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Abstract: Investigations of microbial ecology and diversity have been greatly enhanced by 

the application of culture-independent techniques. One such approach, metagenomics, 

involves sample collections from soil, water, and other environments. Extracted nucleic 

acids from bulk environmental samples are sequenced and analyzed, which allows 

microbial interactions to be inferred on the basis of bioinformatics calculations. In most 

environments, microbial interactions occur predominately in surface-adherent, biofilm 

communities. In this review, we address metagenomics sampling and biofilm biology, and 

propose an experimental strategy whereby the resolving power of metagenomics can be 

enhanced by incorporating a biofilm-enrichment step during sample acquisition. 
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1. Introduction 

The global distribution of microorganisms is impressive, ranging from the deep subsurface in 

terrestrial [1] and marine environments [2], to the upper atmosphere [3]. Although culturing techniques 

are improving, the vast majority of microorganisms in natural environments including soil are as yet 

uncultured. Estimates of microbial composition, diversity, and even ecological interactions are performed 

using a variety of culture-independent approaches including metagenomics [4]. One highly notable 

early achievement from molecular investigations was the identification of three domains of life, 

Archaea, Bacteria, and Eukarya [5]. The advances of sequencing technology from the traditional Sanger 
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protocol to higher throughput, more economical approaches such as pyrosequencing and Illumina-based 

sequencing [6] have resulted in the generation of considerable data, and as a result these systems 

biology approaches require considerable bioinformatics analysis and genome sequence construction [7]. 

A number of highly significant results have arisen from metagenomics studies including the discovery 

of “Candidatus Pelagibacter ubique” strain HTCC1062, originally identified as clade SAR11, which is 

considered the most abundant microorganism in the pelagic ocean [8]. Based on genome analysis, 

unusual nutrient requirements for “Ca. P. ubique” were identified and this extreme oligotroph can now 

be cultured on defined media [9].  

2. Experimental Strategies for Extraction of Metagenomic DNA from Soil Biofilms  

Surface-adherent microbial communities (biofilms) are a common feature of microbial growth in 

many environments [10] including soils. In the investigation of a soil biofilm it may be of particular 

interest to look at specific sections that may indicate a multitude of interactions between microbial 

populations in the biofilm. Visualization and imaging using microscopy techniques can be used to 

target this subset of the entire microbial population from the sample biofilm. There are two methods 

for the extraction and processing of metagenomic DNA from a microbial population, direct and 

indirect extraction. In the direct extraction method pioneered by Ogram et al. [11], any extracellular 

DNA is first separated from the environmental sample by treating it with an alkaline buffer. The cells 

in the matrix are then subjected to direct mechanical (e.g., bead beating) lysis followed by extraction of 

DNA released from these cells. DNA recovered by centrifugation is then concentrated and purified 

before cloning. In contrast, the indirect method involves recovery of microbial cells from the sample. 

The recovered cells are subjected to cell lysis (chemical and enzymatic) followed by DNA extraction 

and purification [12]. Although time-consuming the indirect extraction method prevents the 

contamination from non-bacterial DNA [13] that may be present in the sample. Direct extraction 

methods provide high yield of lower size DNA fragments whereas indirect methods provide low yield 

of higher size DNA fragments. Both methods have distinct advantages and limitations, and the choice 

should be based on the intended downstream application and the objective of the study. Irrespective of 

the DNA extraction method, care must be taken to avoid co-isolation of organic compounds that may 

be present in the sample and can inhibit downstream processes. Various factors to be considered 

pertaining to soil metagenomics and the use of specific strategies based on the ultimate goal of the 

study are discussed by Kakirde et al. [14] and this provides a good guideline for designing a 

metagenomics project. Since there are multiple approaches that can be adopted at each stage of a 

metagenomic analysis it is important to select appropriate DNA extraction and purification methods 

and consider if cloning is necessary. 

Direct sequencing of metagenomic DNA can be performed followed by sequence analysis. The 

vastly growing field of next generation sequencing technology offers a plethora of options for sequencing 

such as 454 Pyrosequencing and Illumina among others. Every platform offers different coverage and 

read length and the cost per base of sequencing is likely to become more affordable with the rapid 

advances in this field. The massive amount of sequence data generated by next-generation sequencers 

requires the use of specialized bioinformatics tools to mine and analyze the output. The sequence-only 

method is comparatively less time-consuming than the alternative, which is construction of metagenomic 
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libraries and subsequent function and or sequence-based screening to identify gene products encoded 

by the target microbial partners. An appropriate cloning vector and a host organism should be used in 

capturing and cloning these genes. Depending on the desired insert size and purity, the DNA for 

cloning in many instances can be obtained by using commercially available kits (such as Qiagen and 

MoBio). Some of the methods commonly used for purification of extracted DNA are the standard 

phenol-chloroform extraction, cesium chloride density gradient centrifugation and chromatography. 

Often a combination of methods can lead to greater purity but this is also accompanied by increased 

DNA loss. Hence the purification protocol(s) should be selected according to the requirements of the 

concentration and purity of the DNA that is to be cloned. Prior to cloning DNA can be sheared using 

physical shearing or partial restriction digestion, size-selected by electrophoresis [15] and then 

electroeluted [16]. Cosmid and fosmid vectors have been used for cloning DNA from environmental 

samples with an insert size between 30 and 50 kb [14]. Fosmids are based on the bacterial F-factor and 

are stably maintained in the host due to their low copy number (1–2 copies per cell), which is tightly 

regulated in a host such as E. coli. Fosmid vectors have a higher cloning efficiency as compared to 

bacterial artificial chromosome (BAC) vectors. A limitation of fosmid vectors is the limited insert size. 

Larger inserts can be cloned by using a BAC vector, which can easily maintain fragments greater than 

100 kb [17]. BAC vectors can be induced to a high copy number for increased expression and DNA 

yield from metagenomic clones, and can also be stably maintained at single copy [18]. In investigating 

specific interactions within the biofilm such as syntrophy, competition or the transfer of antibiotic 

resistance elements cloning would be preferable to the sequence only approach especially when 

looking for novel mechanisms. E. coli is one of the commonly used heterologous hosts in construction 

of metagenomic libraries since it has a high cloning efficiency and is easy to culture and work with  

in vitro [19–22]. Other heterologous hosts such as Streptomyces species have been used for 

heterologous expression of cloned metagenomic DNA in multiple studies [23,24]. The use of Archaea, 

specifically extreme halophiles as a host for expression of cloned DNA has been done in previous 

studies. The percent G + C content of the cloned genes, predominant partners (Gram positive or Gram 

negative) in the biofilm samples are some factors that can be considered in selecting a suitable host. 

Vectors systems used in the process should also be compatible with the selected host organism. 

Construction of metagenomic libraries followed by a function-based screening is an excellent 

strategy to actually detect the gene products of the cloned inserts and could be used to identify various 

metabolic products, including both growth enhancing as well as antimicrobial compounds produced by 

microbial partners in the biofilm. The effect of these compounds on various tester microorganisms can 

be determined by using a bioassay method in the functional screen. Similarly the presence of specific 

antimicrobial resistance elements can be detected by incorporating the particular antibiotic in the 

bioassay during screening of the metagenomic clones. Although cost-intensive, if feasible a combined 

sequence and function based analysis can be very effective in determining the chemistry and basic 

charcteristics of the microbial partners in the biofilm interaction. The preliminary information obtained 

from the sequence data can be used for designing a specifically targeted function based metagenomics 

screen. Figure 1 summarizes the general steps of a metagenomics strategy to investigate microbial 

communities in environmental samples.  
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Figure 1. General steps in a metagenomics strategy to investigate microbial communities 

in environmental samples. 

 

In addition to identifying genes of interest, a sequence based screening of the metagenomic libraries 

can be used in identification of regulatory elements that have been shown to control the formation and 

structure of biofilms [25]. A sequence only approach utilizing the power of the 454 sequencing 

technology is a good strategy for this purpose and yields good quality metagenomic sequences. These 

sequences can be deposited in GenBank and then referenced against available environmental databases 

and metagenomic datasets. The metagenomics RAST (MG-RAST) server is an excellent and free public 

resource that compares both protein and nucleotide databases to generate phylogenetic and functional 

summaries of the metagenomic sequence data [26]. MEGAN (Metagenome Analyzer), a computer 

program is another bioinformatics tool for analysis of high-throughput metagenomic sequence data  

and gene prediction that compares DNA reads against databases using comparative tools such as 

BLAST [27]. Metagenomic sequence analysis of microbial communities in a biofilm using the tools 

mentioned here can be used to identify and predict gene functions and can provide a different perspective 

to investigate the dynamic interactions between microbial partners within the biofilm environment. 

3. Bacterial Adhesion and Biofilm Ecology 

Bacterial adhesion to surfaces has been known for some time [28] but has only been recognized as a 

dominant mode of bacterial growth in nature in the past 20–30 years [10,29]. Surface-adherent 

microbial communities, now referred to as biofilms [10] are common in most environments. The 

prominence of biofilms is easily explained in flowing systems such as rivers [30] or pipelines [31], 

wherein surface adhesion enables microorganisms to persevere in spite of shear forces. Nutrients adsorb 

onto surfaces and microorganisms would therefore be attracted to sources of nutrition—a phenomenon 

sometimes referred to as the bottle effect [32]. Metabolic and genetic interactions are facilitated when 

organisms grow in close proximity within biofilms. Wolfaardt et al. [33] studied the ability of soil 

bacteria to grow on a commercial herbicide, diclophop methyl and found that bacteria could survive on 

this compound as a sole carbon source only if present as a biofilm consortium. Pure cultures of the soil 

isolates were unable to grow on this herbicide regardless of whether they were grown as planktonic or 

biofilm cultures. Similarly, mixed planktonic cultures were unable to grow on this herbicide [33]. 
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Nitrification is another well-known biological phenomenon consisting of a two step process involving 

ammonia oxidation to nitrite, followed by nitrite oxidation to nitrate [34]. Ammonia oxidizing 

microorganisms are found in close proximity to nitrite oxidizers within nitrifying biofilms [35,36]. 

Syntrophic metabolism within microbial aggregates has also been reported in interspecies hydrogen 

transfer during anaerobic digestion of cellulose [37,38]. Biofilm growth has also been shown to promote 

genetic exchange through transformation [39] and conjugation [40,41] due to the close proximity of 

the donor and recipient organisms. 

Biofilm studies with pure cultures have shown that these communities go through a developmental 

process [42] involving initial adhesion of microorganisms to a surface, aggregation into clumps 

(microcolonies), a maturation process and finally a dispersion process. In some organisms, notably 

Pseudomonas aeruginosa, Staphylococcus aureus and Vibrio cholerae, genes and mechanisms for 

biofilm development have been identified (reviewed in [42–44]). At the morphological level, there is 

evidence that similar processes occurs within mixed community biofilms, with the added complication 

of ecological interactions between species. In the dental field, there has been considerable work 

showing the population development of biofilms on teeth (dental plaque). When a hydroxyapatite tooth 

surface is cleaned, it becomes rapidly coated by adsorbed salivary proteins, which form a conditioning 

film [45]. Primary colonizing bacteria including Streptococcus gordonii, Streptococcus oralis and 

Actinomyces naislundii then attach to the conditioning film [46] and are in turn colonized by other 

organisms such as the cariogenic gram positive Streptococcus mutans [47]. Cell surface features 

including surface carbohydrates and carbohydrate-binding proteins (lectins), permitting the binding 

(coaggregation) of individual species to each other, is a major feature of population development in 

dental biofilms [47]. Microbial succession certainly occurs in other environments [48–50], and in 

biofilms associated with higher organisms, the host may play an active role in biofilm development.  

In the rhizosphere, plant exudates function as bacterial nutrients and play an important role in  

bacterial recruitment, and associated biofilm development and bacterial succession [50]. Cell signal 

interactions [51–53] are also important, during microbial colonization, biofilm formation and population 

succession. Other factors that are also important during biofilm population development include 

antimicrobial vesicle formation [54], antimicrobial chemicals [55] and bacteriocins [56]. At least two 

studies have shown that polymicrobial biofilms are more resistant to antibacterial agents and stress, 

than single species biofilms [57,58].  

Another feature of biofilms is an indication of cell specialization. This is particularly prominent and 

well-described in biofilms formed by the social bacterium, Myxococcus xanthus in which some cells 

are involved in reproduction, others in nutrient acquisition, and others have structural roles [59]. 

Similar analogies have been shown in other organisms [43]. Certainly chemical gradients including 

nutrient levels, pH, and oxygen levels (in aerobic biofilms) result in a physiological gradient [60]. The 

structure and specialization seen within biofilms has been likened to a city [61] (Figure 2), with different 

physiological functions and even component species being present in clusters (microcolonies). Using 

the city metaphor for biofilms [60], an individual microcolony may function as one apartment building 

and will have ecological interactions (synergy, antagonism, synthrophic metabolism, genetic exchange, 

etc.) with neighboring microcolonies (“apartment buildings”). While biofilm structure and function is 

certainly complex, it largely reflects the situation in which bacteria naturally exist. As a result, broad 

based molecular microbial ecology studies would benefit by focusing on biofilms.  
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Figure 2. Biofilm enrichment strategy for metagenomics investigation. Confocal 

microscopy examination of a mixed population biofilm of E. coli and P. aeruginosa stained 

with the Live/Dead™ stain (Life Technologies, Grand Island, NY, USA) reveals 

microcolonies with viable (A) and non-viable (B) cells. Sampling and metagenomics 

analyses from these two microcolonies could suggest mechanisms underlying the loss of 

viability or other cellular interactions. While conventional genetic analyses can be 

performed for a mixed population biofilm containing known, genetically tractable 

organisms such as E. coli and P. aeruginosa [62], it is not practical for many naturally 

occurring biofilms with potentially unculturable organisms. This combination  

biofilm-enrichment strategy for metagenomics would be particularly useful in natural 

biofilms wherein the component populations may not be known. 

 

4. Biofilm Technology and Its Potential Application to Molecular Microbial Ecology 

In most environments, microorganisms live as surface-adherent biofilm communities [10]. Within 

biofilms, many and possibly most microbial interactions and processes occur. Included in naturally 

occurring biofilm communities are cultivable and non-cultivable microorganisms [4]. While  

broad-based molecular approaches, such as metagenomics offer an invaluable insight to identifying 

new organisms and potential interactions, the methods commonly used to obtain the genetic material 

obtain samples from relatively large samples and as a result data and interpretations are based on 

sample averaging, which would include biofilm and planktonic populations, and likely cellular 

fragments and extracellular DNA. As shown in Figure 2, we propose the incorporation of biofilm 

technology as an experimental strategy to obtain higher resolution and more accurate investigations of 

microbial activities and interactions as they occur in nature.  

The ideal strategy to study biofilms would be to examine samples in situ or alternatively those 

obtained directly from the field (or host if associated with a higher organism). Except for the molecular 

approaches used, this strategy mimics the direct morphological examinations of biofilms performed by 
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Zobell [28], Costerton [10] and others. In the case of easily obtained and accessible biofilms such as 

those associated with rock surfaces in streams ([63] or urinary catheter infections [64], access to 

biofilms is not an issue. Problems arise with inaccessible biofilms, particularly if these biofilms occur 

in the deep subsurface [2,65], or alternatively with water circulating systems in nuclear facilities [66]. 

While practical aspects of biofilm accessibility and data reproducibility are certainly considerations in 

natural samples, experimental manipulation may not be feasible. To circumvent this, a number of 

sampling protocols have been developed for the study of biofilms. At the simplest level, glass 

microscope slides or other suitable substrata may be inserted into water or soil and will be readily 

colonized by resident bacteria [67]. Alternatively, liquid from a pipeline or cooling system can be 

diverted through a biofilm sampling device [31]. An excellent three volume set of Methods in 

Enzymology [68–70] was published in 1999 and 2001, which summarizes many commonly used 

techniques used for biofilm research. As well, standardized biofilm growth and testing protocols for 

antimicrobial agent susceptibility have been developed [71–73].  

As stated earlier, biofilm structure is complex and many physiological activities may change from 

one small population of cells (consortia) to another. Ideally, broad-based metagenomics processes to 

identify organisms and genes, as well as other complementary approaches such as RNA-seq [74], 

metabolomics [75] and proteomics [76] approaches to identify gene expression and microbial activity, 

could be mapped at the single cell level or within small consortia. The biofilm enrichment process for 

metagenomics is shown in Figure 2. Given the low (typically sub fmole) concentration of molecules in 

bacteria [77], analytical methods and detection limits need to be refined. As an alternative approach, 

broad based approaches could be used on whole biofilms and then reporter genes and chemically sensitive 

probes could be used to map activity using confocal microscopy [60,78]. Several fundamentally 

important biological issues could be addressed by this biofilm-enrichment metagenomics strategy including 

the mechanisms whereby microbial interactions occur in nature, do novel unrecognized interactions 

occur, do previously unknown organisms participate, and finally where do these interactions occur.  

5. Conclusions 

Direct observations of most natural environments reveal that microorganisms frequently exist 

within surface-adherent biofilm communities [10,43,47]. Similarly, the majority of organisms in many 

environments cannot be cultured but are identified through culture-independent techniques including 

metagenomics [3,4,6,19]. Aside from the identification of community members, culture-independent 

techniques are used to infer microbial interactions [58]. A number of studies using reporter gene 

technology and confocal microscopy reveal microbial interactions including genetic exchange, 

signaling, and metabolite exchange to occur between adjacent microorganisms within biofilm 

communities [34,36,78]. Here, we propose the use of biofilm-enrichment as an experimental strategy 

to enhance the resolving power of metagenomics and other culture-independent techniques to identify 

novel microbial interaction mechanisms. 

Acknowledgments 

Work in RJCM’s laboratory is sponsored by a Research Enhancement Grant from Texas State 

University and an endowment from the Homer Prince Foundation. We would like to dedicate this 



Int. J. Mol. Sci. 2013, 14 22253 

 

 

manuscript to our mentors, J.W. Costerton, T.J. Beveridge, and M.R. Liles who instilled in us a love of 

high quality science. 

Conflicts of Interest 

The authors declare no conflict of interest. 

Reference  

1. Balkwill, D.L.; Ghiorse, W.C. Characterization of subsurface bacteria associated with two 

shallow aquifers in Oklahoma. Appl. Environ. Microbiol. 1985, 50, 580–588. 

2. Mason, O.U.; di Meo-Savoie, C.A.; van Nostrand, J.D.; Zhou, J.; Fisk, M.R.; Giovannoni, S.J. 

Prokaryotic diversity, distribution, and insights into their role in biogeochemical cycling in marine 

basalts. ISME J. 2009, 3, 231–242. 

3. DeLeon-Rodriguez, N.; Lathem, T.L.; Rodrigues, L.M.; Barazesh, J.M.; Anderson, B.E.; 

Beyersdorf, A.J.; Ziemba, L.D.; Bergin, M.; Nenes, A.; Konstantinidis, K.T. Microbiome of the 

upper troposphere: Species composition and prevalence, effects of tropical storms, and 

atmospheric implications. Proc. Natl. Acad. Sci. USA 2013, 110, 2575–2580. 

4. Temperton, B.; Giovannoni, S.J. Metagenomics: Microbial diversity through a scratched lens. 

Curr. Opin. Microbiol. 2012, 15, 605–612. 

5. Woese, C.R.; Fox, G.E. Phylogenetic structure of the prokaryotic domain: The primary kingdoms. 

Proc. Natl. Acad. Sci. USA 1977, 74, 5088–5090. 

6. Shade, A.; Gregory Caporaso, J.; Handelsman, J.; Knight, R.; Fierer, N. A meta-analysis of 

changes in bacterial and archaeal communities with time. ISME J. 2013, 7, 1493–1506. 

7. Nagarajan, N.; Pop, M. Sequence assembly demystified. Nat. Rev. Genet. 2013, 14, 157–167. 

8. Francois, P.; Tu Quoc, P.; Bisognano, C.; Kelley, W.L.; Lew, D.P.; Schrenzel, J.; Cramton, S.E.; 

Götz, F.; Vaudaux, P. Lack of biofilm contribution to bacterial colonisation in an experimental model 

of foreign body infection by Staphylococcus aureus and Staphylococcus epidermidis.  

FEMS Immunol. Med. Microbiol. 2003, 35, 135–140. 

9. Carini, P.; Steindler, L.; Beszteri, S.; Giovannoni, S.J. Nutrient requirements for growth of the 

extreme oligotroph ‘Candidatus Pelagibacter. ubique’ HTCC1062 on a defined medium. ISME J. 

2013, 7, 592–602. 

10. Costerton, J.W.; Cheng, K.J.; Geesey, G.G.; Ladd, T.I.; Nickel, J.C.; Dasgupta, M.; Marrie, T.J. 

Bacterial biofilms in nature and disease. Annu. Rev. Microbiol. 1987, 41, 435–464. 

11. Ogram, A.; Sayler, G.S.; Barkay, T. DNA extraction and purification from sediments.  

J. Microbiol. Methods 1987, 7, 57–66. 

12. Holben, W.E.; Jansson, J.K.; Chelm, B.K.; Tiedje, J.M. DNA probe method for the detection of specific 

microorganisms in the soil bacterial community. Appl. Environ. Microbiol. 1988, 54, 703–711. 

13. Osborn, A.M.; Smith, C.J. Molecular Microbial Ecology; Taylor and Francis: New York, NY, 

USA, 2005. 

14. Kakirde, K.S.; Parsley, L.C.; Liles, M.R. Size does matter: Application-driven approaches for soil 

metagenomics. Soil Biol. Biochem. 2010, 42, 1911–1923. 



Int. J. Mol. Sci. 2013, 14 22254 

 

 

15. Quaiser, A.; Ochsenreiter, T.; Klenk, H.P.; Kletzin, A.; Treusch, A.H.; Meurer, G.; Eck, J.; 

Sensen, C.W.; Schleper, C. First insight into the genome of an uncultivated crenarchaeote from 

soil. Environ. Microbiol. 2002, 4, 603–611. 

16. Osoegawa, K.; Woon, P.Y.; Zhao, B. Frengen, E.; Tateno, M.; Catanese, J.J.; De Jong, P.J.  

An improved approach for construction of bacterial artificial chromosome libraries. Genomics 

1998, 52, 1–8. 

17. Shizuya, H.; Birren, B.; Kim, U.J.; Mancino, V.; Slepak, T.; Tachiiri, Y.; Simon, M. Cloning and 

stable maintenance of 300-kilobase-pair fragments of human DNA in Escherichia coli using an  

F-factor-based vector. Proc. Natl. Acad. Sci. USA 1992, 89, 8794–8797. 

18. Wild, J.; Hradecna, Z.; Szybalski, W. Conditionally amplifiable BACs: Switching from single-copy 

to high-copy vectors and genomic clones. Genome Res. 2002, 12, 1434–1444. 

19. Handelsman, J.; Rondon, M.R.; Brady, S.F.; Clardy, J.; Goodman, R.M. Molecular biological 

access to the chemistry of unknown soil microbes: A new frontier for natural products.  

Chem. Biol. 1998, 5, R245–R249. 

20. Heath, C.; Hu, X.P.; Cary, S.C.; Cowan, D. Identification of a novel alkaliphilic esterase active at 

low temperatures by screening a metagenomic library from Antarctic desert soil. Appl. Environ. 

Microbiol. 2009, 75, 4657–4659. 

21. Rondon, M.R.; August, P.R.; Bettermann, A.D.; Brady, S.F.; Grossman, T.H.; Liles, M.R.; 

Loiacono, K.A.; Lynch, B.A.; MacNeil, I.A.; Minor, C.; et al. Cloning the soil metagenome: A 

strategy for accessing the genetic and functional diversity of uncultured microorganisms.  

Appl. Environ. Microbiol. 2000, 66, 2541–2547. 

22. Liles, M.R.; Williamson, L.L.; Goodman, R.M.; Handelsman, J. Isolation of High Molecular 

Weight Genomic DNA from Soil Bacteria for Genomic Library Construction. In Molecular 

Microbial Ecology Manual; Kowalchuk, G.A., Bruijn, F.J., Head, I.M., Akkermans, A.D.L.,  

van Elsas, J.D., Eds.; Kluwer Academic Publishing: Dordrecht, The Netherlands, 2004;  

pp. 839–852. 

23. Martinez, A.; Kolvek, S.J.; Hopke, J.; Yip, M.S.; Osburne, M.S. Environmental DNA fragment 

conferring early and increased sporulation and antibiotic production in Streptomyces. species. 

Appl. Environ. Microbiol. 2005, 71, 1638–1641. 

24. King, R.W.; Bauer, J.D.; Brady, S.F. An environmental DNA-derived type II polyketide biosynthetic 

pathway encodes the biosynthesis of the pentacyclic polyketide erdacin. Angew. Chem. Int. Ed. 

2009, 48, 6257–6261. 

25. Davies, D.G.; Parsek, M.R.; Pearson, J.P.; Iglewski, B.H.; Costerton, J.W.; Greenberg, E.P. The 

involvement of cell-to-cell signals in the development of a bacterial biofilm. Science 1998, 280, 

295–298. 

26. Meyer, F.; Paarmann, D.; D’Souza, M.; Olson, R.; Glass, E.M.; Kubal, M.; Paczian, T.; 

Rodriguez, A.; Stevens, R.; Wilke, A.; et al. The metagenomics RAST server—A public resource 

for the automatic phylogenetic and functional analysis of metagenomes. BMC Bioinf. 2008, 9, 386. 

27. Huson, D.H.; Auch, A.F.; Qi, J.; Schuster, S.C. MEGAN analysis of metagenomic data.  

Genome Res. 2007, 17, 377–386. 

28. Zobell, C.E.; Allen, E.C. The significance of marine bacteria in the fouling of submerged surfaces. 

J. Bacteriol. 1935, 29, 239–251. 



Int. J. Mol. Sci. 2013, 14 22255 

 

 

29. McLean, R.J.C.; Lam, J.S.; Graham, L.L. Training the biofilm generation—A tribute to JW 

Costerton. J. Bacteriol. 2012, 194, 6711. 

30. Costerton, J.W.; Geesey, G.G.; Cheng, K.J. How bacteria stick. Sci. Am. 1978, 238, 86–95. 

31. McCoy, W.F.; Bryers, J.D.; Robbins, J.; Costerton, J.W. Observations of fouling biofilm formation. 

Can. J. Microbiol. 1981, 27, 910–917. 

32. Schmitt, J.; Nivens, D.; White, D.C.; Flemming, H.C. Changes of biofilm properties in response 

to sorbed substances: An FTIR-ATR study. Water Sci. Technol. 1995, 32, 149–155. 

33. Wolfaardt, G.M.; Lawrence, J.R.; Robarts, R.D.; Caldwell, S.J.; Caldwell, D.E. Multicellular 

organization in a degradative biofilm community. Appl. Environ. Microbiol. 1994, 60, 434–446. 

34. Gieseke, A.; Bjerrum, L.; Wagner, M.; Amann, R. Structure and activity of multiple nitrifying 

bacterial populations co-existing in a biofilm. Environ. Microbiol. 2003, 5, 355–369. 

35. Egli, K.; Fanger, U.; Alvarez, P.J.; Siegrist, H.; van der Meer, J.R.; Zehnder, A.J.B.  

Enrichment and characterization of an anammox bacterium from a rotating biological contactor 

treating ammonium-rich leachate. Arch. Microbiol. 2001, 175, 198–207. 

36. Schramm, A.; de Beer, D.; van den Heuvel, J.C.; Ottengraf, S.; Amann, R. Microscale distribution 

of populations and activities of Nitrosospira. and Nitrospira. spp. along a macroscale gradient in a 

nitrifying bioreactor: Quantification by in situ hybridization and the use of microsensors.  

Appl. Environ. Microbiol. 1999, 65, 3690–3696. 

37. Schink, B. Synergistic interactions in the microbial world. Antonie van Leeuwenhoek 2002, 81, 

257–261. 

38. Thiele, J.H.; Chartrain, M.; Zeikus, J.G. Control of interspecies electron flow during anaerobic 

digestion: Role of floc formation in syntrophic methanogenesis. Appl. Environ. Microbiol. 1988, 

54, 10–19. 

39. Li, Y.H.; Lau, P.C.Y.; Lee, J.H.; Ellen, R.P.; Cvitkovitch, D.G. Natural genetic transformation of 

Streptococcus mutans growing in biofilms. J. Bacteriol. 2001, 183, 897–908. 

40. Hausner, M.; Wuertz, S. High rates of conjugation in bacterial biofilms as determined by 

quantitative in situ analysis. Appl. Environ. Microbiol. 1999, 65, 3710–3713. 

41. Christensen, B.B.; Sternberg, C.; Andersen, J.B.; Eberl, L.; Møller, S.; Givskov, M.; Molin, S. 

Establishment of new genetic traits in a microbial biofilm community. Appl. Environ. Microbiol. 

1998, 64, 2247–2255. 

42. Petrova, O.E.; Sauer, K. Sticky situations: Key components that control bacterial surface 

attachment. J. Bacteriol. 2012, 194, 2413–2425. 

43. O’Toole, G.A.; Kaplan, H.B.; Kolter, R. Biofilm formation as microbial development. Annu. Rev. 

Microbiol. 2000, 54, 49–79. 

44. Karatan, E.; Watnick, P. Signals, regulatory networks, and materials that build and break bacterial 

biofilms. Microbiol. Mol. Biol. Rev. 2009, 73, 310–347. 

45. Marsh, P.D.; Bradshaw, D.J. Dental plaque as a biofilm. J. Ind. Microbiol. 1995, 15, 169–175. 

46. Palmer, R.J., Jr.; Kazmerzak, K.; Hansen, M.C.; Kolenbrander, P.E. Mutualism versus independence: 

Strategies of mixed-species oral biofilms in vitro using saliva as the sole nutrient source.  

Infect. Immun. 2001, 69, 5794–5804. 

47. Kolenbrander, P.E.; Andersen, R.N.; Kazmerzak, K.; Wu, R.; Palmer, R.J., Jr. Spatial organization 

of oral bacteria in biofilms. Methods Enzymol. 1999, 310, 322–332. 



Int. J. Mol. Sci. 2013, 14 22256 

 

 

48. Shade, A.; McManus, P.S.; Handelsman, J. Unexpected diversity during community succession in 

the apple flower microbiome. mBio 2013, 4, e00602–e00612. 

49. Nicol, G.W.; Tscherko, D.; Embley, T.M.; Prosser, J.I. Primary succession of soil Crenarchaeota 

across a receding glacier foreland. Environ. Microbiol. 2005, 7, 337–347. 

50. Chaparro, J.M.; Badri, D.V.; Bakker, M.G.; Sugiyama, A.; Manter, D.K.; Vivanco, J.M. Root 

exudation of phytochemicals in Arabidopsis follows specific patterns that are developmentally 

programmed and correlate with soil microbial functions. PLoS One 2013, 8, e55731. 

51. Steidle, A.; Sigl, K.; Schuhegger, R. Ihring, A.; Schmid, M.; Gantner, S.; Stoffels, M.; Riedel, K.; 

Givskov, M.; Hartmann, A.; et al. Visualization of N-acylhomoserine lactone-mediated cell-cell 

communication between bacteria colonizing the tomato rhizosphere. Appl. Environ. Microbiol. 

2001, 67, 5761–5770. 

52. McLean, R.J.C.; Barnes, M.B.; Windham, M.K.; Merchant, M.M.; Forstner, M.R.J.; Fuqua, C. 

Cell-cell influences on bacterial community development in aquatic biofilms. Appl. Environ. 

Microbiol. 2005, 71, 8987–8990. 

53. Pacheco, A.R.; Sperandio, V. Inter-kingdom signaling: Chemical language between bacteria and 

host. Curr. Opin. Microbiol. 2009, 12, 192–198. 

54. Mashburn, L.M.; Whiteley, M. Membrane vesicles traffic signals and facilitate group activities in 

a prokaryote. Nature 2005, 437, 422–425. 

55. Egan, S.; James, S.; Holmstrom, C.; Kjelleberg, S. Correlation between pigmentation and antifouling 

compounds produced by Pseudoalteromonas tunicata. Environ. Microbiol. 2002, 4, 433–442. 

56. Drider, D.; Fimland, G.; Héchard, Y.; McMullen, L.M.; Prévost, H. The continuing story of class 

IIa bacteriocins. Microbiol. Mol. Biol. Rev. 2006, 70, 564–582. 

57. Whiteley, M.; Ott, J.R.; Weaver, E.A.; McLean, R.J.C. Effects of community composition and 

growth rate on aquifer biofilm bacteria and their susceptibility to betadine disinfection. Environ. 

Microbiol. 2001, 3, 43–52. 

58. Burmølle, M.; Webb, J.S.; Rao, D.; Hansen, L.H.; Sørensen, S.J.; Kjelleberg, S. Enhanced biofilm 

formation and increased resistance to antimicrobial agents and bacterial invasion are caused by 

synergistic interactions in multispecies biofilms. Appl. Environ. Microbiol. 2006, 72, 3916–3923. 

59. Kaplan, H.B. Multicellular development and gliding motility in Myxococcus xanthus. Curr. Opin. 

Microbiol. 2003, 6, 572–577. 

60. Rani, S.A.; Pitts, B.; Beyenal, H.; Veluchamy, R.A.; Lewandowski, Z.; Davison, V.M.; 

Buckingham-Meyer, K.; Stewart, P.S. Spatial patterns of DNA replication, protein synthesis, and 

oxygen concentration within bacterial biofilms reveal diverse physiological states. J. Bacteriol. 

2007, 189, 4223–4233. 

61. Watnick, P.; Kolter, R. Biofilm, city of microbes. J. Bacteriol. 2000, 182, 2675–2679.  

62. Chu, W.; Zere, T.R.; Weber, M.M.; Wood, T.K.; Whiteley, M.; Hidalgo-Romano, B.;  

Valenzuela, E., Jr.; McLean, R.J.C. Indole production promotes Escherichia coli mixed culture 

growth with Pseudomonas aeruginosa by inhibiting quorum signaling. Appl. Environ. Microbiol. 

2012, 78, 411–419. 

63. Geesey, G.G.; Richardson, W.T.; Yeomans, H.G.; Irvin, R.T.; Costerton, J.W. Microscopic 

examination of natural sessile bacterial populations from an alpine stream. Can. J. Microbiol. 

1977, 23, 1733–1736. 



Int. J. Mol. Sci. 2013, 14 22257 

 

 

64. Nickel, J.C.; Gristina, A.G.; Costerton, J.W. Electron microscopic study of an infected Foley 

catheter. Can. J. Surg. 1985, 28, 50–54. 

65. Cusack, F.; Brown, D.R.; Costerton, J.W.; Clementz, D.M. Field and laboratory studies of 

microbial/fines plugging of water injection wells: Mechanism, diagnosis and removal.  

J. Pet Sci. Eng. 1987, 1, 39–50. 

66. Santo Domingo, J.W.; Berry, C.J.; Summer, M.; Fliermans, C.B. Microbiology of spent nuclear 

fuel storage basins. Curr. Microbiol. 1998, 37, 387–394. 

67. Marshall, K.C.; Stout, R.; Mitchell, R. Mechanisms of the initial events in the sorption of marine 

bacteria to solid surfaces. J. Gen. Microbiol. 1971, 68, 337–348. 

68. Doyle, R.J. Biofilms. In Methods in Enzymology; Academic Press: San Diego, CA, USA, 1999; 

Volume 310, pp. 1–720.  

69. Doyle, R.J. Microbial Growth in Biofilms. Part A: Developmental and Molecular Biological 

Aspects. In Methods in Enzymology; Academic Press: San Diego, CA, USA, 2001; Volume 336, 

pp. 1–469.  

70. Doyle, R.J. Microbial Growth in Biofilms, Part B: Special Environments and Physicochemical 

Aspects. In Methods in Enzymology; Academic Press, San Diego, CA, USA, 2001; Volume 337, 

pp. 1–469.  

71. Goeres, D.M.; Loetterle, L.R.; Hamilton, M.A.; Murga, R.; Kirby, D.W.; Donlan, R.M. Statistical 

assessment of a laboratory method for growing biofilms. Microbiology 2005, 151, 757–762. 

72. ASTM. E2562–12: Standard Test Method for Quantification of Pseudomonas aeruginosa Biofilm 

Grown with High Shear and Continuous Flow Using CDC Biofilm Reactor. In Annual Book of 

ASTM Standards; ASTM International: West Conshohocken, PA, USA, 2012. 

73. ASTM. E2871–12: Standard Test Method for Evaluating Disinfectant Efficacy against 

Pseudomonas aeruginosa Biofilm Grown in CDC Biofilm Reactor Using Single Tube Method.  

In Annual Book of ASTM Standards; ASTM International: West Conshohocken, PA, USA, 2012. 

74. Westermann, A.J.; Gorski, S.A.; Vogel, J. Dual RNA-seq of pathogen and host. Nat. Rev. 

Microbiol. 2012, 10, 618–630. 

75. Yanes, O.; Tautenhahm, R.; Patti, G.J.; Siuzdak, G. Expanding coverage of the metabolome for 

global metabolite profiling. Anal. Chem. 2011, 83, 2152–2161. 

76. Sauer, K.; Cullen, M.C.; Rickard, A.H.; Zeef, L.A.H.; Davies, D.G.; Gilbert, P. Characterization 

of nutrient-induced dispersion in Pseudomonas aeruginosa PAO1 biofilm. J. Bacteriol. 2004, 

186, 7312–7326. 

77. Song, L.; Shan, D.; Zhao, M.; Pink, B.A.; Minnehan, K.A.; York, L.; Gardel, M.; Sullivan, S.; 

Phillips, A.F.; Hayman, R.B.; et al. Direct detection of bacterial genomic DNA at sub-femtomolar 

concentrations using single molecule arrays. Anal. Chem. 2013, 85, 1932–1939. 

78. Andersen, J.B.; Heydorn, A.; Hentzer, M.; Eberl, L.; Geisenberger, O.; Christensen, B.B.;  

Molin, S.; Givskov, M. gfp-based N-acyl homoserine lactone sensor systems for detection of 

bacterial communication. Appl. Environ. Microbiol. 2001, 67, 575–585. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


