water). Analysis of the bacterial genomes revealed the presence of specific 

PGP traits, such as those involved in the production of compatible solutes, auxin, ammonia 

and siderophore, which is the signature of potential PGP activity involved in the 

enhancement of a plant’s resistance to salinity. Under salinity conditions, inoculation of 

barley plants with these strains showed a PGP effect. The strains significantly increased 

the total root fresh and dry weight biomass of the barley plants up to 3.51 and 2.63%, 

respectively. These results revealed that the presence of these PGP bacterial strains in the 

sediments can reduced plant stress caused by salinity. 
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6.2 Introduction 

The tendency to establish mutually beneficial associations with surrounding 

microorganisms (Ortíz-Castro et al., 2009) is an essential feature of plants to promote their 

growth and cope with biotic and abiotic stress conditions, such as drought, nutrient 

limitation and salinity. Most PGP microorganisms promote plant growth through direct 

and indirect mechanisms, such as (i) the maintenance of soil fertility to favor total nutrient 

uptake (nitrogen fixation, production of siderophores that enhance the bioavailability of 

iron, solubilization of mineral phosphate and degradation of organic matter; Miransari, 

2011), (ii) the stimulation of plant growth through the synthesis of phytohormones-like 

molecules (e.g., indole acetic acid, cytokinins, and gibberellins) (Martínez-Viveros et al., 

2010; Orhan, 2016), and (iii) the protection of plants against soil borne pathogens 

(Lugtenberg and Kamilova, 2009).  

In addition to bio-fertilization, bio-promotion, and bio-protection against biotic stressors, 

PGP microorganisms can also enhance the ability of plants to cope with abiotic stresses, 

including salinity and drought (Chatterjee et al., 2019). Indeed, several studies showed that 

microorganisms associated with halophytic plants (i.e., Salicornia spp.) play a significant 

role in reducing salinity stress and promote plant growth in in vivo experiments (Marasco 

et al., 2016), resulting in increased yield (Kearl et al., 2019). Among these PGP 

microorganisms, halophiles belonging to different taxonomic groups (e.g., Marinobacter, 

Halomonas and Bacillus) were described (Marasco et al., 2016; Soldan et al., 2019). These 

microorganisms are adapted to grow in extreme environments containing high salt 

concentrations (up to 30%) (Ventosa et al., 1998; Shahid et al., 2018), such as those in 

salty soil and salty mud (Delgado-García et al., 2018), by adopting specific strategies to 
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maintain cell functions and structures (e.g., osmoprotectants production, synthesis, and 

accumulation of compatible solutes, (Ventosa et al., 1998; Al-Rubaye et al., 2017). 

In this study, potential PGP activities of free living, halophilic bacterial strains isolated 

from Red Sea mangrove sediments were investigated. These strains belong to novel 

bacterial taxa Kaustia mangrovi R1DC25T, Mangrovivirga cuniculi R1DC9T and 

Nitratireductor thuwali Nit1536T, respectively and are described in chapters 2, 3 and 4, 

respectively. PGP activities were tested by either assessing their ability to produce indole-

3-acetic acid (IAA), ammonia, and siderophore or by incubating them with barley 

(Hordeum vulgare) under salinity stress conditions to evaluate the effects on plant growth. 

 

6.3 Materials and methods 

6.3.1 Growth Conditions and Genome Analysis of Potential PGP Bacterial Strains  

The bacterial strains used in this work were Kaustia mangrovi R1DC25T, Mangrovivirga 

cuniculi R1DC9T, and Nitratireductor thuwali Nit1536T. K. mangrovi and N. thuwali were 

grown in Marine Broth (MB), while M. cuniculi was grown on Filtered Sea Water plus 

Lysogeny Broth (FSW+LB) at 37˚C for 48 hours in shaking conditions. The bacterial 

cultures obtained were then used for further experiments. Genome sequencing, annotation 

and phylogenetic analysis were performed as described in (Chapters 2, 3 and, 4). Further 

functional analysis of specific genes involved in PGP activities (i.e. osmolyte production, 

auxin, ammonia, and siderophores production, among others) were predicted using the 

RAST server (Brettin et al., 2015) and KEGG database (Kanehisa et al., 2016). 
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6.3.2 In Vitro Characterization of Bacterial Isolates for PGP Traits and Abiotic Stress 

Tolerance 

The three strains were screened in vitro for multiple Plant Growth Promoting (PGP) traits. 

The production of indole acetic acid (IAA) was detected by a method described in 

(Glickmann and Dessaux, 1995). The method measured the amount of indole produced by 

each bacterial isolate which was grown either in MB or FSW+LB medium supplemented 

with 0.5 mg mL−1 L-tryptophan and then incubated at 37˚C for 3–4 days. After incubation 

time, 2 mL of bacterial culture was centrifuged and 1 mL of the retained supernatant was 

mixed with 2 mL of Salkowski reagent and kept in the dark for 30 min at room temperature. 

Subsequently, optical density (OD) was measured at 530 nm. The quantification of IAA 

production by each strain was estimated using a standard curve and expressed in μg/mL. 

Siderophore production activity was detected qualitatively with blue Chrome Azurol 

Sulphonate (CAS) agar plates as described in (Louden et al., 2011). The media were 

prepared by adding 10 mL/L of Blue dye solution. The bacterial cultures were then 

incubated at 37◦C for 7 days. The development of a yellow-orange halo around the bacterial 

growth indicates production of siderophore. Potential ammonia production was evaluated 

by growing the bacterial strains in peptone water (Peptone 10 g/L and NaCl 40 g/L) and 

incubating for 5 days at 37◦C with shaking. After incubation, 0.2 mL of the culture 

supernatant was mixed with 1 mL Nessler’s reagent, then incubated for 10 min at room 

temperature; development of yellow to brown color was evaluated as a proxy for ammonia 

production. Moreover, strains were also tested for abiotic stress tolerance, namely their 

ability to grow at different temperatures (heat stress) and different salt concentrations (salt 

stress) as described in previous chapters (Chapter 2, 3 and 4). 
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6.3.3 PGP Test on Barley (Hordeum Vulgare) Grown Under Salinity Stress 

Barley seeds were sterilized with 3% sodium hypochlorite for 5 min and then washed with 

distilled water and germinated in plates covered with filtered paper at 25◦C for 5 days. To 

determine the maximum salinity concentration that barley can tolerate, 0, 1, 2, and 4% of 

FSW was used. Barley seed germination was negatively affected by increasing salinity; 

thus, 2% of FSW was the maximum salinity that could be tested as salt stress for further 

experiments. Pot experiments were conducted to evaluate the growth-promoting effect of 

bacterial strains on barley under salt-stress conditions. Germinated seeds were sown in pots 

containing 205 g of a mixture of sand and organic rich soil (1:1 v/v). Ten seeds were sown 

in each pot and the experiment was carried out with five replicates. Pots with the 

germinated plantlets were treated with 109 of bacterial inoculum (4.8x106 cell/g of soil) 

and the pots were irrigated with filtered sea water (2% NaCl) every 2 days and kept under 

conditions of 12 h of photoperiod and a temperature of 25°C in the greenhouse (KAUST, 

Thuwal, Saudi Arabia). To avoid accumulation of salt in soil (over 2%), every 5 days, 

plants were irrigated with tap water. Two groups of untreated seeds were used as controls, 

one irrigated with tap water (positive control) and the other with Filtered Sea Water 

(negative control). After three weeks of the experiment, plants were harvested and growth 

parameters recorded (i.e., shoots and roots fresh weight). After measurements, plants were 

incubated in an oven at 50°C until biomass weight was stable and dry weight was recorded 

for both shoot and root portions. Statistical differences of plant growth parameters were 

evaluated using ANOVA test at (p < 0.01) and multi-comparison tests. 
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6.4 Results and Discussion 

6.4.1 Analysis of Gene-Encoding for PGP Activity  

In this study, I performed a functional survey of PGP traits in all genomes of bacterial 

strains in order to explore the mechanisms involved in their PGP activity. The results 

revealed the presence of multiple metabolic pathways in Kaustia mangrovi R1DC25T, 

Mangrovivirga cuniculi R1DC9T, and Nitratireductor thuwali Nit1536T that could 

contribute to the alleviation of the deleterious effect of salinity on plants (Table 1). 

Numerous genes encoding for PGP traits, including butanediol dehydrogenase, 

acetolactate synthase and acetolactate decarboxylase, were detected in all genomes. These 

enzymes are involved in the production of volatile compounds, such as acetoin and 

butanediol described as molecules involved in plant growth promotion and protection 

(Sharifi and Ryu, 2018). All the strains had genes encoding for the enzymes of the auxin 

biosynthesis pathway, for instance, K. mangrovi had iaaH, ipdC, trpA, trpB, trpD, while 

only iaaM, trpA, trpB were found in M. cuniculi and ipdC, trpA, trpB in N. thuwali. Trp 

operon (trpA, trpB, trpD) encodes for tryptophan production which present in many 

bacteria (Hu et al., 1999). Two common pathways can be used by bacteria for indole acetic 

acid (IAA) biosynthesis with tryptophan as precursor. In the indole-3-acetamide (IAM) 

pathway, Tryptophan 2-monooxygenase (iaaM) oxidizes tryptophan precursor into indole-

3-acetamide (IAM), then indole-acetamide hydrolase/amidase enzyme (iaaH) hydrolyzes 

IAM to IAA, while in the indole-3-pyruvic acid (IPA) pathway, the indole-pyruvate 

decarboxylase enzyme (ipdC) converts IPA into indole-3-acetylaldehyde (IAAld) which is 

then oxidized to IAA (Patten and Glick, 1996). Indeed, the analysis of bacterial genomes 

revealed the presence of a complete auxin biosynthesis pathway which supports the strains’ 
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IAA production in vivo. Similarly, the acdS gene encoding for the aminocyclopropane-1-

carboxilate (ACC) deaminase enzyme, which is involved in the cleavage of the ethylene 

precursor ACCd (Nascimento et al., 2014), was present in the genome of both K. mangrovi 

and M. cuniculi, but not in N. thuwali (Table 1). 

 

Table 6.1 Genomic screening of Kaustia mangrovi, Mangrovivirga cuniculi and Nitratireductor thuwali 

for metabolic PGP traits involved in plant salt resistance. 

PGP traits Gene Bacterial strain 

  
K. 

mangrovi 

M. 

cuniculi 

N. 

thuwali 

Auxin production iaaM, iaaH, ipdC, trpA, trpB, trpD Yes Yes Yes 

Ammonia production GlnN, GltS, gltD, AmtB Yes Yes No 

Siderophore production iucB, iucD Yes No Yes 

ACC deaminase acdS Yes Yes No 

Glycine betaine biosynthesis pathway betA, betT Yes Yes Yes 

Glycine betaine/proline transporter system ProX, ProV, ProW Yes No Yes 

L-carnitine/choline transporter system opuCA No Yes No 

proline biosynthesis pathway proA, proB and proC Yes Yes Yes 

Ectoine biosynthesis ectA, ectB, ectC, ectD, thrA No No Yes 

Trehalose syntheses treS Yes Yes Yes 

periplasmic glucans hugT Yes Yes Yes 

Butanediol dehydrogenase butB, budC Yes Yes Yes 

Acetolactate synthase  alsS Yes Yes Yes 

Acetolactate decarboxylase  alsD Yes Yes Yes 

 

The accumulation and biosynthesis of compatible solutes such as glycine-betaine, proline, 

and ectoine in bacteria in response to various abiotic stresses is an alternative mechanism 

to withstand salt, drought, and extreme temperature. This mechanism not only helps 

bacteria to survive in salty environments, but it is also described as a PGP trait when 

bacteria are able to colonize plants (Hussain Wani et al., 2013). K. mangrovi, M. cuniculi 

and N. thuwali strains also employ this osmoregulation mechanism for protection against 

osmotic stress in saline soils (Mishra et al., 2018). While exposed to salt stress, the bacterial 

cells accumulate osmolytes for preventing the loss of water in response to stress (Hare et 

al., 1998). 
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K. mangrovi, M. cuniculi and N. thuwali present glycine betaine biosynthesis and choline 

uptake genes betA, betT encoding for oxygen-dependent choline dehydrogenase enzyme 

and high-affinity choline transport, respectively (Cánovas et al., 2000). In addition, strains 

K. mangrovi and N. thuwali have the proU operon (ProX, ProV, ProW) involved in the 

uptake of glycine betaine and proline (Kempf and Bremer, 1995), while strain M. cuniculi 

had only the opuCA genes encoding for the L-carnitine/choline ABC transporter system 

responsible for the uptake of choline (Chen et al., 2010). In moderately halophilic bacteria, 

the expression of proline biosynthesis genes is induced under salinity stress at 2.5 M NaCl 

which leads to the highest accumulation of proline (Saum and Müller, 2007). 

It was observed that all three strains have proA, proB and proC genes encoding for gamma-

glutamyl phosphate reductase and glutamate 5-kinase enzymes, respectively (Yao et al., 

2020) as well as periplasmic glucans and trehalose, supporting the bacteria to withstand 

osmotic stress (Sleator and Hill, 2002). Genes involved in trehalose biosynthetic pathways 

have been discovered in a large number of PGP bacteria with the role of osmoprotectant 

under salinity stress (Egamberdieva et al., 2019; Shim et al., 2019). Recently, it was found 

that ectoine accumulation is transcriptionally up-regulated by salinity stress (Kushwaha et 

al., 2019); genes responsible for ectoine biosynthesis and regulation thrA, ectB, ectD, ectA, 

ectC (Li et al., 2011) were only found in N. thuwali. 

Genes involved in biofertilization activity were also detected, such as those responsible for 

siderophore transport and biosynthesis which are only present in K. mangrovi and N. 

thuwali genomes; however, none of them possesses the complete biosynthesis pathway of 

this metabolism. Additionally, some genes involved in nitrogen metabolism in nitrate 

reductase and transport were found as well, but only K. mangrovi possesses the complete 
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set of genes for nitrate reduction. Moreover, the complete pathway for ammonia 

assimilation and production with (glnN, gltS, gltD, amtB) genes were found only in K. 

mangrovi and M. cuniculi genomes. I also noted the absence of genes involved in 

phosphate solubilization and transport in all three genomes. 

 

6.4.2 In Vitro Screening of PGP Activities  

K. mangrovi, M. cuniculi and N. thuwali strains were tested in vitro for IAA, siderophore 

and ammonia production because these activities are widespread among several PGP 

microorganisms (El-Sayed et al., 2014). The three isolates tested in vitro for PGP traits 

(Table 2) showed the potential to promote plant growth through different mechanisms, 

including IAA and ammonia production. Several studies reported on the ability of bacteria 

to enhance plant tolerance by producing phytohormones which promote plant growth under 

various stress conditions (Perrot-Rechenmann, 2010; Spaepen and Vanderleyden, 2011). 

All of the bacterial strains were able to use L-tryptophan as precursor to produce IAA, and 

the maximum amount of indole acetic acid produced were 26.23, 16.38, 71.82 μg/ml-1 at 

4% salinity for K. mangrovi, M. cuniculi and N. thuwali, respectively. In plants, auxin 

contributes to the control of root formation, cell elongation and division (Perrot-

Rechenmann, 2010); therefore, IAA production activity can be beneficial for plant growth 

(Nabti et al., 2015) and salinity tolerance (Fahad et al., 2015). Ammonia production was 

observed only in K. mangrovi and M. cuniculi, while siderophore production was not 

detected in any of the strains. These results suggest that these bacteria may present a 

potential PGP role in the mangrove ecosystem. In general, all isolates revealed only 1 to 2 

PGP activities. However, resistance to abiotic stress was also tested in order to assess the 
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strain’s adaptability to the environmental conditions of an arid-coastal ecosystem (i.e., 

temperature fluctuation and salt accumulation), such as that of the mangroves. As shown 

and described in Chapters 2, 3 and 4, M. cuniculi, N. thuwali and K. mangrovi were indeed 

tolerant to a wide range of abiotic stresses which enabled them to grow at temperatures up 

to 40°C (Table 2) and at NaCl concentrations up to 12, 14 and 19%, respectively, which 

represent all conditions that may be encountered in the mangrove sediments of the Red 

Sea. 

 

Table 6.2 Identification, plant growth promoting (PGP) traits and abiotic stress tolerance of the strains 

selected for in vivo PGP experiments. PEG (polyethylene glycol). 

Isolate name PGP activity Abiotic stress tolerance 

IAA Ammonia Siderophore salt stress Temperature Osmotic 

Kaustia mangrovi  

(R1DC25T) 

yes yes No 19% NaCl 40˚C No 

Mangrovivirga cuniculi 

(R1DC9T) 

yes yes No 12% NaCl 40˚C No 

Nitratireductor thuwali 

(Nit1536T) 

yes No No 14% NaCl 45˚C 20% PEG 

 

6.4.3 Bacterial Strains Mediate Plant Growth Promotion on Barley Cultivated Under 

Salinity Stress 

Considerable research has been conducted to exploit the beneficial effects of halotolerant 

and halophilic PGP on plant growth (Etesami and Noori, 2019). Revealing multiple PGP 

trait characteristics makes the obtained bacterial isolates promising candidates for 

application in saline soils (4–6% NaCl; Egamberdieva et al., 2019) as biofertilizer for 

agriculture. Here, in order to determine if the three bacterial strains (K. mangrovi, M. 

cuniculi and N. thuwali) can provide beneficial services to plants, I tested them on barley 

(Hordeum vulgare) under salt stress. The results showed that all the strains had positive 
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effects on the plants as they were able to sustain the growth and development of barley 

roots under stress condition in the presence of 2% salinity irrigation. This finding was 

similar to another study by Naili et al. (2018) which was performed on wheat (Triticum 

aestivum) under salt stress and reported that PGP activities of two halophilic bacteria 

isolated from saline environment increased the plant roots biomass significantly. 

Despite the fact that the bacterial strains did not present several PGP traits in vitro, K. 

mangrovi, M. cuniculi and N. thuwali were capable of significantly promoting root fresh 

weight compared to the non-inoculated stressed control (Figure 1; Multiple comparison 

test, p<0.001 for all bacterial treatments; Figure 1-C). On the contrary, only N. thuwali was 

able to promote the dry biomass of the root system (ANOVA, p=0.004; Figure 1-D). 

Notably, shoot biomass was not promoted by any of the bacterial treatments (fresh and dry 

shoot, p>0.05 for all treatments). 

The three bacterial species might act on the root architecture by helping to  modulate plant 

auxin levels (Tsukanova et al., 2017, Spaepen and Vanderleyden, 2011). During salt stress, 

IAA producing bacteria support significant alleviation from salinity by stimulating root 

development (Marasco et al., 2016; Egamberdieva et al., 2017) and increasing the uptake 

of total nutrients and water from the soil during stress (Patten and Glick, 2002). The growth 

promotion effects of K. mangrovi and M. cuniculi could also be driven by the supply of 

ammonia to the plant (Kraiser et al., 2011). However, we cannot exclude the possibility 

that other non-tested PGP activities may play a role.  

According to the genomic analysis, the presence of several genes related to other potential 

PGP traits and mechanisms were demonstrated, including the ACC deaminase production 



175 

pathway in strains K. mangrovi and M. cuniculi, which is an enzyme that reduces the effect 

of stress ethylene in plants (Singh et al., 2015).  

In addition, the presence of osmolyte biosynthesis and the accumulation metabolic activity 

of glycine, betaine, proline in all 3 genomes, and ectoine in N. thuwali, in response to 

salinity stress is an important contributory factor to promoting plant growth by maintaining 

cell turgor in order to protect the normal physiology and activity of plant cells (Hare et al., 

1998).  

Thus, based on the data, the plant has developed better salt resistance mechanisms and can 

cope with the effects of salt stress by reconditioning the physiology of the root to readapt 

slightly. So probably this is stimulated by bacteria, and this can be seen from the significant 

difference in the fresh and dry weight which indicating that the bacteria make a critical 

action by favouring in the plant root the uptake and the accumulation of water to maintain 

the turgidity of the plant tissue, as it is clear from the data they do not really boost the 

growth, but help the plant to keep the water and compensate the salinity stress. This 

accumulation of water probably because the bacteria stimulating osmoprotectant so they 

can increase the osmotic potential of the tissue and make the root tissue still turgid enough 

to work, as not the promotion of growth, is other in the alleviation of the stress.        

The biochemical and molecular mechanism that could be used by the bacterial isolates 

described in this study for multiple PGP activities needs to be investigated. 
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Figure 6.1 Plant growth promotion assay on barley (Hordeum vulgare) under salt stress. Plant biomass after 

3 weeks of growth, expressed as shoot (A,B) and root (C,D) fresh and dry weights obtained from plants 

inoculated with K. mangrovi, M. cuniculi and N. thuwali strains ±standard errors. Plants not inoculated by 

bacterial strain were included as negative control (C+FSW) and additional positive control (C) was not 

stressed. The data were calculated as the average of fifty plants per treatment and Student t-test was adopted 

to statistically analyze the data. The star (*) indicates statistically significant differences (p < 0.05) compared 

to the ‘not treated’ control (C+FSW). 

 

6.5 Conclusion 

 In vivo and in vitro experiments confirmed the ability and capacity of novel halophilic 

bacteria isolated from mangrove environments Kaustia mangrovi (R1DC25T), 

Mangrovivirga_cuniculi (R1DC9T) and Nitratireductor thuwali (Nit1536T) to act as PGP 

bacteria by inducing plant tolerance to salinity stress through improving the water 

accumulation in the plant root. The results suggest that auxin and ammonia production, as 

well as osmolyte accumulation, might contribute to enhance plant adaptation and to cope 

with the effects of salt stress by developing different resistance mechanisms but 
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confirmation experiments are needed to support this hypothesis. These traits were 

confirmed by genomic analysis which indicated the presence of genes involved in the auxin 

biosynthetic pathway in all bacterial genomes, while genes involved in ammonia 

production were found only in Kaustia and Mangrovivirga species. Other genes such as 

those for ACC deaminase activity and osmolyte biosynthesis could also contribute to 

bacterial stimulation and bioprotection of the plant under abiotic stress. This work 

confirmed the functional PGP potential of strains K. mangrovi, M. cuniculi and N. thuwali. 

However, the investigated strains have to be tested with other plants to confirm their 

potential under salt stress. 
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THESIS CONCLUSIONS 

Under laboratory conditions, microbiologists can grow only a small portion of the 

microorganisms thriving in nature (Stewart, 2012). Molecular surveys of natural habitats 

demonstrate that unknown microbial diversity is still vast and it has been estimated that the 

yet-to-be-cultured microbial species make up to 99% of the total diversity in nature (Keller 

and Zengler, 2004; Andreote et al., 2012). So far, many bacterial lineages still have only a 

few or no cultivated representatives and, in contrast to the diversity described by molecular 

surveys, around 10,000 bacterial species have been validly described (Achtman and 

Wagner, 2008). One of the many striking examples is the candidate phylum TM7, which 

has been repeatedly detected in many environments, including soil, water, and the human 

microbiome, but has escaped cultivation efforts (He et al., 2015). 

In the last decades, novel microbes have been isolated in the lab thanks to alternative 

cultivation techniques based on the use of oligotrophic media and long incubation times, 

or on reconstruction of the conditions of the original natural environment, or by favoring 

exchange of signaling molecules and growth factors (Kaeberlein et al., 2002; Nichols et 

al., 2008; Epstein et al., 2010). These cultivation efforts allowed for the isolation of strains 

belonging to bacterial groups usually poorly represented in microbial collections and rarely 

obtained in cultivation experiments (Janssen et al., 2002; Rappé et al., 2002; Joseph et al., 

2003; Lewis et al., 2010; Pulschen et al., 2017), even if they belong to groups that should 

have an important ecological role according to their relative abundance in molecular 

surveys. Some of these isolates have been highlighted for their versatile metabolisms, 

lifestyles and critical ecological functions (Rappé et al., 2002; He et al., 2015). 
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Nonetheless, the real ecological role in natural microbial communities of many newly 

discovered bacterial clades and isolates remains poorly understood. 

The main purpose of this Ph.D. thesis has been the exploration and the isolation of the 

microbial diversity of the mangrove ecosystem with a focus on those microorganisms not 

readily cultivable in the mangrove sediments of the Red Sea. I focused my work on using 

alternative approaches for the cultivation and isolation of novel bacterial taxa in pure 

culture from the mangrove sediment, an ecosystem subject to different stress conditions 

such as high salinity, temperature and low nutrient and oxygen concentration. I also 

explored their potential for biotechnological applications. For the purpose of isolation, two 

approaches were applied. 

The first approach used the diffusion-chamber cultivation strategy to isolate novel bacteria 

from bioturbated mangrove sediments. In this study, the comparison of the diffusion 

chamber approach with a standard cultivation approach showed that the diffusion chamber 

technique yielded several bacterial isolates that escaped culturing with the standard 

technique. In a second alternative cultivation approach, I tested the use of oligotrophic 

conditions in the isolation media and long incubation times. The findings of these isolation 

experiments indicate that long incubation times coupled with the use of a variety of low 

nutrient media also yields a great diversity of bacterial isolates. Both alternative cultivation 

approaches allowed me to isolate a series of novel previously unrecognized bacterial taxa 

that span from new species to new genera and families, highlighting the importance of 

using different cultivation methods to improve the cultivability of bacteria associated with 

mangrove sediments. 
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In this study, I obtained four novel bacterial isolates from the Red Sea mangrove sediments. 

Through genomic, physiological, biochemical and chemotaxonomic analysis, I identified 

and characterized these unique novel bacterial taxa: (i) Nitratireductor thuwali Nit1536T 

sp. nov., which belong to a novel species within the family Phyllobacteraceae in the 

Alphaproteobacteria (ii) Mangrovivirga cuniculi R1DC9T gen. nov., sp. nov., a novel 

genus and species within the family Flammeovirgaceae of the Bacteroidetes (iii) 

Mangrovibacillus cuniculi R1DC41T gen. nov., sp. nov., a novel genus and species within 

the family Bacillaceae of the Firmicutes and (iv) Kaustia mangrovi R1DC25T gen. nov., 

sp. nov., fam. nov., which describes a novel genus, species and family within the order 

Rhizobiales in the Alphaproteobacteria. The new bacterial taxa belong to phylogenetic 

groups that have few cultivated representatives (www.bacterio.net) within phyla that 

molecular ecology surveys reveal as important in mangrove sediments (Andreote et al., 

2012; Booth et al., 2019). The isolation and description of novel bacterial isolates from 

mangrove environmental niches is useful for understanding microbial adaptation strategies 

to the extreme and stressful conditions of an ecologically important environment such as 

the mangrove habitat. 

The research of new halophilic bacteria with potential PGP ability provides new 

information in the search for probiotics capable of supporting agriculture and plant biomass 

production in saline soils, an increasing problem in the exploitation of lands for enhancing 

food security (Alexander et al., 2019). PGP bacteria that can survive well under saline 

conditions may be useful for supporting plant physiology and promoting plant growth 

under the stressful conditions of saline soils. In the last part of my PhD thesis work, three 

of the novel bacterial taxa isolated from the mangrove sediments, K. mangrovi, M. cuniculi 
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and N. thuwali were selected for further studies to estimate the PGP potential in vitro and 

in vivo using barley (Hordeum vulgare) as a crop model plant grown under salinity stress. 

The results of the experiments confirmed that the new bacteria can significantly enhance 

the water up take of the plant root system and alleviate salinity stress, thus demonstrating 

their PGP potential. While the mechanisms of such a promotion of root reconditioning 

should be further studied, my results indicate that mangrove sediments are an excellent 

source of novel potential PGP microorganisms to alleviate salinity stress in plants. 

Overall, my research findings demonstrate that microbial communities adapt to the 

extremely variable and harsh conditions of the mangrove ecosystem and may represent an 

important, and yet untapped, source of microorganisms resistant to biotic and abiotic 

stresses to be explored, cultivated and exploited. Further study could be carried out to 

evaluate the ecological significance of the four novel isolates within the mangrove 

ecosystem by characterizing their metabolic features in relation to the biogeochemical 

conditions of the Red Sea mangrove sediments, but the overall study highlights the 

potential of the mangrove ecosystem as a source of novel and potentially useful microbial 

resources. 
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