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ABSTRACT 

 

Overcoming the inability of marine bacteria to grow under laboratorial conditions is of upmost 

importance for using marine microbes as a source of novel compounds and enzymes. The small 

fraction of microbes able to grow on nutrient media is a known microbiological phenomenon, called the 

“Great Plate Count Anomaly”. This work aimed to increase the percentage of grown cells and to 

understand the relationship between diversity of species observed in agar plates and the 

environmental conditions of the original sampling site. 

The strategy for the study involved the testing of commercially available media, and their combination 

and dilution. Other carbon and energy sources were also tested and used in liquid and solid media. 

The number of species that could be retrieved in agar plates depended mostly on the type of 

environment from where samples were collected (open waters, tide pool and shallow-water 

hydrothermal vent). 

When bacterial populations grown in laboratory were used, the number of CFU per mL obtained after 

plating on different media was lower than the number of cells per mL observed under the microscope. 

Apparently, part of the population remained viable but in a non-replicative state and were the main 

contributors to the lower CFU numbers. 

To study if the conditions in the laboratory could be improved to allow the growth of “unculturable” 

bacteria, strain 695, isolated from a sample from the Azores, was used as model bacterium. The 

isolation and growth of strain 695 was successfully done after combining one commercially available 

medium, thioglycollate broth, diluted 10-fold and mineral medium. 

 

 

Keywords: marine bacteria; unculturable bacteria; fatty acids; cultivation; media formulation; bacterial 

adaptation  
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RESUMO 

 

Superar a incapacidade de crescer bactérias marinhas em condições laboratoriais é de extrema 

importância, visando a sua utilização como uma fonte de novos compostos e enzimas. A reduzida 

fracção de microorganismos capazes de crescer em meios nutritivos representa um fenómeno 

microbiológico conhecido por “Great Plate Count Anomaly”. Este trabalho teve como objectivo 

aumentar a percentagem de células cultiváveis e compreender a relação existente entre a diversidade 

de espécies observada em placas de agar e as condições ambientais do local de amostragem. 

A estratégia implementada envolveu o teste de meios de cultura disponíveis comercialmente, a sua 

combinação e diluição. Foram testadas fontes de carbono e de energia alternativas e incorporadas 

em meios líquido e sólido. O número de espécies recuperadas nas placas de agar dependeu, 

principalmente, do tipo de ambiente do local de amostragem (mar, piscina natural e fontes termais). 

Aquando da utilização de bactérias cultivadas em laboratório, o número de CFU por mL obtido após 

plaqueamento em meios de cultura diferentes foi inferior ao número de células por mL observado ao 

microscópio. Aparentemente, parte da população permaneceu viável mas num estado não replicativo, 

sendo responsável pelo número inferior de CFU. 

A fim de se estudar se as condições laboratoriais poderiam ser aperfeiçoadas para permitir o 

crescimento de bactérias consideradas “incultiváveis”, a estirpe 695, isolada de uma amostra 

recolhida nos Açores, foi usada como modelo. O isolamento e o crescimento da estirpe 695 foi 

realizado com êxito após combinar um meio de cultura disponível comercialmente, caldo de 

tioglicolato , diluído 10 vezes, e meio mineral. 

 

 

Palavras-chave: bactérias marinhas; bactérias incultiváveis; ácidos gordos; cultivo; formulação de 

meios de cultura; adaptação bacteriana  
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1. INTRODUCTION 

 

The oceans comprise more than 70% of the planet’s surface and contain the most diverse forms of 

life. No ecosystem provides greater genetic diversity or potential new products for commercially 

interesting processes than the world's marine environments. Life probably originated in the oceans 

about 3.5 billion years ago and microbes were the only form of life for nearly two thirds of the planet’s 

existence (Munn, 2011). Marine microbes have a great responsibility in the development and 

maintenance of all other forms of life and yet we live completely unaware of their diversity and 

importance. Living in a period of rapid global change, such understanding is crucial (Munn, 2011; 

Thakur & Thakur, 2006). 

Marine microorganisms are of extreme importance to the health of our well-being. They provide vital 

goods and services to the society such as the production of oxygen, supporting sustainable supply of 

food, regulating the health of the marine environment (for instance, through bioremediation of polluted 

environments), providing a largely unexploited source of genetic information and a large variety of 

bioactive compounds to be used in industrial and medical applications and products (Calewaert, 

Gasol, Glöckner, & McDonough, 2012). In fact, half of all commercially available pharmaceuticals are 

natural products and derivatives produced by bacteria (Demain & Sanchez, 2009; Senni et al., 2011; 

Silver, 2011). 

The great interest in marine bacteria and their bioactive compounds is nevertheless relatively recent. 

Focus in natural product screening from microorganisms was initially due to the discovery of penicillin 

by Fleming in 1929 and its isolation in 1940 by Chain and Florey (Chain et al., 2005; Fleming, 2001; 

Shama, 2008). Mainly microbes from soil samples were cultured, yielding many antibiotics still used 

today. By the end of 2002, more than 22,000 microbial bioactive compounds had been discovered 

(Demain, 2006). However, no novel classes of antibiotics were discovered between 1970 and 2000, 

and since then, only two classes derived from natural products have been approved (Butler & Cooper, 

2011; Wenzel 2004). The pharmaceutical companies lost interest in the discovery of new antibiotics 

and the majority turned their attention to chemical synthesis or to chemical modifications in already 

known active compounds. 

Technological developments in spectroscopic techniques and high-throughput screening have made 

natural product research gain momentum in recent years. However, new terrestrial natural compounds 

are no longer discovered at the same rate as they used to (Sarker & Nahar, 2012). Instead, marine 

ecological systems are regarded as more promising sources, in particular marine microbes. 

The first bioactive compound isolated from marine environment, a brominated pyrrole antibiotic, was 

isolated in 1966 and since then several other bioactive secondary metabolites and enzymes have 

been isolated from marine microbes (Burkholder, Pfister, & Leitz, 1966; Liu et al., 2008; Nikapitiya, 

2012). It is now widely accepted that marine microorganisms have a great potential for providing 

services and products for human society, however they have not been fully exploited. A compound 

that will cure cancer, Alzheimer’s disease or kill the most resistant pathogen is much likely already 

being produced by a still unknown microbe! There is a world of microorganisms to explore, understand 

and put to good use (Calewaert et al., 2012; de Carvalho, 2016). 
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Despite their importance, little is known of marine microbial diversity. In fact, a narrow range of 

bacteria has been brought into culture – in a universe of around 10
11

 to 10
12

 microbial species, 

approximately 10
4
 have been cultured (Locey & Lennon, 2016) – and it does not represent the whole 

microbial biodiversity as, according to 16S sequence databases, those bacteria that are presently 

cultured are not the most abundant ones (Joint, Muhling, & Querellou, 2010). Moreover, it is accepted 

by the scientific community that 99–99.9% of marine microorganisms cannot be cultured under 

standard laboratory conditions and as such they cannot be properly studied (Staley & Konopka, 1985). 

These bacteria, unable to grow in vitro, are called “uncultured” or “uncultivable”, not in the sense of 

being impossible to cultivate but, rather, indicating that current laboratory techniques and researchers 

themselves, could not provide the necessary conditions for bacterial growth (Stewart, 2012). 

The 0.1–1% left, a very small share of the total assemblage, represents the active cells efficiently 

cultivated. The number of cells grown on nutrient media is usually remarkably lower than the ones 

observed under the microscope, as reported by the Austrian microbiologist Heinrich Winterberg 

(Stewart, 2012; Winterberg, 1898). J. Amann quantified this mismatch as being several orders of 

magnitude (J. Amann, 1911). The anomaly is known as the “Great Plate Count Anomaly” (R. I. 

Amann, Ludwig, & Schleifer, 1995; Kogure, Simidu, & Taga, 1979; Staley & Konopka, 1985). An 

explanation was proposed on the topic of non-growing cells, considering them as dead cells, although 

many of them were shown to be metabolically active. These cells were called “Viable But Non-

culturable Cells” (VBNC), a term induced in 1982 by Xu and coworkers, and it works as a survival 

strategy of many bacteria in response to stress conditions (Fakruddin, Mannan, & Andrews, 2013; 

Goncalves & de Carvalho, 2016; Xu et al., 1982). 

 

1.1. Why do so many Microbes remain “Uncultivable”? 

 

A better understanding of marine bacteria, as well as a possibility to access novel strains with 

biotechnological potential, relies on the ability to culture a wider range of bacterial cells (Joint et al., 

2010). Thus, it is important to understand the possible reasons why marine bacteria are so difficult to 

isolate and grow under laboratorial conditions. As a starting point, that the essential aspects of their 

environment are failing to be replicated is axiomatic. But the reasons why the failure takes place are 

not as clear as that. Two hypotheses are herein presented: i) considering a few aspects of the 

environment that are not correctly replicated (temperature, pH, nutrients), it can be concluded that a 

combination of these conditions being varied all at once requires an amount of time and effort not 

always available (Stewart, 2012). Even if the growth requirements are met, microbes can still be 

prevented and inhibited to grow due to competition for nutrients among bacteria cultured together and 

compounds released by other microbes in the vicinity (Tamaki et al., 2005). Moreover, in laboratory 

cultures, interactions naturally occurring between organisms may be destroyed; slow-growing 

organisms may be overwhelmed by faster ones; and substrate concentrations required for detectable 

growth may be too high and become toxic (Joint et al., 2010); ii) the second hypothesis supports many 

of the reasons described before. However, it also points out lack of interest for new media formulation, 

insufficient patience for longer incubation times (Leadbetter, 2003) and scarce consideration for 
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microbial original conditions as weighty reasons for unsuccessful bacteria growth (Alain & Querellou, 

2009; Zengler, 2009). For many of the uncultivated microorganisms, no serious attempt has even 

been made to isolate them (Calewaert et al., 2012). According to the latter hypothesis, there is a lack 

of investment from the researchers in the growth of marine bacteria in the laboratory, mostly due to 

the role of metagenomics. Functional metagenomics, as it is called, relies on an environmental sample 

whose DNA is extracted. Using a cloning vector it is possible to create a metagenomic library from the 

isolated DNA, which is then transferred to a host, as E. coli. The clones are then screened for the 

presence of enzymes and bioactive compounds. Despite the unquestionable success in discovering 

new enzymes, there are still limitations concerning the clones’ ability to produce active enzymes 

(Kennedy et al., 2010; Tseng & Tang, 2014). 

As culturing new marine microorganisms is the other way to get detailed information about microbial 

characteristics and processes and to obtain enzymes and bioactive compounds, the endeavor of 

microbiologists to face the challenge of devising and developing novel cultivation methods to grow the 

unculturable bacteria is of upmost importance. Therefore, one cannot be surprised with the increased 

interest in microbial cultivation (Calewaert et al., 2012; Joint et al., 2010; Vartoukian, Palmer, & Wade, 

2010). The next section provides an overview of the techniques available, highlighting improvements 

and barriers to success. 

 

1.2. Culturing Techniques 

 

The most common method for cultivating bacteria, and also the first one ever used to obtain pure 

cultures, was introduced by Robert Koch and consisted on spreading bacteria onto a solid medium, 

more specifically agar-solidified medium (Koch, 1877; Zengler, 2008). Bacterial cells were spread on 

solid medium and expected to grow, forming colonies visible to the naked eye or under a microscope. 

However, as it was mentioned before, the growth step has a problem associated known as the “Great 

Plate Count Anomaly”, and so different approaches started to arise. 

The solid medium used by Koch was based on agar as gelling agent, however there are other 

alternatives already tested. For example, gellan produces gels clearer and more stable than agar 

(Cardenas & Tiedje, 2008; Shungu et al., 1983); guar gum, considered an inexpensive substitute of 

agar, is resistant to temperatures as high as 70ºC, being indicated for isolation of thermophiles, but, as 

disadvantage, it is highly viscous and has impurities present (Gangotri, Jain-Raina, & Babbar, 2012; 

Jain, Anjaiah, & Babbar, 2005). 

Isolation of uncultured bacteria has previously been successfully done by applying several 

modifications to the traditional media recipes. These include lower nutrient concentrations, amending 

sources of nutrients and increased incubation times, not forgetting the key role of replicating original 

environmental conditions like temperature, light, oxygen available, pH and so on (González & Moran, 

1997; Joseph, Hugenholtz, Sangwan, Osborne, & Janssen, 2003; Stevenson, Eichorst, Wertz, 

Schmidt, & Breznak, 2004). 

To overcome the inability to grow the large majority of bacterial strains under laboratorial conditions, a 

culture-independent method also referred to as a metagenomic approach, often using ribosomal RNA 
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technology, was found suitable for microbial diversity assessment in major ecosystems, one of them 

being the ocean (Olsen, Lane, Giovannoni, Pace, & Stahl, 1986). Data obtained from metagenomes 

can reveal regulatory circuits, metabolic pathways and even hidden metabolic potential. Furthermore, 

the information gathered from ribosomal RNA sequences allows to place the microorganisms in 

phylogenetic trees and obtain codes for their identification, even for organisms never described before 

(Rappe & Giovannoni, 2003). These culture-independent methods surely contribute to a wider insight 

into microbial diversity; however, the molecular techniques alone are not enough to understand the 

function, physiology or the role of the microorganism in the environment. 

One cannot question the relevance of cultivation even on an “omics” age, as cultures are crucial to 

support the hypotheses emerging from genomic data (S. Giovannoni & Singl, 2007). In short, and I 

quote, “Overlooking a century of cultivation history and encouraging use only of ribosomal approaches 

leads to significant gaps in microbial community diversity data. We demonstrate that cultivation 

methods are critical in microbial diversity studies and that they detect organisms undetected by 

molecular techniques.” (Gest, 2008). Thus, parallel to the advances made in metagenomics, efforts 

must be made again for bacterial cultivation techniques. 

 

1.3. Culturing Techniques for Marine Bacteria 

 

The existence of microorganisms requiring minimal nutrient concentrations to grow led the 

researchers to dilution to extinction culturing, a new method in which the microbial population is diluted 

up to 10
6
-fold with the unamended growth medium to a final average inoculum ranging from 1.1 to 5 

cells/mL. The method was suitable for isolating slow growing bacteria, although it was relatively 

laborious and the isolates obtained were few in number. This concept was developed using microtiter 

dishes to culture cells and fluorescence microscopy for high-throughput screening (Button, Schut, 

Quang, Martin, & Robertson, 1993; Connon & Giovannoni, 2002; Joint et al., 2010). 

Organisms hardly live in pure cultures in the wild. One could thus consider cocultivation as a strategy 

for bacteria isolation (Cardenas & Tiedje, 2008). In fact, some microbial species are incapable of 

growing in pure culture unless their natural partners are present, providing them with metabolites and 

allowing them to perform reactions other way impossible without each other (S. J. Giovannoni, Foster, 

Rappe, & Epstein, 2007). Some experiments have been conducted in which filtrated cell extracts from 

a partner microorganism have been added to the media, instead of the microorganism itself, to 

cultivate those strains previously considered uncultivable (Bae, Rhee, Park, Kim, & Park, 2005). 

Regarding the importance of providing microorganisms their natural growth conditions, a cultivation 

methodology consisting in a simple diffusion chamber with a stainless steel washer and 0.03 μm-pore-

size polycarbonate membranes was developed (Figure 1) (Kaeberlein, Lewis, & Epstein, 2002). The 

chamber receives the inoculum, which is a mixture of environmental cells and warm agar, before 

being sealed by the two membranes. All this set up allows the nutrients from the environment to 

diffuse into the chamber, mimicking their natural habitat (Lewis, Epstein, D'Onofrio, & Ling, 2010). The 

incubation takes place in the sampling original site or in a simulated environment. During this period, 

microcolonies are expected to grow. This method has an average cell recovery rate of 22%, far 
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beyond the results obtained using standard Petri dishes. However, the time required to isolate 

individual colonies from the mixed culture produced by the diffusion chamber is somewhat time 

consuming. Thus, the development of a high throughput system with the same purpose is paramount 

(Lewis et al., 2010). 

 

 

Figure 1 – Design of the diffusion chamber (Adapted from Lewis et al., 2010). 

 

In a different approach to cultivation, single cells were encapsulated into microcapsules, or gel 

microdroplets, previously concentrated by tangential flow filtration, which were then packed into a 

chromatography column continuously flowed by amended growth media for long incubation periods, at 

a controlled flow rate (Figure 2) (Leadbetter, 2003; Zengler et al., 2002). Division of the encapsulated 

microorganisms led to the formation of microcolonies of 20–100 cells. Growth was identified by 

microscopic observation. Flow cytometry was used to separate beads with no microcolony formation 

from those containing cells grown into microcolonies. 

 

 

Figure 2 – Experimental setup of the cell encapsulation technique. Cells are captured from 

environmental samples, encapsulated into GMDs and incubated in growth columns (Phase I). GMDs 

containing microcolonies are detected and separated by flow cytometry into 96-well microtiter plates 

(Phase II) (Adapted from Zengler et al., 2002). 
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This technique has three important aspects to take into account: i) the encapsulated cells are cultured 

together, although each cell being isolated in a single bead, somehow simulating the natural 

environment and allowing the exchange of nutrients, metabolites and other molecules; ii) culturing is 

not performed in a closed batch system but instead in an open and continuously fed system, once 

more contributing to simulate most natural environments; iii) this approach is easily and inexpensively 

scaled-up while allowing fast high throughput (Zengler et al., 2002; Zengler et al., 2005). 

The Isolation Chip, or ichip for short, consists of hundreds of miniature diffusion chambers, each one 

loaded with an average of one cell, thus allowing growth and isolation of pure cultures in a single step 

(Figure 3) (Lewis et al., 2010; Nichols et al., 2010). The ichip includes a central plate for incubating 

cells targeted for cultivation, immersed into a suspension in molten agar. The cells are then captured 

and solidified in the shape of small plugs (Figure 3a). The initial concentration of cells in the 

suspension can be controlled and adjusted by dilution to meet the desired cell number per chamber. 

On each side of the central plate, two semipermeable membranes prevent cell migration, and on the 

top and bottom of the device two more panels hold the structure together, well tightened to provide 

enough pressure to seal the contents (Figure 3b). The assembly is then incubated in natural 

environment or a simulated version of it, providing the cells their naturally occurring nutrients and 

growth factors (Lewis et al., 2010; Nichols et al., 2010). The ichip helped reducing the efforts in 

cultivation, leading to some important observations: the colonies formed far outweighed the ones 

obtained from Petri dishes (40–50% in ichips); species grown were different from the ones obtained 

with traditional methods and even the novel isolates grown exceeded that of Petri dishes (Lewis et al., 

2010). Furthermore, the cultivation step is no longer considered a limiting step as, according to 

previous work (Nichols et al., 2010), one can easily establish 10 to 20 ichips a day, disassembly and 

subculturing them on standard media in the same period of time, generating more than 100 

domesticated and pure cultures of novel microbial species per researcher per day (Nichols et al., 

2010). 

 

 

Figure 3 – Design of the isolation chip. On the left side a plate with multiple through holes is dipped 

into a suspension of cells (a) such that each hole captures, on average, a single cell. On the right side 

it is shown the ichip assemblage (b) (Adapted from Lewis et al., 2010). 

 

All these strategies and techniques adopted in an attempt to grow “not-yet-cultured” marine bacteria 

have shown that, above all, research and perseverance are key factors in overcoming this challenging 
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problem. Culturing conditions surely play a major role in cultivation success and a sound approach to 

grow marine bacteria would be focusing on nutrients requirements and incubation conditions. 

 

1.4. Objectives and Strategies of the Study 

 

The main goal of this study, entitled “Overcoming the inability of marine bacteria to grow under 

laboratorial conditions”, was to devise, develop and/or optimize strategies and techniques allowing the 

isolation and growth of marine bacteria under laboratorial conditions. To use marine bacteria in 

bioprocesses, sufficient biomass should be produced. To achieve this, a step-by-step plan was 

defined with the following tasks: 

 

1. Identification and quantification of bacterial strains present in marine samples; 

2. Optimization of growth media and conditions to increase biomass production; 

3. Bacterial adaptation to laboratorial conditions. 

 

Attending the latest developments discussed in the state of the art regarding the cultivation of 

“uncultivable” bacteria, the strategy proposed in the present study involved: 

 

1. Growth media: 

1.1. Testing of commercially available media; 

1.2. Production of new formulations by mixture of commercially available media; 

1.3. Dilution of media; 

1.4. Addition of carbon and energy sources to mineral media 

1.5. Use of solid and liquid media; 

2. Growth conditions: 

2.1. In the presence of 0–50 g/L of NaCl; 

2.2. Use of C5–C17 n-alkanes as single carbon and energy sources; 

2.3. Temperature range from room temperature to 70ºC.  
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2. MATERIAL AND METHODS 

 

2.1. Bacterial Strains 

 

Escherichia coli K-12, Pseudomonas putida, Bacillus pumilus and Micrococcus luteus were used in 

this study, as well as another unidentified microorganism, referred to as strain 695. All bacteria were 

first isolated from samples collected in different locations in the Azores (Table 1). The strains were 

identified by their fatty acid profile using the Sherlock™ Microbial Identification System as described 

previously (de Carvalho & Caramujo, 2014). Strain 695 was sent to Laboratório de Análises do IST for 

identification by 16S rRNA sequencing. 

 

Table 1 – Location and environmental conditions of the sampling site of the strains used in the study. 

Bacteria ID iBB # Location T (ºC), H2O T (ºC), Air pH 
Identification 

method 

E. coli K-12 N-RED Termas da Ferraria 28 18 8.91 Sherlock 

P. putida 703 Faial da Terra 18 18 9.25 Sherlock 

B. pumilus 572 Mosteiros 19 17 9.30 Sherlock 

M. luteus 78 Termas da Ferraria 28 18 8.91 Sherlock 

Strain 695 695 Caldeira das Furnas 100 15 - 
Sherlock,  

16S rRNA 

 

2.2. Growth Conditions 

 

Cells were grown in 100 mL Erlenmeyer flasks containing 20 mL of growth medium. The following 

media were tested as growth medium,: Marine Broth (MB; Pronadisa); Thioglycollate Broth with 

Resazurine (Thio; Fluka
®
); Tryptic Soy Broth (TSB); and Mineral Medium (MM) containing per liter of 

demineralized water: 0.01 g EDTA, 0.002 g ZnSO4·7H2O, 0.001 g CaCl2·2H2O, 0.005 g FeSO4·7H2O, 

0.0002 g Na2MoO4·2H2O, 0.0002 g CuSO4·5H2O, 0.0004 g CoCl·6H2O, 0.001 g MnCl2·4H2O, 0.1 g 

MgCl2·6H2O, and 1.55 g K2HPO4 and 0.85 g NaH2PO4·H2O for buffering (all chemicals were from 

Sigma-Aldrich) (Cortes & de Carvalho, 2015). The different media were also tested diluted 1:10, 1:100 

or in mixtures, as indicated in the respective sections of Results. In the case of MM, the following 

compounds were used as carbon sources: n-alkanes (0.25%, v/v); 0.1–1% (w/v) CH3COONa.3H2O; 

0.1–1% (w/v) CH3COONH4; 0.1–1% (w/v) Tween 80. Cultivation of bacteria was also performed using 

15 mL falcon tubes and agar plates containing the previous mentioned media and Blood (BA; Fluka
®
), 

Mueller-Hinton (MH; Fluka
®
), and Tryptic Soy Agar (TSA; Fluka

®
). 
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The liquid cultures were inoculated from plate cultures or liquid inocula, to achieve an initial optical 

density at 600 nm of ca. 0.1–0.2. For cell growth, the following conditions were tested: temperature 

30–70ºC, 0–5% (w/v) NaCl, and stirring speed 0–200 rpm (orbital shaking and mechanic stirring). 

Growth at temperatures higher than 50ºC was promoted by immersion of 100 mL Erlenmeyers in a 

water bath (VWR). The medium was stirred mechanically (Lab Egg, IKA). Cell growth was monitored 

by measurement of optical density at 600 nm in a Hitachi U-2000 spectrophotometer. Biofilm growth 

was promoted using sand and also by immersion of 100 mL Erlenmeyers in a water bath (VWR). All 

assays were performed at least in duplicate. 

 

2.3. Extraction of Lipids and Fatty Acids Composition Analysis 

 

The fatty acid (FA) composition of the cells was determined after collecting 1 mL of cell suspension 

from the culture and recovering the cells by centrifugation at 12,000 rpm for 5 min in 1.5 mL eppendorf 

tubes (Eppendorf, Hamburg, Germany). Cells were washed once with 1 mL of milli-Q water. The 

extraction and methylation of the FAs was simultaneously done using the Instant FAME
TM

 procedure 

from MIDI, Inc. (Newark, DE, USA). The analysis of the fatty acid methyl esters (FAMEs) was 

performed by gas chromatography on a 6890N gas chromatograph (GC) from Agilent Technologies 

(Palo Alto, CA, USA), which includes a flame ionization detector (FID) and a 7683 B series injector, 

equipped with a 25 m long Agilent J&W Ultra 2 capillary column. The equipment was programmed and 

controlled by the Sherlock software package, version 6.2, from MIDI, Inc. The FAMEs were identified 

by the software, using MIDI calibration standards. The samples were also analyzed on an Agilent 

5977E GC-Mass spectrometer equipped with a HP-5ms capillary column from Agilent to confirm the 

peaks’ identification. For bacterial identification, the samples were analyzed by the ITSA1 method 

whilst for analysis to determine the adaptations performed by the cells at the lipid level, the samples 

were analyzed by the PLFAD1 method, and both run by the Sherlock v6.2 software from MIDI. The 

degree of saturation (Dsat) of the cell membrane FAs was defined as the ratio between saturated 

straight FAs and monounsaturated FAs present in the cells. 

 

2.4. Degradation of n-alkanes using Strain 695 

 

Strain 695 was used to inoculate 20 mL of Thio 1:10 + MM medium in 100 mL Erlenmeyer flasks. 

Once cells reached an optical density of 1.0 at 600 nm, 250 µL were used to inoculate 2 mL of MM in 

24-well plates. To each well 0.25% (v/v) of n-alkane was added as carbon and energy sources. The 

wells were sealed with Breathe-Easy
®
 sealing membrane from Sigma-Aldrich. The n-alkanes used 

were the following: n-pentane (99%; Sigma-Aldrich
®
), n-hexane (99%; Panreac), n-heptane (99%; 

Panreac), n-octane (>99%; Sigma-Aldrich
®
), n-nonane (99%; Acrós organics), n-decane (>99%; 

Sigma-Aldrich
®
), n-undecane (99%; Sigma-Aldrich

®
), n-dodecane (>99%; Sigma-Aldrich

®
), n-tridecane 

(≥99%; Sigma-Aldrich
®
), n-tetradecane (99%; Sigma-Aldrich

®
), n-pentadecane (≥98%; Sigma-

Aldrich
®
), n-hexadecane (>99%; Merck) and n-heptadecane (99%; Sigma-Aldrich

®
). After 24 and 48 

hours, 1 mL of suspension was used to evaluate cell growth. The suspension together with the rest of 
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the well content was centrifuged for 5 min at 12,000 rpm for harvesting of biomass. The FAs of the 

cells were extracted and methylated according to the procedure described above and analyzed by GC 

and GC-MS. 

 

2.5. Viable Cells Plate Count Method  

 

To determine if a correlation between the number of viable cells of E. coli K-12, P. putida, B. pumilus 

and M. luteus in liquid culture, observed under the microscope, and the number of colony forming 

units (CFU) in agar plates could be found, bacteria were grown in 20 mL of TSB in 100 mL Erlenmeyer 

flasks. Once cells reached an optical density of 1.0 at 600 nm, 1 mL of sample was transferred to a 

sterile eppendorf, using aseptic techniques. This sample was then sequentially diluted in 10
-1

 steps in 

MM up to 10
-10

. The mixtures were shaken vigorously and 20 µL of each were aseptically transferred 

and spread on TSA and Luria-Bertani (LB), MB and Thio agar plates. Simultaneously, 500 µL of the 

culture medium was placed inside an Eppendorf and a mixture of Live/Dead
TM

 Viability Kit (Molecular 

probes, Invitrogen) was added to determine the number of viable cells as previously described (de 

Carvalho, Pons, & da Fonseca, 2009). 

To assess if some cells remained attached to the tip of the micropipette used to collect the mL from 

the growth media, CFU were determined using the procedure described above. Briefly, the 

micropipette’s tip was placed on a 15 mL falcon containing 1 mL of MM and the tube was vortexed 

before being diluted up to 10
-8

 and plated. The plates were then incubated at 30ºC for 24 hours. After 

the incubation period the colonies on each plate were counted using a colony counter (N. Usui & Co, 

Ltd., Japan). Calculations to obtain the number of bacteria per milliliter of sample were made and the 

results compared to those obtained by fluorescence microscopy and image analysis. 
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3. RESULTS AND DISCUSSION 

 

With the aim of finding if the “great plate count anomaly” is generally observed or if it may be 

overcome by finding the suitable conditions allowing bacterial growth under man made environments, 

growth of bacteria from samples collected in the Azores was promoted. To assess the number and 

biodiversity of bacterial cells from marine samples that could grow under laboratorial conditions, 

growth of cells was promoted on agar plates containing different media. To determine the percentage 

of cells that could grow in the laboratory, the number of colonies was compared to the number of cells 

visible by fluorescence microscopy.  

As case study to show how a fastidious bacterium could grow under laboratorial conditions, if the 

nutritional and environmental requirements were provided, strain 695 was used. Growth on liquid 

media was monitored spectrophotometrically whilst the response of cells to growth conditions was 

evaluated by study of the lipid profile of the cellular membrane. Strain 695 was isolated from a sample 

collected at a hot spring in Furnas and thus it is not a marine bacterium. However, hyperthermal 

waters in the Azores are known to contain NaHCO3 (pH 7.75–8.73) and Na2SO4 (pH 3.41), to present 

high conductivity (1,200 to 2,860 μS/cm) and water temperatures above 90ºC (Cruz, Antunes, & 

Freire, 2006). This environmental is thus closer to the conditions found by marine species. 

 

3.1. Marine Samples: Cultivability in Different Media 

 

Samples collected in 7 different locations in the island of São Miguel in the Azores (Table 2) were 

plated in different media, each one containing specific carbon and nitrogen sources. The question 

herein was if the chemical nature and concentration of the carbon and energy sources present in the 

medium had an impact in the number of species observed. 

 

Table 2 – Identification of the 7 sampling sites in the island of S. Miguel, in the Azores (AZ), and 

respective code (sample ID), temperature (ºC) and pH. 

Identification code 

(ID) 
Sampling site T (ºC) pH 

AZ1 
Ponta Delgada’s 

harbour 
23 8.53 

AZ2 Termas da Ferraria 28 8.91 

AZ3 Mosteiros 19 9.3 

AZ4 Mosteiros 19 9.3 

AZ5 Ponta do Castelo 19 9.3 

AZ12 Ribeira Quente 19 8.39 

AZ13 Faial da Terra 18 9.25 

 

To favour growth of copio- and oligotrophic bacteria, media was provided in regular concentration and 

diluted 10 and 100-fold, respectively (Table 3). Thioglycollate and tryptic soy agar (TSA) and mineral 
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medium allow the growth of chemotrophic. Thioglycollate broth with resazurine (Thio) is usually used 

to isolate anaerobic bacteria. However, in the present study all growth was promoted on agar plates in 

the presence of oxygen, preventing the isolation of strict anaerobes. 

 

Table 3 – Carbon (C) and nitrogen (N) sources present in thioglycollate with resazurine (Thio), tryptic 

soy (TSA) and mineral medium (MM) in agar at 1:1, 1:10 and 1:100 concentrations. 

Medium C sources C source (g/L) N sources N source (g/L) 

Thio Casein 

L-cystine 

Dextrose 

21 
Casein 

L-cystine 

15.5 

Thio 1:10 2.1 1.55 

Thio 1:100 0.21 0.155 

TSA 
Casein peptone 

Soya peptone 

20 
Casein peptone 

Soya peptone 

20 

TSA 1:10 2 2 

TSA 1:100 0.2 0.2 

MM Glucose 5 Yeast extract 3.5 

 

The number of colonies observed on agar plates and the number of species they represent were 

dependent on the type and concentration of both carbon and nitrogen sources of the media (Figure 4). 

The highest number of CFU/mL was observed in AZ12 but the highest diversity was observed in AZ4 

and AZ5. In general, a dilution of 1:10 of Thio allowed a higher number of CFU/mL than 1:1 or 1:100 

dilutions. The exceptions were observed in AZ4 and AZ13. When TSA was used, the regular 

concentration produced the largest number of colonies, with the exceptions of AZ2 and AZ4. Curiously 

for cells from AZ4, diluted Thio resulted in a lower number of CFU/mL whilst the reverse was observed 

with TSA. Higher concentration of nutrients was probably inhibitory to some strains whilst a 

concentration of 1:100 did not provide sufficient nutrients for all bacteria.  

In general, TSA (diluted and non-diluted) allowed a higher diversity in comparison with other media. In 

fact, this medium is widely used for the isolation of environmental microbes. In MM agar plates a 

significantly higher number of species was observed in AZ2 and AZ4 than in Thio 1:100 or TSA 1:100. 

AZ4 was a tide pool while AZ2 was a shallow-water hydrothermal vent. The low depth of both sites 

should allow a good penetration of light through the water, promoting the growth of phototrophic 

bacteria. A higher number observed in the other locations with the most diluted concentration of both 

Thio and TSA, than with MM agar, indicate the presence of heterotrophic bacteria, probably 

oligotrophic species. 
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Figure 4 – Number of colony forming units per mL (CFU/mL) and number of species observed after 

growth of bacteria in different media. Abbreviations as in Tables 2 and 3. 

 

To assess if a relation between the number of species grown under laboratorial conditions and the 

original conditions of the sampling site in the Azores (AZ) exists, a comparison was made in terms of 

temperature, pH and type of environment (Tables 4–6 and Figures 5–7). 

 

Table 4 – Number of species grown under laboratorial conditions from samples collected in 7 sites in 

S. Miguel Island, in the Azores. Data organized by increasing temperature of the sampling site. 

Abbreviations as in Tables 2 and 3. 

Location ID AZ13 AZ3 AZ4 AZ5 AZ12 AZ1 AZ2 

T (ºC) 18 19 19 19 19 23 28 

Media 

Thio 4 2 5 6 4 5 3 

Thio 1:10 3 7 4 3 1 2 6 

Thio 1:100 3 5 3 3 3 3 2 

TSA 6 4 4 6 5 5 4 

TSA 1:10 2 5 5 5 5 1 4 

TSA 1:100 2 4 4 3 2 6 2 

MM 2 2 6 5 1 0 7 
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Figure 5 – Total number of species identified from samples collected in 7 sites in S. Miguel Island, in 

the Azores, grown on different media. Data organized by increasing temperature of the sampling site. 

Abbreviations as in Tables 2 and 3. 

 

Temperature variation between sampling sites was only 10ºC (Table 4). At a temperature of 18/19ºC, 

the total number of species varied between 21 for samples from AZ12 and 31 from AZ5. The main 

contribution for this variation was the 5-fold higher number of species observed in MM agar plates 

from samples collected in AZ5 in comparison with samples from AZ12. 

The highest temperature was registered in AZ2 and the number of species observed from samples 

collected therein was 28. It can be concluded that there is no evidence that the number of species 

obtained in the agar plates was dependent on temperature of the sampling site. A previous study 

conducted in the Southern Adriatic Sea of Italy also suggested the inexistence of a relationship 

between bacterial diversity and abundance and the sampling site’s temperature in 2 out of 4 different 

locations (Stabili & Cavallo, 2004). However, the effect of temperature on the number of species could 

be masked by a continuous loading of nutrients, stimulating bacterial growth in some locations, whilst 

the lack of nutrients in the other sites might have limited bacterial abundance regardless of 

temperature. Bacterial diversity and abundance was much likely dependent not only on temperature 

but also on the type of environment found on the sampling site. A more extensive study suggested an 

increase in the bacterial diversity from the poles toward the equator, with the data clearly showing that 

samples from warm tropical waters were richer than samples from cold waters (Fuhrman et al., 2008). 

 

 

 

 



15 

 

Table 5 – Number of species grown under laboratorial conditions from samples collected in 7 sites in 

S. Miguel Island, in the Azores. Data organized by increasing pH of the sampling site. Abbreviations 

as in Tables 2 and 3. 

Location ID AZ12 AZ1 AZ2 AZ13 AZ3 AZ4 AZ5 

pH 8.39 8.53 8.91 9.25 9.30 9.30 9.30 

Media 

Thio 4 5 3 4 2 5 6 

Thio 1:10 1 2 6 3 7 4 3 

Thio 1:100 3 3 2 3 5 3 3 

TSA 5 5 4 6 4 4 6 

TSA 1:10 5 1 4 2 5 5 5 

TSA 1:100 2 6 2 2 4 4 3 

MM 1 0 7 2 2 6 5 

 

 

Figure 6 – Total number of species identified from samples collected in 7 sites in S. Miguel Island, in 

the Azores, grown on different media. Data organized by increasing pH of the sampling site. 

Abbreviations as in Tables 2 and 3. 

 

The highest number of species, 31, was obtained from samples collected in AZ4 and AZ5 which were 

the sampling sites with the highest pH, whilst the lowest diversity was observed in agar plates with a 

sample from AZ12 which had the lowest pH. In general, an increase in the pH of the sampling site 

resulted in a higher number of species. If AZ13 is disregarded, a linear relation between pH and 

number of species with a correlation of 0.945 could be obtained. Studies conducted using samples 

collected from the North Sea suggested that small pH shifts could have effect on the bacterial 

community composition (Das & Mangwani, 2015; Krause et al., 2012). However, bacterial abundance 

and diversity were not directly influenced by pH: instead growth of specific microorganisms could be 

promoted over others and some phylogenetic groups could be more susceptible to changes in pH than 

others. 
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Table 6 – Number of species grown under laboratorial conditions from samples collected in 7 sites in 

S. Miguel Island, in the Azores. Data organized according to the type of environment of the sampling 

site (open waters, tide pool and shallow-water hydrothermal vent). Abbreviations as in Tables 2 and 3. 

Location ID AZ12 AZ1 AZ13 AZ4 AZ5 AZ2 AZ3 

Sampling site 
Open 

waters 

Open 

waters 

Open 

waters 

Tide 

Pool 

Tide 

Pool 
Vent Vent 

Media 

Thio 4 5 4 5 6 3 2 

Thio 1:10 1 2 3 4 3 6 7 

Thio 1:100 3 3 3 3 3 2 5 

TSA 5 5 6 4 6 4 4 

TSA 1:10 5 1 2 5 5 4 5 

TSA 1:100 2 6 2 4 3 2 4 

MM 1 0 2 6 5 7 2 

 

 

Figure 7 – Total number of species identified from samples collected in 7 sites in S. Miguel Island, in 

the Azores, after growth on different media. Data organized according to the type of environment of 

the sampling site (open waters, tide pool and shallow-water hydrothermal vent). Abbreviations as in 

Tables 2 and 3. 

 

Samples from “open waters” (taken at a beach, on a pier and in a harbour) shared the same 

approximate number of species (ca. 22). Similar results were observed for samples from the tide pool 

(31) and from the shallow-water hydrothermal vent (ca. 28) (Figure 7). The results clearly indicate that 

the type of environment influenced the number of species present. Since for the same type of 

environment, different temperature and pH values could be registered, other parameters such as 

water depth, light exposure, dissolved oxygen, and geological features should influence the local 

bacterial species. 
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3.2. The Dogma: Great Plate Count Anomaly 

 

As already mentioned in the Introduction, when working with marine samples, there is usually a 

significant difference between the number of cells observed under the microscope and those actually 

grown in nutrient media. The goal of the present study was to evaluate if the great plate anomaly was 

also observed when using cultures of commonly studied bacteria, namely E. coli K-12, P. putida, B. 

pumilus and M. luteus. The strains used were isolated from marine samples collected in the Azores.  

In the present study, two hypotheses to justify the significant lower number of cells usually grown in 

comparison to the number of cells visible in the microscope, were tested:  

- Hypothesis 1: the decrease in the number of CFU results from the adhesion of cells to the 

plastic tips used for serial dilutions of samples; 

- Hypothesis 2: the number of CFU is dependent on growth media composition and thus a 

customized media composition allowing cell growth should be formulated. 

 

To assess the validation of hypothesis 1, both the diluted sample and a sample obtained from washing 

the tip used for making the serial dilutions were plated on agar media and the corresponding CFU 

were determined. To assess hypothesis 2, the samples were spread on TSA and agar plates with 

Marine broth (MB), Luria-Bertani (LB) and Thio.  

The four bacterial species were initially grown in liquid Tryptic soy broth (TSB) and samples for 

microscope observation and CFU determination were collected simultaneously during late exponential 

phase, as explained in Materials and Methods. Regardless of the species and media composition, 

microscope counts were always higher than the number of CFU (Figure 8). However, Thio allowed the 

growth of more than 84% of the E. coli, M. luteus and P. putida cells (Figure 9). When the same 

strains grew on MB, only 12% of cells formed colonies, when compared to observations made under 

the microscope. All tested media should provide sufficient nutrients for all strains to grow, their main 

differences being the amount of salt and nutrients. There is no apparent justification, when comparing 

media composition, for such low percentage of grown cells observed for TSA, MB and LB either than 

the inexistence of a mineral/nutrient required by these marine strains. Unexpectedly, TSA, MB, and LB 

allowed significantly higher CFU of Gram-negative cells (E. coli and P. putida) than of Gram-positive 

(B. pumilus and M. luteus). Recent studies on the human gut microbiome have also suggested that 

culturomics is not less effective than metagenomics for studying rare and fastidious bacteria and 

archaea (Lagier et al., 2012). Non-selective commercial culture media when used at several dilutions 

and aeration conditions even allowed the identification of new species (Lagier et al., 2012). However, 

there is no general rule in determining the media composition to grow the bacteria found in a given 

sample, and several media and conditions must be tested. 
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Figure 8 – Comparison between the colony forming units (CFU) per mL and the number of cells per 

mL observed under the microscope of four bacterial species (Escherichia coli, Pseudomonas putida, 

Bacillus pumilus and Micrococcus luteus) grown in Thioglycollate broth with resazurine (Thio), Luria-

Bertani (LB), Marine broth (MB) and Tryptic soy agar (TSA). 

 

 

Figure 9 – Percentage of Escherichia coli, Pseudomonas putida, Bacillus pumilus and Micrococcus 

luteus cells (referred to the original number of cells initially added) recovered in the media tested. 

Abbreviations as in Figure 8. 

 

The number of CFU/mL resulting from the washing of the tip is not responsible for the lower number of 

CFU when compared to microscope counts, as it only represents up to 6% of the number of cells 

obtained from the diluted samples. The contribution of those cells to the total number of CFU could in 

fact be disregarded. It was concluded that hypothesis 1 was not valid. Therefore, the results presented 

suggest that hypothesis 2 was correct. To further assess its validation, a fastidious strain (ID 695) was 

used, as described in the following section. 
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These 4 commonly studied bacteria were observed under the microscope (Figure 10). It could be 

observed that the cells were viable, not dead, but apparently they were in a non-replicative state which 

could be contributing to the lower number of colonies recovered in nutrient media. 

 

 

Figure 10 – Bacterial cells of Escherichia coli, Pseudomonas putida, Bacillus pumilus and 

Micrococcus luteus observed under the microscope. Viable cells in green and dead cells in red. 

 

3.3. Improving the Ability of a Bacterium to Grow under Laboratorial Conditions 

 

3.3.1. Case Study: Strain 695 

 

Strain 695 was initially isolated in Thio medium diluted 10-fold and the green colonies were only 

observed after ca. 1 month. Besides the long incubation time, the bacterial growth was extremely 

difficult even when reproducing the same initial conditions. Due to its recalcitrant growth, overcoming 

its inability to grow under the laboratorial conditions became the main object of the study. 

 

3.3.2. Cultivation 

 

As hypothesized in hypothesis 2, there should be a medium composition allowing the growth of strain 

695. Thus, the first part of this study was dedicated to cultivation using several media, supplemented 

or not with different nutrients, under different conditions. The inoculation was both done from agar 

plate to agar plate or from agar plate to liquid medium. A heat map was designed to better understand 

the initial efforts regarding strain 695 cultivation, including the conditions and media used (Figure 11). 
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Figure 11 – Initial screening of strain 695 growth conditions in (diluted and non-diluted) Marine broth 

(MB), Tryptic soy agar (TSA), Thioglycollate broth with resazurine (Thio), Mineral medium (MM) 

supplemented with carbon and nitrogen sources, Terrific broth (TB) and Mueller-Hinton (MH). 

Temperatures of 30, 37, 50, 60, 70ºC and room temperature were tested. Liquid/solid indicates the 

state of the inoculum and cultivation media. Green box – strain 695 grown as green colonies, dark 

grey box – no growth observed, white box – not tested. 

 

After the initial screening with six different media conditions, supplemented or not with carbon sources, 

the successful cultivation of the strain 695 was only accomplished in agar plates with Thio 1:10 + MM 

medium at room temperature, with the cells presenting for the first time the green color and growing 

within 24h. Replication of the same conditions was done several times in order to certify that the 

growth could be replicated and to produce sufficient biomass to perform biochemical studies. To 

further improve the growth rates and yields, other media composition and conditions were tested 

(Figure 12). The growth observed at conditions similar to those previously tested where no growth had 

been observed could be the result of a higher number of cells used as inoculum, as well as the result 

of a domestication process (this process was mentioned when researchers were growing uncultured 

microorganisms using diffusion chambers (Lewis et al., 2010)). This was possible once the replication 

of strain 695 could be done repeatedly. 
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Figure 12 – Result of strain 695 growth under different conditions: green box – strain 695 grown as 

green colonies; striped box – green colonies observed but growth was slower, dark grey box– no 

growth observed, white box – not tested. Abbreviations as in Figure 11. Blood agar (BA). Liquid/Solid 

indicates the state of the inoculum and cultivation media. 

 

As mentioned, the initial cultivation of strain 695 was only achieved on a Thio 1:10 agar plate where 

few small green colonies were visible. The first set of cultivation assays were only successful when 

these cells were used to inoculate another agar plate with Thio 1:10 to which MM was added, as 

shown in Figure 11. No growth was detected in liquid media (Solid-Liquid). As shown in Figure 12, 

after the successful repeated growth of strain 695 in the initial growth conditions, same medium 

composition and conditions were used but growth was also promoted on liquid medium. The 4 

different combinations of inoculation of i. cells grown on solid media to either solid (Solid-Solid) or 

liquid (Solid-Liquid) media, and ii. of inoculation of cells grown on liquid medium to either solid (Liquid-

Solid) or liquid (Liquid-Liquid) were tested. Most of the Solid-Solid and Solid-Liquid cultures allowed 

the growth of green colonies. Growth rate of strain 695 was slower when cells were grown on liquid 

medium and inoculated on agar plates in comparison to the other 3 combinations of inoculation. 
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Growth of strain 695, with visible green color, was the main goal and the best conditions to achieve it 

were Thio 1:10 + MM and MB 1:10 in both liquid and solid media. The optimal temperature was 30ºC 

for liquid cultures and room temperature for agar plates. Growth of strain 695 with visible green color 

was obtained within 24 hours under these conditions. 

A comparison between the initial efforts and the further improvements made can be seen side-by-side 

in Figure 13. 

 

 

Figure 13 – Comparison between the conditions tested in the initial and second screening set of 

assays allowing growth of strain 695. Abbreviations as in Figure 11 and 12. Green box – strain 695 
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grown as green colonies, striped box – green colonies observed but growth was slower, dark grey box 

– no growth observed, white box – not tested. 

 

3.3.3. Identification of Strain 695 

 

The identification of strain 695 using its fatty acid profile could not be achieved using the Sherlock
®
 

Microbial identification System present in our laboratory, since no match between this strain and those 

in the libraries could be found. The strain was then sent to the Laboratório de Análises of IST for 

identification. The 16S rRNA sequence of this strain is the following: 

 

NGNNNGNGGNNCTTACACATGCAGTCGAACGAAGTTAAAATTATGCTTGCATAGTTTTAA 

ACTGAGTGGCGGACGGGTGAGTAACACGTAAGAACCTACCTTTTGGCGAGGGATAACTAC 

TGGAAACGGTAGCTAATACCTCGTATAGCTGAGAAGTGAAAGATTTAAAATCGCCAAAAA 

ATGGGCTTGCGTCTGATTAGCTAGTTGGTGAGGTAATAGCTTACCAAGGCAATGATCAGT 

AGCTGTTCTGAGAGGATGACCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGG 

GAGGCAGCAGTGAGGAATTTTCCGCAATGGGCGAAAGCCTGACGGAGCAATGCCGCGTGA 

AGGATGACGGCCTATGGGTTGTAAACTTCTTTTCTCAGAGAAGAATTTTGACGGTATCTG 

AGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCGCGGTAAGACAGAGGATGCAAGCGT 

TATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGTGGTTTATCAAGTCTTCTGTCAAAGA 

TCAGGGCTTAACTCTGGGCAGGCAGGAGAAACTAGTAGACTAGAGTTCGGTAGGGGCAGA 

GGGAATTCCCGGTGGAGCGGTGAAATGCGTAGAGATCGGGAGGAACACCAAAGGCGAAAG 

CACTCTGCTGGGCCGCGACTGACACTGAGAGACGAAAGCGAGGGGAGCAAATGGGATTAG 

ATACCCCAGTAGTCCTCGCCGTAAACGATGGATACTAGGTGTTGGATGTATTCAAATCAT 

TCAGTACCGTAGCTAACGCGTGAAGTATCCCGCCTGGGGAGTATGCTCGCAAGAGTGAAA 

CTCAAAGGAATTGACGGGGGGCCCGCACAAGCGGGGGGAGCATGTGGGTTTAATTCGATG 

CAACGCGGAAGAACCTTACCAGGATTTGACATGCCACTTTTTTTCTTGAAAGAAAAAGTT 

CTAAGGTGGAACACAGGGGGGGGCATGGCCTGNCCCCCACCTCGGGCCTTGGAGATGTTG 

GGGTTAAGTCCCCGCAACGAAGCGCAACCCTTGGTTTTGAGTTGCTTTTTAAGGAAACTC 

AAAAAAACTGGCCGGGGCAGAAGCCCGGAAGAAAGGGGAGGGATGACCGCCAAGCCAGCA 

TCGGCCCCGTATTTTCCCGGGGCGAACAGACGTGGGTAACAATGGCCCGGGCACAAAAAG 

AATGCCAATTTTGTGAAAACGTAAGCTCAACTCCTTCAAAACCGCGAACTCCTCCTCTCC 

AATTGGAAGAGCAGACACTTCTCCTCCAACATGAAACTCGCACAATCTCCCCTGACCACT 

CGCCAGGCGCAGCTCCAACTTGTGACGGGTAAGTTGTTCGCTCTCGCGCGCCTGGTTCAC 

CCTCGCTCGCGCCTACACTCTCCGGACAAATCCGTGCTCAACGCACTAGCTCATCTCTTA 

GCCTCACAATCTTTTATTGGTGGCGGCATTATC 

 

BLAST (Basic Local Alignment Search Tool) searches at the National Center for Biotechnology 

Information (NCBI) GenBank database (http://www.ncbi.nlm.nih.gov) were used to compare nucleotide 

sequences from strain 695 and those on a database of sequences. The sequence of strain 695 was 

found to be 99% homologous to sequences from an uncultured bacterium clone C_18 and uncultured 

cyanobacterium clone E_6, both present in samples collected in the McMurdo Dry Valleys in 

Antarctica, the coldest desert on Earth (Pointing et al., 2009). These results were unexpected since 

strain 695 was isolated from a sample collected from a hot spring with water at ~100ºC. 
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3.3.4. Green Color Characterization 

 

To determine the chemical nature of the green compound produced by strain 695, the green dye was 

extracted using three organic solvents (acetone, hexane and methanol) and its UV-VIS spectrum was 

determined. To assess if the green compound was chlorophyll, the same extraction procedure was 

done using a plant leaf. Since both spectra presented the same profile, it can be concluded that strain 

695 was producing chlorophyll (Figures 14–16). 

 

 

Figure 14 – UV-VIS spectra of the green dye from strain 695 and pigments from a fresh leaf both 

extracted with acetone. 

 

 

Figure 15 – UV-VIS spectra of the green dye from strain 695 and pigments from a fresh leaf both 

extracted with hexane. 
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Figure 16 – UV-VIS spectra of the green dye from strain 695 and pigments from a fresh leaf both 

extracted with methanol. 

 

The production of chlorophyll is an indication that strain 695 is a phototrophic bacterium. In fact, the 

green color could only be observed when the cells were grown at room temperature near the window 

or in incubators facing light. 

 

3.3.5. Formation of Biofilm 

 

It was observed that strain 695 had the ability to attach to the Erlenmeyer’s walls during incubation. 

Thus, several surfaces were used to test the ability of strain 695 to form biofilms (Table 7). Cells were 

grown in Thio 1:10 + MM medium, at 30ºC, and the surfaces used were: pieces of gauze (G) of 

different dimensions (1, 4 and 16 cm
2
), copper-covered steel (0.05€) and Nordic gold (0.1€) coins (C), 

glass filters (GF), glass slides (GS) and scratched glass slides (SG). 
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Table 7 – Rate of biofilm formation (µg/h) of strain 695 on several surfaces. G – Gauze, C – Coin, GF 

– Glass Filter, GS – Glass Slide, SG – Scratched Glass Slide. Three gauze dimensions were tested 

(1, 4 and 16 cm
2
) (G1, G4 and G16, respectively). Copper-covered steel (0.05€) and Nordic gold 

(0.1€) coins were used (C5 and C10). 

Surface 
 

Biomass/h (µg/h) 
 

Gauze G1 9.1 G4 30.7 G16 93.2 

Coins 
C5 3.1 

C10 1.1 

Glass filters GF 54.7 

Glass slides GS 2.0 

Scratched 
glass slides 

SG 1.45 

 

The surface that promoted the fastest biomass production by strain 695 was the 16 cm
2
 gauze, with 

93.2 µg/h, followed by the glass filters (54.7 µg/h) and the 4 cm
2
 gauze (30.7 µg/h). The scratched 

glass slides were expected to be preferable to biomass adhesion than the polished glass slides, as 

cell colonization benefits from an increase in surface roughness (Donlan, 2002; Mitik-Dineva et al., 

2008; Santos et al., 2016), but the opposite was observed. The coins were also not expected to allow 

bacteria adherence as metallic copper is an efficient contact killing agent. However, the biomass 

adhered  5% faster in the coins than in the glass and strain 695 was mainly found near the rims of the 

coins, where accumulation of dirt and skin tissue helps bacteria to survive (de Carvalho & Caramujo, 

2014). Plastic and rubber were also tested but no biomass attached was observed (data not shown) 

The absence of biomass on plastic was an unpredictable result, as previous studies showed that 

hydrophobic surfaces are more prone to bacterial adhesion than hydrophilic materials as glass or 

metals (Fletcher & Loeb, 1979; Pringle & Fletcher, 1983). 

Irrespective of the surface, in a liquid medium cells behave as particles and their rate of settling and 

biofilm formation could be influenced by the liquid flow, as the cell culture was under orbital stirring, 

the cell size and cell motility (Rijnaarts, Norde, Bouwer, Lyklema, & Zehnder, 1993; Zheng, Taylor, & 

Gyananath, 1994). Also, the flow effects due to orbital stirring could be a reason for the biofilm cells to 

be dispersed, since the biofilm layer at the surface is reduced (Brading, Jass, & Lappin-Scott, 1995; 

Characklis & Marshall, 1990). 

Fischer and co-workers used an optical biofilm sensor to analyze marine biofilm dynamics and found 

that after the initial attachment, an adaptation phase characterized by low growth rates and 

homogeneously distributed solitary bacterial cells was observed (Fischer, Friedrichs, & Lachnit, 2014). 

In the present study, the different materials were immersed in culture medium inside Erlenmeyers that 

were placed inside an orbital shaking incubator. Both gauze and glass filters present a large specific 

area and a structure where the cells could be trapped and protected from the liquid motion inside the 

Erlenmeyers. In fact, a linear relation between the biofilm forming rate and the area of the gauze could 

be observed, with a slope of 5.7 µg/h.cm
2
 and a R

2
 of 0.999. 
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3.3.6. Effect of Salinity 

 

To assess the influence of different NaCl concentrations (15, 35 and 50 g/L) on strain 695 growth, at 

30ºC, Thio 1:10 + MM medium was used and growth was followed by optical density measurements. 

Growth rate was calculated and biomass dry weight was determined. 

The two highest concentrations of salt tested promoted the formation of cell aggregates which 

hampered correct optical density measurements (Figure 17). Consequently, the growth curves of 

strain 695 when exposed to 35 and 50 g/L of salt declined sooner than when 0 and 15 g/L of salt were 

used. 

 

 

Figure 17 – Growth curve of strain 695 in the presence of 0, 15, 35 and 50 g/L of NaCl. 

 

 

Figure 18 – Growth rate of strain 695 in the presence of 0, 15, 35 and 50 g/L of NaCl. 

 

B2 
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Dry weight measurements showed that 35 g/L of NaCl promoted the highest biomass production at 

the highest growth rate (Figure 18). The highest salt concentration tested, 50 g/L, promoted extensive 

cellular aggregation, and the highest biomass production (Figure 19), but the growth rate was 

approximately 62% of that observed under the other concentrations (Figure 18). 

 

Figure 19 – Biomass dry weight (mg) of strain 695 in the presence of 0, 15, 35 and 50 g/L of NaCl, 

after 39 hours of growth. 

 

To determine the adaptation level of strain 695 to NaCl, the fatty acid profile of the phospholipids of 

the cellular membrane was evaluated in cells grown under different salt concentrations. No significant 

changes in the lipid profile of the cells could be observed when the cells grew in 0 to 35 g/L of NaCl, 

indicating that these concentrations were not stressful to the cells. However, an increase in salt 

concentration up to 50 g/L caused cells to respond with an increase in the saturation degree of the 

fatty acids. The fatty acid composition of the cells is presented in Figure 20. 
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Figure 20 – Relative abundance and corresponding degree of saturation of the fatty acids of the 

membrane of strain 695 cells in the presence of 0, 15, 35 and 50 g/L of NaCl. 

 

The higher the salt concentration, the lower the percentage of monounsaturated fatty acids (MUFAs) 

produced by strain 695 cells, in particular C18:1ω9c (Figure 20). Also, some polyunsaturated fatty 

acids (PUFAs), such as C18:2ω6c and C18:3ω6c, presented a slight increase in the membranes of 

cells grown in the highest NaCl concentrations when compared to those grown at lower salt 

concentrations. As the content in saturated straight fatty acids (SSFAs) underwent minor variations 

(short-chain saturated fatty acids such as C12:0 and C14:0 increased and long-chain saturated fatty 

acids as C16:0 and C18:0 decreased) but MUFAs had a sharp decrease (from 30 to 20%), the degree 

of saturation reached its highest value at 50 g/L of NaCl (Figure 21). An increase in the degree of 

saturation of the membrane fatty acids, as a result of MUFAs decrease, means that the cells respond 

to increasing salt concentrations by increasing the rigidity of the membrane. Moreover, MUFAs were 

not converted in SSFAs but in saturated methyl-branched fatty acids (SMBFAs). The composition of 

these last fatty acids affects membrane fluidity due to the disruptive effect of the methyl group on acyl-

chain packing. A less fluid membrane is promoted by the iso fatty acids because of the proximity of 

their methyl branch to the end of the fatty acid (Zhang & Rock, 2008). The ratio iso:anteiso was 48% 

higher at 50 g/L of NaCl than at 15 g/L, meaning that the higher the salt concentration, the lower the 

membrane fluidity. The higher rigidity in strain 695 membrane observed with increasing salt 

concentration is thus the result of both a higher degree of saturation and a higher iso:anteiso ratio. 

The production of saturated cyclopropyl-branched fatty acids (SCBFAs) was only observed at 15 g/L 

(less than 1%; Figure 21). Cells produced hydroxyl-substituted fatty acids (HSFAs) during incubation 
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at 15 and 35 g/L of NaCl but stopped producing after 17 hours at 50 g/L. The highest production of 

HSFAs was observed after 15 hours, without NaCl added to the medium. 

Regardless of the incubation time, only high concentrations of salt could stress the cells and instigate 

them to change the membrane composition. These modifications, mainly the formation of fatty acids, 

requires a high amount of energy, therefore their production must be controlled to prevent wasteful 

expenditure of ATP (Zhang & Rock, 2008). Thus, variations in the fatty acids profile only happen if cell 

survival is in jeopardy. As average seawater salinity is around 35 g/L and the highest concentration of 

NaCl tested was 50 g/L, the modifications on the fatty acids profile were expected. However, strain 

695 was collected from a site where water was boiling, meaning that water evaporation increased the 

salinity. As mentioned before, bacteria from hyperthermal pools such as Caldeira das Furnas are 

under extreme conditions of temperature and salt concentration. As a result, strain 695 would probably 

be adapted to higher concentrations of salt than the usual 35 g/L. Yet, a salt concentration as high as 

50 g/L requires changes in the membrane to avoid cell damage. 

According to literature, the ability of reducing membrane fluidity in response to high concentrations of 

NaCl is shared by halotolerant strains isolated from Antarctica (Nicolaus, Manca, Lama, Esposito, & 

Gambacorta, 2001). The response of a mesophilic bacteria Rhodococcus erythropolis to different 

concentrations of NaCl showed that, in the presence of high concentrations of salt (7.5% (w/w)), the 

cells produced a high percentage of PUFAs, comprising more than 36% of the total fatty acids (de 

Carvalho, Marques, Hachicho, & Heipieper, 2014). The same behavior was observed for strain 695 

with PUFAs comprising more than 33% of the total fatty acids in the presence of 50 g/L of NaCl. 
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Figure 21 – Relative abundance of lipid classes and corresponding degree of saturation of the fatty 

acids of the membrane of strain 695 cells in the presence of 0, 15, 35 and 50 g/L of NaCl. PUFAs – 

polyunsaturated fatty acids, SCBFAs – saturated cyclopropyl-branched fatty acids, HSFAs – hydroxyl-

substituted fatty acids, SMBFAs – saturated methyl-branched fatty acids, MUFAs – monounsaturated 

fatty acids, SSFAs – saturated straight fatty acids and Dsat – degree of saturation. 

 

3.3.7. Alkanes as Carbon and Energy Sources 

 

To assess the ability of strain 695 to degrade alkanes, they were tested as single carbon and energy 

sources in mineral medium. n-Pentane (C5) to n-heptadecane (C17) were tested to evaluate the ability 

of this strain to degrade both short and long-chain alkanes. Growth was monitored by optical density 

measurements (Figure 22). 
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Figure 22 – Growth curve of strain 695 in the presence of C5–C17 n-alkanes as sole carbon and 

energy sources. 

 

Only n-alkanes with 14 to 17 carbon atoms allowed the growth of strain 695 during the 48h of the 

assay. The growth rates when cells grew on even-numbered alkanes were 15–35% higher in 

comparison to cells grown on “neighbor” odd-numbered alkanes (Figure 23). 

 

 

Figure 23 – Growth rate of strain 695 in the presence of n-tetradecane (C14) to n-heptadecane (C17). 

 

The lipid composition of the cellular membrane was analyzed to determine the influence of the alkanes 

used as carbon source on the fatty acid composition (Figure 24). The average degree of saturation 

when the cells used odd-numbered alkanes was higher after 48 hours of incubation than after 24 

hours, whilst on even-numbered alkanes no significant differences were observed. Cells degrading 

even-numbered alkanes produced more anteisoC15:0, which decreased 5% with time, and less 
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C18:2ω6c and C18:3ω6c than when degrading odd-numbered alkanes. The production of C16:0 

slightly increased from 24 to 48 hours. 

 

 

Figure 24 – Relative abundance and corresponding degree of saturation of the fatty acids of the 

membrane of strain 695 cells in the presence of C5–C17 n-alkanes after 24 and 48 hours. 

 

After 24 hours of growth, the cells were producing more 20–40% of SMBFAs than any other class of 

fatty acids (Figure 25). The production of SSFAs was almost constant, only 2–4% variations were 

observed when cells were degrading the different alkanes. The highest degree of saturation of 

membrane fatty acids was registered in the presence of C12. The small fluctuations in the degree of 

saturation observed when strain 695 was degrading other alkanes were due to changes in the MUFAs 

content, along with SMBFAs. 
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Figure 25 – Relative abundance of lipid classes and corresponding degree of saturation of the fatty 

acids of the membrane of strain 695 cells in the presence of C5–C17 n-alkanes after 24 hours. 

Abbreviations as in Figure 21. 

 

After 48 hours of growth, the cells were producing a similar high amount of SMBFAs as in the first 24 

hours (Figure 26). The production of PUFAs was 5% higher than after 24 hours and HSFAs started to 

be produced in the presence of C15 and C17. Fluctuations in the degree of saturation were more 

pronounced due to higher variations in the SSFAs in comparison with the ones observed in Figure 24. 

The highest values of the degree of saturation were recorded when the percentage of MUFAs was at 

its minimum. Curiously, the only n-alkanes that allowed the growth of strain 695 in the 48 hours of the 

assay (C14–C17) were the ones with the highest percentage of SMBFAs (47–54%). A study 

conducted with Rhodococcus erythropolis reported that, in general, cells that grew on C13–C16 n-

alkanes produced saturated fatty acids corresponding to the chain length of the substrate used for cell 

growth (de Carvalho, Wick, & Heipieper, 2009). However, it was observed that in strain 695 the 

saturated fatty acids mentioned were produced in a much lower amount than others, comprising 2–7% 

of the total fatty acids. Regardless of the n-alkane used as carbon source, the main fatty acids 

incorporated into the membrane phospholipids were anteisoC15:0, C16:0, C18:1ω9c, C18:2ω6c and 

C18:3ω6c. 
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Figure 26 – Relative abundance of lipid classes and corresponding degree of saturation of the fatty 

acids of the membrane of strain 695 cells in the presence of C5–C17 n-alkanes after 48 hours. 

Abbreviations as in Figure 21. 

 

3.3.8. Effect of Temperature  

 

Another study was conducted for optimization of strain 695 growth in Thio 1:10 + MM medium under 

the influence of 50 g/L of NaCl at three different temperatures: 30, 50 and 70ºC. Planktonic growth 

was followed by optical density measurements (Figure 27) and also by biomass dry weight 

determination (Figure 28). At the same time and under the same conditions, cultures with the cells 

immobilized in sand were incubated and biomass dry weight was also determined (Figure 28). 

 

After 30 hours of planktonic growth, strain 695 incubated at 50ºC registered the highest growth rate. At 

30ºC there was growth after 20 hours and at 70ºC no growth was observed. It is worth mentioned that 

lack of growth at 70ºC, could be the result of lower dissolved oxygen concentrations as it is known that 

oxygen solubility decreases sharply with increasing temperature. 
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Figure 27 – Growth curve of strain 695 at 30, 50 and 70ºC during 30h. 

 

Determination of the biomass obtained for planktonic growth was done after 48 hours. A sample of 1 

mL was collected and transferred to an eppendorf. After being dried for 24 hours, the biomass 

obtained at 50ºC was 4 mg, a higher amount than at 30ºC (2.6 mg) and 70ºC (1.1 mg). Determination 

of the biomass obtained for biofilm growth was done after 48 and 66 hours. All sand used for 

immobilization of the cells was collected together with the medium, centrifuged and the supernatant 

discarded. The pellet consisting of sand and cells was dried for 24 hours. The highest amount of 

biomass was obtained at 50ºC (6–6.5 mg). The decrease observed in the final biomass from 48 to 66 

hours, except at 30ºC, was not expected. The reason could be the loss of biomass when the 

supernatant was discarded. The biomass obtained in biofilm growth was 1.5-fold higher than in 

planktonic growth at 50ºC and 2–3-fold higher at 70ºC. At 30ºC the biomass obtained in biofilm growth 

was 40 and 20% lower than in planktonic growth, after 48 and 66 hours, respectively. Biofilm growth 

was apparently significantly promoted with increasing temperature probably due to a protective effect 

offered by this type of community. 
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Figure 28 – Final biomass (mg) attained after 48 hours of planktonic and after 48 and 66 hours of 

biofilm growth of strain 695 at 30, 50 and 70ºC. 

 

To determine the level of adaptation of strain 695 to different temperatures during planktonic growth, 

the fatty acid profile of the phospholipids of the cellular membrane was evaluated (Figure 29). 

Significant differences were observed among the fatty acid profiles after incubation of strain 695 at the 

different temperatures tested. The degree of saturation of membrane fatty acids reached its highest 

value after 24 hours of growth at 50ºC as a result of a 6% decrease in MUFAs while SSFAs remained 

approximately constant (Figure 30). Along with MUFAs variation, a sharp increase of 30% in the 

percentage of SMBFAs was observed. The ratio iso:anteiso dropped from 4 to 0.4. Adaptation of the 

cell membrane to the highest temperature (70ºC) involved a decrease of 11% in MUFAs and a 20% 

increase in SMBFAs, mainly iso-branched fatty acids, which should result in an increase in membrane 

rigidity. As to the major fatty acids present in the membrane, strain 695 produced significant changes 

in their content when incubated under different temperature values. At 30ºC the main fatty acids were 

C16:0, C18:1ω9c and C18:2ω6c. The predominant fatty acids at 50ºC were anteisoC15:0, isoC15:0 

and C18:3ω6c. At 70ºC the main fatty acids were C12:0, C16:0, C18:1ω9c, C18:2ω6c and C18:3ω6c. 

Variations in the main fatty acids with the increase in temperature are shown in Table 8. 

It can be noticed that, at 30ºC, the fatty acids profile was changing through the incubation time, which 

was a result of the cells growth. At 50ºC, the exponential phase occurred in the first 7 hours of growth, 

which is consistent with the modifications observed in the fatty acids profile from 0 to 7 hours. From 7 

to 70 hours the cells entered the stationary phase and the lipid composition of the cellular membrane 

suffered almost no variations. At 70ºC, no significant growth was observed during the 30h of the 

experiment and so the fatty acids profile was expected to be similar to the inoculum profile. However, 

the results indicated that these cells changed the fatty acid profile (Figures 29 and 30), which suggests 

that cells were adapting their fatty acid composition and were thus active. A longer experiment should 

thus be carried out to assess if these cells reach an exponential growth phase after a long lag phase. 
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Figure 29 – Relative abundance and corresponding degree of saturation of the fatty acids of the 

membrane of strain 695 cells at 30, 50 and 70ºC. 

 

 

Figure 30 – Relative abundance of lipid classes and corresponding ratio iso:anteiso of the fatty acids 

of the membrane of strain 695 cells at 30, 50 and 70ºC. Abbreviations as in Figure 21. 
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Table 8 – Effect of temperature on the relative abundance of the main fatty acids of the membrane of 

strain 695. 

 
Fatty acid (%) at 

Fatty acid 30ºC 50ºC 70ºC 

C12:0 4.1% 6.7% 10.6% 

anteisoC15:0 1.1% 33.3% 5.3% 

isoC15:0 0.0% 11.5% 4.8% 

C16:0 18.4% 6.8% 15.1% 

C18:1ω9c 25.2% 2.5% 12.0% 

C18:2ω6c 18.3% 4.1% 12.4% 

C18:3ω6c 7.4% 10.7% 18.3% 

 

The adaptation of strain 695 grown in biofilm to different temperatures was also evaluated (Figure 31). 

There were almost no differences in the fatty acids profile after 66 hours of incubation in comparison 

to the one obtained after 48 hours. At 30ºC the main fatty acids were MUFAs, which increased 10% 

from 48 to 66 hours. The SMBFAs, which were not observed at 70ºC, decreased 16%. The highest 

degree of saturation (2.0) was observed at 50ºC. The amount of SSFAs was higher than the MUFAs 

and the ratio iso:anteiso was higher than 1, meaning that the membrane reduced fluidity in response 

to the temperature. 

 

 

Figure 31 – Relative abundance of lipid classes and corresponding degree of saturation of the fatty 

acids of the membrane of strain 695 cells immobilized in sand at 30, 50 and 70ºC. Abbreviations as in 

Figure 21. 

 

The fatty acid profile obtained from planktonic growth was compared with the one obtained from 

biofilm (S) growth, both after 48 hours of incubation (Figure 32). At 30ºC, the amount of SSFAs and 

PUFAs was higher in planktonic growth than when cells were immobilized in sand. During biofilm 
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growth, the cells produced more SMBFAs and MUFAs, increasing membrane fluidity. At 50ºC, in 

planktonic growth, the SMBFAs comprised 62% of the total fatty acids, 30% higher when compared to 

biofilm growth. A small amount of HSFAs was observed in planktonic growth either at 50 and 70ºC. 

During biofilm growth, at the highest temperature, no SMBFAs were produced. Strain 695 responded 

to the three different temperatures by changing the fatty acid composition of the cell membrane in a 

way that resulted, in general, in a membrane more fluid during biofilm growth than during planktonic 

growth. 

 

 

Figure 32 – Relative abundance of lipid classes and corresponding degree of saturation of the fatty 

acids of the membrane of strain 695 cells at 30, 50 and 70ºC. Data shown corresponds to planktonic 

and biofilm (cells immobilized in sand, S) growth. Abbreviations as in Figure 21. 

 

Depending on the stimulus to which the cells were exposed, they responded by making changes in the 

fatty acid profile, thus adjusting the fluidity of the cellular membrane to the environmental conditions. 

Data shown in Figure 33 refers to the three experiences conducted regarding the effect of salinity, 

alkanes as single carbon and energy sources and temperature on lipid composition of cellular 

membrane, after 24 hours of growth. 
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Figure 33 – Relative abundance and corresponding degree of saturation of the fatty acids of the 

membrane of strain 695 cells under different conditions, after 24 hours of growth: effect of salinity, 

alkanes as single carbon and energy source and effect of temperature. 

 

When strain 695 was incubated in the presence of 0–50 g/L of NaCl, the main fatty acids were C16:0, 

C18:1ω9c and C18:2ω6c. SSFAs represented the major lipid class (31%), followed by MUFAs and 

PUFAs (29%). Using C5–C17 n-alkanes as single carbon and energy sources, strain 695 produced 

mainly SMBFAs (46% of the total fatty acids), 40% more when compared to cells growing in the 

presence of NaCl. These fatty acids, especially anteiso-branched fatty acids, increase the fluidity of 

the cell membrane (de Carvalho, 2012). The high amount of SMBFAs and a ratio iso:anteiso of 0.1 

resulted in an increase in membrane fluidity in response to degradation of alkanes, contrary to the 

increase in membrane rigidity observed in the presence of salt.  Production of PUFAs in response to 

degradation of alkanes was around 20%, 7% higher than SSFAs and MUFAs. The fatty acid profile of 

the membrane of strain 695 obtained when studying the effect of temperature was different for the 

three temperatures tested. The main fatty acids at 30ºC were C16:0, C18:1ω9c and C18:2ω6c. 

Curiously the same fatty acids when strain 695 was incubated in the presence of NaCl. However, this 

result was expected as this experience was conducted in the presence of 50 g/L of NaCl. Rising 

temperature up to 50ºC triggered the cells to increase the production of SMBFAs, in particular 

anteisoC15:0, and sharply decrease MUFAs. At 70ºC the main fatty acids were C16:0, C18:1ω9c, 

C18:2ω6c and C18:3ω6c. The amount of SSFAs and PUFAs (28%) was higher than MUFAs and 

SMBFAs (20%). Adaptation of the cell membrane to the temperature involved a decrease in 

membrane fluidity as in the presence of NaCl. 
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4. CONCLUSIONS 

 

The number of CFU obtained from samples collected in the Azores that were plated in agar was 

related to the concentration of carbon and energy sources in the different media used. In general, a 

dilution of 1:10 of Thio medium allowed a higher number of CFU/mL than 1:1 or 1:100 dilutions. When 

TSA was used, the regular concentration produced the largest number of colonies. A higher bacterial 

diversity was observed in TSA plates (diluted and non-diluted) in comparison with other media. In two 

specific locations, tidal pool and shallow-water hydrothermal vent, a significantly higher number of 

species was observed in MM agar plates than in Thio 1:100 or TSA 1:100. A higher number observed 

in the other locations with the most diluted concentration of both Thio and TSA media, than with MM, 

indicated the presence of heterotrophic bacteria, probably oligotrophic species. 

 

The relationship between the number of species grown under laboratorial conditions and the original 

conditions of the sampling site in the Azores was assessed. Temperature was not related to the 

number of species obtained. However, the type of environment from which the samples were collected 

and the water’s pH could influence the number of species obtained: on average 22 species were 

obtained from samples from open waters, 31 from tide pools and 28 from shallow-water hydrothermal 

vents. 

 

To evaluate if the great plate count anomaly was observed when using cultures of commonly studied 

bacteria, namely E. coli, M. luteus, B. pumilus and P. putida, these strains were plated in four different 

media. According to the results obtained concerning the CFU of the four bacteria, it could be 

concluded that media was highly selective when cultivating bacteria. Thio medium was the one that 

allowed the growth of the highest number of cells per mL. However, none of the media used promoted 

the growth of the same number of cells as the one observed under the microscope. The bacterial cells 

that remained attached to the micropipette’s tip were cultivated in agar plates, but it was observed that 

the contribution of those cells to the total number of CFU could be disregarded, as well as their 

contribution to the Great Plate Count Anomaly. Apparently, part of the cell population observed under 

the microscope was composed by viable but non-culturable (VBNC) cells. This state is a known 

dormant state which has been implicated e.g. in recalcitrant and recurrent infections (Goncalves & de 

Carvalho, 2016). 

 

To show how a fastidious bacterium could grow under laboratorial conditions, if the nutritional and 

environmental requirements were provided, strain 695 was used. The main goal was the growth of 

strain 695, in a few days and with cells presenting a visible green color. The best conditions to achieve 

this were Thio 1:10 + MM and MB 1:10, both in liquid and solid media. The optimal temperature for 

growth was 30ºC for liquid cultures and room temperature for agar plates. Growth of strain 695 with 

visible green color was obtained within 24 hours under these conditions. The green color was a result 

of chlorophyll production by strain 695, indicating that this strain is possibly a cyanobacterium. 
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This work allowed, for the first time, the laboratorial cultivation of strain 695. The 16S rRNA sequence 

of strain 695 was found to be 99% homologous to sequences from an uncultured bacterium and a 

cyanobacterium, both present in samples collected in the McMurdo Dry Valleys in Antarctica. Since, 

strain 695 produced chlorophyll, this strain is most likely a cyanobacterium. 

 

Strain 695 showed an ability to attach to surfaces during incubation. Amongst the several surfaces 

tested, a 16 cm
2
 gauze and glass filters were those promoting the fastest biomass production (93.2 

and 54.7 µg/h, respectively). 

 

Strain 695 cells were shown to be capable of adapting to high concentrations of sodium chloride. 

Growth rate was higher at 35 g/L of NaCl in comparison to other salt concentrations. Maximum 

production of biomass was obtained when cells were exposed to 50 g/L of salt. Modifications in the 

total lipid fatty acid content of these cells were observed during the 39 hours of exposure to the 

different salt concentrations. The most remarkable adaptive response was the increase in membrane 

rigidity when cells were exposed to 50 g/L of NaCl, as a result of a decrease in the MUFAs and a 

simultaneous increase in SMBFAs content, mainly of iso-branched fatty acids. 

 

When alkanes were used as the sole carbon and energy sources for growth of strain 695, only long-

chain alkanes (C14–C17) allowed its growth over the 48h of the assay. The growth rate attained was 

15–35% higher when cells grew in the presence of alkanes with an even number of carbon atoms than 

with odd-number ones. Besides, the average degree of saturation was higher when cells were 

degrading odd-numbered alkanes after 48 hours than in the first 24 hours. The main fatty acids 

produced by the cell membrane were SMBFAs, comprising 45% of the total fatty acids. When C14 and 

C16 were used for growth of strain 695, the growth rate of the cells reached its highest value and the 

cells produced SMBFAs representing 50–60% of the total fatty acids. After 48 hours, production of 

HSFAs was observed when cells were degrading C15 and C17. 

 

Temperature variation had a great impact in growth rates, biomass production and fatty acid profile of 

strain 695. The highest growth rate was attained at 50ºC, whilst at 70ºC apparently no growth was 

observed. However, this could be the result of oxygen depletion since dissolved oxygen concentration 

decreases considerably with increasing temperature. The biomass obtained for planktonic growth at 

50ºC, after 48 hours, was 4 mg. A decrease of 35 and 73% in biomass production at 30 and 70ºC, 

respectively, was observed when compared to 50ºC. As for biofilm growth, using sand as surface for 

growth, the highest amount of biomass was 6–6.5 mg, also obtained at 50ºC. The biomass obtained in 

biofilm growth was 1.5-fold higher than in planktonic growth at 50ºC and 2–3-fold higher at 70ºC. At 

30ºC the biomass obtained in biofilm growth was 40 and 20% lower than in planktonic growth, after 48 

and 66 hours, respectively. Although no growth was observed at 70ºC during measurements of optical 

density, the results showed that biomass was being produced. This indicates that strain 695 prefers to 

grow in cell aggregates and/or biofilms.  
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The degree of saturation of the fatty acids of the cells reached its highest value after 24 hours of 

planktonic growth at 50ºC, as a result of a 6% decrease in MUFAs and a sharp increase in SMBFAs. 

At 50ºC this was mainly due to an increase of anteiso-branched fatty acids, whilst at 70ºC the main 

SMBFAs were iso-branched. As for biofilm growth, at 30ºC the main fatty acids were MUFAs, 

comprising 52–63% of the total fatty acids. At 50ºC the main fatty acids were SMBFAs (30%) and 

PUFAs (34%). At 70ºC the major fatty acids were MUFAs (37%) and PUFAs (40%). Adaptation of the 

cell membrane to the temperature involved a decrease in membrane fluidity. 

 

Strain 695 was shown to be able to adapt to stress conditions. The most favorable temperature for its 

growth was 50ºC, in the presence of 50 g/L of NaCl. When using n-alkanes as carbon and energy 

sources, long-chain alkanes (C14–C17) allowed the best results, preferably those with an even 

number of carbon atoms. 

 

The aim of this study was to overcome the inability of marine bacteria to grow under laboratorial 

conditions, through the development and/or optimization of cultivation strategies and techniques. For 

marine bacteria to be used in bioprocesses, sufficient biomass production must be achieved. The 

strategy used was based on the test of different cultivation media, both in liquid and solid state, and on 

promoting growth at different temperatures. The fastidious bacterium used as case study, strain 695, 

was initially identified as an “unculturable” microorganism. The isolation and growth of strain 695 was 

successfully done after combining one commercially available media, Thio, diluted 10-fold and MM. 

Biomass in the mg scale could be obtained within 24 hours in 20 mL. The biomass production of strain 

695 could be further scaled-up using a bioreactor, in which all culture conditions would be monitored, 

although the initial inoculation would require a higher amount of viable cells.  

The initial strategy to grow marine bacteria was to focus on nutrient requirements and incubation 

conditions and the results showed a successful outcome. It is thus wise to consider that future work 

should focus on that direction. As John Fry stated in his paper entitled Bacterial diversity and 

“unculturables”: “(…) culturing many of these “unculturable” bacteria will be an enormous task. 

However (…) if more effort were put into growing these bacteria more of them would be culturable. 

When effort is put into growing novel aquatic bacteria they are sometimes grown relatively easily once 

suitable media are developed” (Fry, 2000). The present study also suggests that by adjusting 

cultivation medium composition, previously “unculturable” strains may be successfully grown under 

laboratorial conditions, increasing the possibility of using the strain in a novel bioprocess. 
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