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I. Abstract 
 
Polyhydroxyalkanoates (PHA) are storage substances produced by bacteria to 

survive periods of starvation. Little is known about the ecology of PHA producing 

bacteria. Environments with fluctuating nutrient availability such as rhizosphere of 

crop plants or lichens are supposed to be a promising source of biotechnologically 

interesting PHA producing bacteria which cope with industrial demands. The 

rhizosphere of plants provides a continuous changing microhabitat with fluctuation in 

the concentrations of nutrients exuded by plant roots. In lichen thalli, bacteria also 

find changing conditions such as strong oscillation in water availability. Indigenous 

bacteria developed their own strategies to overcome these changing conditions, 

which lead to a competitive advantage for PHA producing bacteria. Antagonistic 

bacteria and microbial community DNA were isolated from different lichen thalli and 

subsequently analysed for PHA production in vitro by plate assay and lipophilic 

staining or with PCR strategy using specific primers for phaC gene encoding the key 

enzyme of PHA synthase. Lichen thalli were colonised by numerous bacteria which 

were potentially able to accumulate PHA and keep promise for biotechnological 

applications. To analyse the occurrence of PHA producing bacteria in the 

rhizosphere of crop plants, microbial fingerprint techniques such as single strand 

conformation polymorphism analyses were used in addition to culture dependent 

methods. These experiments revealed a significantly higher amount of potentially 

PHA producing bacteria in the rhizosphere of sugar beet compared to bulk soil. 

Results were confirmed by qPCR. Cluster analysis revealed plant species specific 

communities for sugar beet, wheat and oilseed rape. Also new PHA producing 

bacteria such as Burkholderia terricola were found, which produces up to 70% w/w of 

cell dry mass PHA. For understanding the ecological role of PHA, this strain was 

tested in different green house experiments in comparison to a PHA negative mutant. 

Separately tested, both strains were able to promote plant growth with extremely high 

colonization abilities. When tested in a competitive assay, the wild type of B. terricola 

occupied the ecto- and endosphere of roots and outcompeted the mutant strain, 

verified by confocal laser scanning microscopy. Summarized results confirm that 

changing environments such as rhizosphere or lichens inhabit PHA producing 

bacteria of biotechnological relevance. One of these strains, B. terricola, exhibited 

plant growth promoting properties and studies with its PHA negative derivate 

emphasized the importance of PHA production for successful colonisation 

competence of the rhizosphere. 
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II. Zusammenfassung 
 

Polyhydroxyalkanoate (PHA) sind bakterielle Speicherstoffe, welche produziert 

werden, um nährstoffarme Zeiten zu überdauern. Bisher ist wenig über die 

ökologische Rolle PHA-produzierender Bakterien bekannt. Als viel versprechende 

Ressource zum Auffinden biotechnologisch interessanter PHA Produzenten gelten 

Habitate mit fluktuierender Nährstoffverfügbarkeit. Die Rhizosphäre von Pflanzen 

stellt aufgrund der Produktion von Wurzelexsudaten ein fluktuierendes Mikrohabitat 

dar. Auch im Flechtenthallus liegen sich ständig ändernde Bedingungen, wie 

Schwankungen in der Wasserverfügbarkeit, vor. Beide Habitate erfordern spezielle 

Anpassungen der indigenen Mikroorganismen. Von verschiedenen Flechten wurden 

antagonistische Bakterien und Gesamt-DNA isoliert und anschließend mit 

Plattentests und lipophilen Färbemethoden auf PHA Produktion bzw. 

molekularbiologisch mittels spezifischer Primer für das phaC Gen, welches für das 

Schlüsselenzym der PHA Synthase kodiert, auf die potentielle Fähigkeit hin, PHAs 

zu produzieren, untersucht. Eine Vielzahl biotechnologisch interessanter PHA 

Produzenten wurde nachgewiesen. Um das Vorkommen von PHA Produzenten in 

der Rhizosphäre von Kulturpflanzen zu untersuchen, wurden neben 

kultivierungsabhängigen auch molekulare Fingerprint-Methoden durchgeführt. 

Letztere ergaben eine hohe Pflanzenspezifität mikrobieller Gemeinschaften für 

Zuckerrübe, Raps und Weizen. Die Rhizosphäre von Zuckerrüben enthielt eine 

signifikant höhere Anzahl an PHA Produzenten als der undurchwurzelte Erdboden, 

was mittels qPCR bestätigt werden konnte. Als bisher unbekannter PHA Produzent 

konnte Burkholderia terricola aus der Rhizosphäre der Zuckerrübe isoliert und ein 

PHA Gehalt von bis zu 70% W/W der Zelltrockenmasse nachgewiesen werden. Um 

die ökologische Rolle von PHA zu untersuchen, wurden mit B. terricola und einer 

PHA negativen Mutante mehrere Pflanzenexperimente durchgeführt. Beide Stämme 

zeigten Pflanzenwachstums fördernde Wirkung, jedoch wenn Wildtyp und Mutante in 

einem Konkurrenzversuch an der Zuckerrübe getestet wurden, konnte der Wildtyp 

die PHB negative Mutante vollständig aus der Endo- und Ektosphäre der Wurzel 

verdrängen. Zusammengefasst bestätigen die Ergebnisse, dass fluktuierende 

Habitate, wie Rhizosphäre oder Flechten, große Mengen an biotechnologisch 

relevanten PHA Produzenten beherbergen. So zum Beispiel B. terricola, der neben 

der PHA Produktion auch die Fähigkeit zur Pflanzenwachstumsförderung besitzt. Bei 

kompetitiven Experimenten mit der PHB negativen Mutante konnte die Notwendigkeit 

von PHA für erfolgreiche Kolonisierungsskompetenz an der Rhizosphäre gezeigt 

werden.  
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III. Abbreviations 

A/O anaerobic/aerobic 

ACC 1-aminocyclopropane-1-carboxylate  

AHL N-acyl homoserine lactone 

bp  base pairs 

CFU  colony forming unit 

CLSM  confocal laser scanning microscopy 

CoA  3-hydroxyacyl-coenzymeA 

DMSO dimethyl sulfoxide 

DNA  desoxyribonucleic acid 

DSMZ  Deutsche Stammsammlung für Mikroorganismen & Zellkulturen 

EMBL  European molecular biology laboratory 

EMS  ethylmethansulfonat 

fw  fresh weight 

GC  gas chromatography 

HPLC high pressure liquid chromatography 

IAA  indole 3-acetic acid 

IR  infrared 

MCL  medium chain length 

MS  mass spectrometry 

NADH  nicotinamidadenindinucleotide 

NIST  National Institute of Standards and Technology 

NMR nuclear magnetic resonance 

OD  optical density 

PCR  polymerase chain reaction 

PGPB  plant growth promoting bacteria 

PHA  polyhydroxyalkanoate 

PHB  polyhydroxybutyrate 

PP  polypropylene 

qPCR  quantitative polymerase chain reaction 

QS  quorum sensing 

SCAM  strain collection of antagonistic bacteria 

SCL  short chain length 

SSCP  single-strand conformation polymorphism 

TGGE  termperature gel gradient electrophoresis 

TLC  thin layer chromatography 

tn  transposon 

UPGMA  unweighted-pair group methods using averages 

UV  ultraviolet
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5. Introduction  

 

5.1. General aspects of Polyhydroxyalkanoates  

 

Among biological polyesters polyhydroxyalkanoates (PHAs) provide a good 

alternative to petrochemical based plastics regarding their biodegradability and 

biocompatibility. PHAs exhibit material properties similar to those of polypropylene 

(Byrom 1987; Steinbüchel and Füchtenbusch 1998). Beside biodegradability and 

biocompatibility some other interesting material properties such as thermoplastic and 

elastomeric features can be achieved. Therefore PHAs are considered for several 

applications in industry (particularly packaging), agriculture, pharmacy and medicine 

(Steinbüchel et al. 1996) (Fig. 5.1.1.). PHAs are macromolecules accumulated in 

cells up to levels of 90% of cell dry weight, when a carbon source is provided in 

excess and another nutrient like nitrogen, phosphate, sulfur, magnesium or even 

oxygen is limited. Within the cell PHA exists as cytoplasmic granules surrounded by 

a membrane (Sudesh et al. 2000). These granules are coated with a monolayer of 

proteins and phospholipids (Fig. 5.1.1.). A common PHA type found in bacteria is a 

copolymer consisting of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV) units 

whereat the polymer composition depends on the nature of the carbon source 

(Lemos et al. 1998). Over hundred different types of such hydroxyl acids are 

possible. The most common type of PHA, polyhydroxybutyrate (PHB) was first 

described by Lemoigne in 1926 in Bacillus megaterium, consequently followed by a 

wide variety of prokaryotes producing this biopolymer. Depending on the number of 

carbon atoms in the monomers, PHA synthases of bacteria are classified in short 

chain length (SCL, three to five carbon atoms) or medium chain length (MCL, six to 
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14 carbon atoms) hydroxyalkanoic acids (Rehm and Steinbüchel 1999): If SCL or 

MCL are produced, depends on different conditions such as carbon source or the 

type of PHA synthase.  

 

 

 

 

 

 

 

 

 

 

 

5.2. Biosynthesis of Polyhydroxybutyrate  

 

The synthesis of Polyhydroxybutyrate (PHB) requires different enzymes (Fig. 

5.2.1.). The enzyme PHA synthase is encoded by phaC and uses 3-hydroxyacyl-

coenzymeA (CoA) substrates for polymerization. In turn for production of CoA 

substrates the enzymes ß-ketothiolase (encoded by phaA) and acetoacetyl-CoA 

reductase (encoded by phaB) are needed (Kranz et al 1997) (Fig. 5.2.1.). Generally 

an alphabetical order is used for genes coding for proteins which are involved in 

biosynthesis of PHA (phaA (ß-ketothiolase), phaB (acetoacetyl-CoA reductase) phaC 

(PHA synthase) etc.).  

Fig. 5.1.1. Left picture shows commercial products made out of PHA (Biopol), for 

example golf pins (A), razor (B), cups (C) and shampoo bottles (D); Central picture 

presents an electron micrograph of an ultrathin section of Ralstonia eutropha H16 

cells (scalebar 1 µm); Picture on the right side illustrates a model of the PHA 

granule, in which PHA synthase is red, phasin blue, PHA depolymerase magenta, 

transcriptional repressor of phasin green and phospholipids are demonstrated in 

yellow. Adapted from Pötter and Steinbüchel 2006. 
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Nomenclature of genes required for degradation is referred in reverse alphabetical 

order, incipient with phaZ for PHA depolymerases (Rehm and Steinbüchel 1999). 

Furthermore PHA synthase genes are divided into four classes, differentiated by the 

organization of the gene locus and structure (Solaiman et al. 2005) (Fig. 5.2.2.). A 

good overview about PHA synthases and different metabolic interconnections 

between the different pathways is given by Pötter and Steinbüchel (2006) and 

Luengo et al. (2003).  

 

 

 

  

Fig. 5.2.2. Genetic organization of the four classes of pha loci (phaA: ß-

ketothiolase; phaB acetoacetyl reductase; phaC, phaC1 and phaC2: PHA synthase; 

phaE and phaR: subunit of class III and class IV PHA synthase, respectively; phaP 

phasin; phaQ homologous to helix turn- helix multiple antibiotic resistance protein; 

phaZ: PHA depolymerase; ORF putative open reading frame with unknown 

function). Adapted from Solaiman et al. 2005. 

Fig. 5.2.1. PHB biosynthetic pathway, whereat substrates and products are 

underlined and cofactors and side products are boldfaced. Adapted from 

Taroncher-Oldenburg et al. 2000. 
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5.3. Environmental habitats and ecology of PHA producing bacteria  

 

In environments of fluctuating availability and limitation of nutrients 

microorganisms have evolved different strategies to overcome times of adverse 

growing conditions. One possibility is the production of the storage polymer PHA. 

Occurrence of PHA producing bacteria is to be expected in ecosystems, which 

exhibit the mentioned properties – fluctuation of carbon availability or transient 

limitation of essential nutrients. As it seems to be a common phenomenon that PHA 

amounts are increased by perturbation of environments, it has been established that 

occurrence of PHA is an indication for an unbalanced growth of microorganisms in 

disturbed environments (Nickels et al. 1979). 

Early studies have shown high diversity of PHAs in marine environments with 

strong fluctuations of available nutrients (Findlay and White 1983). From estuarine 

microbial mats PHA producing strains of Halomonas and Labrenzia have been 

isolated (Villanueva et al. 2010). From freshwater sludge of the Weende Quelle in 

Göttingen, Germany, the well-investigated model strain Ralstonia eutropha H16 was 

isolated (Schlegel et al. 1961). Abundance of PHA synthase genes also has been 

detected in river water of the Rio de la Plata, Buenos Aires in Argentina (Lopez et al. 

1997). PHB accumulation is shown for an isolate from groundwater sediment, where 

availability of nutrients is fluctuating with the quality of percolating water (Bengtsson 

1991). In activated sludge from wastewater treatment PHB producing 

microorganisms fulfil important roles in removal of unwanted substances. From 

activated sludge a mixture of different PHA types, ranging from C4 to C7 monomer 

chain lengths, have been isolated using chloroform extraction (Lowell et al. 1974). 
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Oshiki et al. (2008) have found PHA producing representatives of the genera 

Dechloromonas, Accumulibacter, Thauera, Zoogloea, Comamonas, Competibacter 

and a novel cluster of Betaproteobacteria in activated sludge. 

For marine sediments it is shown that presence of PHA is an indicator for 

unbalanced growth (Nickels et al. 1979). Evidences, which support this finding to be 

true also for terrestrial ecosystems, come from reports of presence of PHA producing 

bacteria in somehow disturbed soils. PHA producing Bacillus strains have been 

isolated from gas field soil (Tajima et al. 2003). Kung et al. (2007) have found PHA 

producing bacteria in oil contaminated soils, industrial waste drainage sites and 

agricultural soils. Contrary reports about PHA producing bacteria and PHA amounts 

associated with the rhizosphere are found in literature. The rhizosphere is defined as 

the volume of soil adjacent to and influenced by plant root and as a habitat of great 

microbial diversity (Sorensen 1997; Berg and Smalla 2009). On the one hand, 

several studies show a high abundance of PHA producing bacteria or high amounts 

of PHA in the rhizosphere, sometimes in comparison to bulk soil. In the rhizosphere 

of rice plants a higher amount of PHA has been found in comparison to bulk soil 

(Reichardt et al. 1997). Rhizosphere of sugar beet, oilseed rape and wheat harbour 

high amounts of PHA producing microorganisms as determined by screening of 

isolates, community DNA fingerprints and qPCR (Gasser et al. 2009). On the other 

hand, a study with rhizospheric strains on roots of oilseed rapes has shown a lower 

PHA content at the rhizosphere in comparison to sand (Tunlid et al. 1985). However 

presence of PHA producing bacteria in rhizosphere soil can be explained by the fact 

that roots on the one hand limit nutrient access for rhizospheric bacteria by 

consumption of essential inorganic nutrients, and on the other hand enrich 

rhizospheric soil with fluctuating root exudates mainly consisting of organic 

compounds. It is remarkable that especially carbohydrate and oil producing crop 
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plants display frequent and intense association with PHA producing bacteria (de 

Lima et al. 1999; Romo et al. 2007; Gasser et al. 2009). Since decades it is known 

that PHA is produced by bacteroids of root nodules of legumes and also of free living 

nitrogen fixing bacteria (Wong and Evans 1971; Stam et al. 1986). Data suggest that 

accumulated PHA may prolong the period of nitrogen fixation in the dark (Bergersen 

et al. 1991) or may help the bacterial cell in maintaining its redox potential by energy 

production and NADH consumption (Dunn 1998; Encarnación et al. 2002). Recently 

PHA producing microorganisms have been detected in the microbiota of lichens 

(Gasser et al. 2010). 

 

5.4. Studies with PHA negative mutants 

 

The ecological and environmental role of PHA synthase genes or their deficiency 

remains to be determined. For Ralstonia eutropha and Bacillus megaterium it could 

be shown that there was a clear decrease in the ability of the PHB negative mutant 

strain to survive starvation in comparison to the wild type strains (López et al. 1995). 

PhaC- strains of Rhodobacter capsulatus were even unable to grow on solid media 

containing higher amount of certain fatty acids like acetone or caproate. Whereas 

phaA- and phaAB- stains are able to grow on this media. Kranz et al. (1997 b) 

presumed that PHA production can function as a detoxification mechanism when 

bacteria grow on fatty acids. When potentially toxic substances are polymerized or 

used for derivates (for example for CoA) it can result in resistance to that substance. 

The question remains how far fatty acid detoxification properties are ecologically 

beneficial in certain environments but it is conceivable bacteria getting more 

competitive thereby. Different groups worked with Azospirillum brasilense, a 
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bacterium which is able to accumulate PHB up to 75% of its dry weight (Tal and 

Okon 1985; Tal et al. 1990; Itzigsohn et al. 1995). Kadouri et al. (2002; 2003) 

experienced with A. brasilense mutants defective in their capability to produce PHA 

(phaC-) or to degrade PHA (phaZ-) that this mutant strains survive not as long as wild 

type strains. The term “stress alleviation” was established. When exclusively PHA is 

used as energy source it could be demonstrated to support physiological features 

(nitrogenase activity and aerotaxis) which are eminently energy consuming (Tal and 

Okon 1985). Continuative it could be shown that bacteria, which are able to produce 

PHA, survived the stress of starvation better than their PHA negative mutants (López 

et al. 1995; Ruiz et al. 1999).  

But there are also open discussions because non PHA producing bacteria were 

isolated from soils which apparently endure stress situations in natural habitats as 

well as PHA producer (Wang and Bakken 1998). Therefore it seems PHAs are not 

the only way out to endure stresses in environment (Willis and Walker 1998), but it 

may help bacteria to be more competitive. For Burkholderia terricola this could be 

demonstrated in a competitive assay. The PHA producing wild type strain was able to 

occupy root of sugar beet and completely outcompete the PHA negative mutant 

derivate (Gasser et al. 2010). Rhizosphere competence and root colonization could 

be enhanced by high growth rates and energy recovery of available compounds 

(Simons et al. 1996; Jjemba and Alexander 1999). Azospirillum brasilense was also 

used for plant root colonization and plant growth promoting experiments under sterile 

and not sterile conditions in soil, resulting in no difference under tested conditions 

between wild type and phaC negative mutant. Roots were colonized by both strains 

to the same extent (Kadouri et al. 2003). However for Pseudomonas fluorescens a 

correlation between growth rate and rhizosphere competence was detected by 

Simons et al. (1996).  
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Generally conditions in green house experiments with optimal light, temperature 

and ideal soil moisture are often not comparable with those in outdoor rhizosphere 

environments which could make it difficult to compare the relevance of PHAs for 

ecology in both conditions. Kadouri et al. (2005) provided with his review an insight 

into the ecological and agricultural significance of bacterial polyhydroxyalkanoates. 
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6. Essence of the doctoral thesis 

 

First hypothesis of this work was related to the rhizosphere, which was expected to 

harbour an interesting reservoir for PHA producing bacteria. The rhizosphere of 

plants provides a continuous changing environment with fluctuations in the 

concentrations of nutrients exuded by plant roots. Indigenous microorganisms must 

be adapted to these changing conditions. In Publication I, in contrast to bulk soil, 

rhizospheres of sugar beet, wheat and oilseed rape plants were shown to have a 

promising potential to harbour PHA producing bacteria. The highest number of 

positive tested strains was found in the rhizosphere of sugar beet. The relative copy 

number of phaC was statistically significantly enhanced in all tested rhizospheres. 

Also new PHA producing bacterial species such as Burkholderia terricola were 

detected. 

Hypothesis number two claimed lichens to be an emerging bioresource for PHA 

producing bacteria among terrestrial ecosystems. In lichen thalli bacteria also find 

dramatically changing abiotic conditions such as strong oscillations in water 

availability. Production and storage of PHA might be a competitive advantage in this 

changing environment. In Publication II by applying both cultivation dependent and 

independent methods results clearly demonstrate that lichen thalli are colonised by 

numerous bacteria, which were potentially able to accumulate PHA and keep 

promise for biotechnological applications.  

Investigated habitats were predicted to harbour new PHA producing bacterial strains 

with a high biotechnological potential. According to results in Manuscript I, one 

example for a biotechnological useful strain is Burkholderia terricola, isolated from 
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the rhizosphere of sugar beet, a microhabitat with changing conditions. B. terricola is 

able to produce up to 70% w/w of cell dry mass PHA. Furthermore this strain is a 

promising plant growth promoting agent, has extremely high colonization abilities and 

can be found in rhizosphere as well as endorhiza of sugar beet plants.  

PHA plays a crucial role in competitive root colonisation. Inclusions of storage 

substances (e.g. PHA) is a bacterial strategy to increase survival and store energy in 

changing surroundings such as in the rhizosphere of plants or in lichens. 

Understanding the role of PHA in root colonization of B. terricola is an important 

quest in microbial ecology, which was investigated in Manuscript I by experiments 

conducted with a PHA negative mutant of B. terricola. The ability to produce PHA 

enhanced the strength of competition for space. When mutant and wild type strain 

were tested in a competitive assay B. terricola was able to occupy root and 

endosphere and completely outcompete the mutant strain. 

Combination of chemical, molecular and microbiological methods can elucidate the 

ecological function of PHA in environmental habitats. Manuscript II reviews current 

knowledge about occurrence of PHA producing microorganisms in different 

environments. In aquatic as well as in terrestric habitats PHA producing 

microorganisms fulfil functions of ecological and biotechnological importance. The 

review also discusses well established and recently used cultivation independent 

methods for detecting PHA and PHA producing bacteria in environmental samples. 
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Publication II 

Lichen-associated bacteria antagonistic to phytopathogens and 

their potential to accumulate polyhydroxyalkanoates 

 

Ilona Gasser, João Vieira de Castro Junior, Henry Müller and Gabriele Berg 

Graz University of Technology, Institute of Environmental Biotechnology, Graz, 

Austria 

 

IOBC/wprs Bulletin, Biological Control of Fungal and Bacterial Plant Pathogens 

„Climate change: Challenge or Threat to Biocontrol?” (in press) 

 

Abstract Bacteria are known to produce polyhydroxyalkanoates (PHA) as a 

storage substance, which has properties similar to those of petroleum-derived 

Polypropylene. Therefore, it is important to find PHA producing bacteria, which cope 

with industrial demands. Among terrestrial ecosystems, the highly active lichen-

associated bacterial communities are expected to be a bio-resource for PHA-

producers. Bacteria associated with the lichens Peltigera canina, Lobaria pulmonata, 

L. immixta, L. virens, and Pseudocyphellaria aurata collected from different European 

countries were isolated and tested for their ability to antagonize the phytopathogenic 

fungi Rhizoctonia solani and Verticillium dahliae. Antagonists were subsequently 

screened on their ability to produce PHAs by applying a multiphasic approach. In a 

first step, a cultivation independent method was developed to determine the 

occurrence of gene phaC within the microbial community of different lichens. Using 

cultivation-dependent techniques, bacterial isolates from different lichens were tested 
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on PHA accumulation in vitro employing a plate assay. In addition, the presence of 

the PHA synthase gene phaC was determined using PCR analysis. This study 

indicates that the thalli space of lichens contains a remarkable and very interesting 

population of PHA producing bacteria, and more studies should be conducted to 

understand much better the interaction and function of these bacteria in lichens as 

well as their potential for biocontrol strategies. In conclusion, lichen habitats are an 

excellent source for PHA-accumulating bacteria.  

Keywords: PHA, rhizosphere, lichens, bacteria, biotechnology, antagonism 

 

Introduction  

 

Biopolymers are an alternative to petroleum-based polymers with a wide range of 

environmental advantages. Bacteria are able to produce polyhydroxyalkanoates 

(PHA) as storage substances, of which some (e.g. polyhydroxybutyrate) have 

properties similar to those of polypropylen (PP). Therefore it is necessary to find PHA 

producing bacteria which cope with industrial demands. The microbial world is found 

in all kinds of ecological niches: in yet unexplored habitats with its microbial diversity, 

bacterial strains with great promise for biotechnological applications could be found. 

Lichens represent fungal symbioses with an algae and/or cyanobacteria as partner. 

Bacterial communities were found as further and functionally relevant associates. 

Among the highly diverse microbial community, Alphaproteobacteria belong often to 

the dominant bacterial groups in lichens (Gonzáles et al. 2005; Cardinale et al. 2006; 

Liba et al. 2006; Cardinale et al. 2008; Grube et al. 2009). The involvement of 

associated bacteria in nutrient cycling is indicated by characterization of cultivable 
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strains and by the presence of functional genes in the total fraction (Grube et al. 

2009). The symbiosis of the three partners (fungi, algae and bacteria) enables 

lichens to tolerate environments, which for one individual partner would be too 

extreme for long-term surviving (Nash 2008). Beside secondary metabolites and 

bioactive properties of lichens (Boustie and Grube 2005; Boustie et al. 2010), 

bacteria find a long-existing and specific habitat with dramatically changing abiotic 

conditions. Inclusion of storage substances may be a competitive advantage. The 

objective of this work was to analyze the PHA producing potential of antagonistic 

bacteria associated with lichens.  

 

Material and methods 

 

Isolation and cultivation of bacteria and community DNA 

Bacteria were isolated from the lichen species Peltigera canina, Lobaria pulmonata, 

L. immixta, L. virens and Pseudocyphellaria aurata which were sampled in Austria 

(Styria), Norway (Bergen), Switzerland (St. Gallen) and Portugal (Madeira). An 

amount of 2-4 g fresh material was suspended in 0.85% NaCl and homogenized for 3 

min by agitation. The samples were plated onto R2A agar medium (Difco, Detroit, 

USA) and were incubated for 5 days at 20 °C. The bacteria were selected according 

to their morphological characteristics and purified by cultivation in Nutrient Agar 

medium (NA, Sifin, Berlin, Germany) for 48 hours at 20 °C. Microbial community DNA 

from lichens was extracted by mechanical disruption and homogenization of 300 mg 

material in a FastPrep Instrument (BIO 101 Systems: Qbiogene, Carlsbad, USA) for 

30 s at speed 5.0 (Grube et al. 2009). 
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Analysis of antagonistic activity 

A dual culture method was used to determine the ability of the isolated strains to 

inhibit the growth of fungal pathogens. Representative isolates of all lichens were 

tested for their antagonistic activity against Rhizoctonia solani RHI SO W4 and 

Verticillium dahliae V25. These assays were carried out on petri dishes containing 

Waksman agar (Berg et al. 2002). Only positive antagonistic strains were used for 

the screening of PHA producing bacteria. 

Screening of PHA producing bacteria  

In the present study, different lichen-associated bacteria were tested on their ability 

to produce PHBs by applying a multiphasic approach. Using cultivation-dependent 

techniques, bacterial isolates originating from different lichen species were screened 

on their ability to form PHAs in vitro by microscopic approach as well as on the 

presence of PHA synthase genes using polymerase chain reaction (PCR) with the 

specific primers phaCF1 and phaCR4 (Sheu et al. 2000). On the other hand, a 

cultivation independent method was developed to determine the occurrence of genes 

for the key enzyme of the PHA synthesis within the microbial community of lichens. 

Briefly, for PCR reaction the thermal cycle programme consisted of one cycle of 

94 °C for 10 min, 51 °C for 2 min, 72 °C for 2 min, and 35 cycles of 94 °C for 20 s, 

57 °C for 45 s, 72 °C for 1 min, a final incubation step at 72 °C for 5 min. As template 

for PCR from single bacteria isolates, 1 µl of a DNA preparation was used obtained 

by suspending cell material from an over-night culture in 50 µl de-mineralized water 

and incubating at 98 °C for 10 min. As template for PCR from community DNA, 1 µl 

of total DNA extract was applied. PCR-amplified DNA fragments were observed by 

gel electrophoresis using 1% agarose gels. Exemplarily, DNA fragments were 

sequenced to prove their identity. For microscopy, to detect formation of PHA 
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granules in single isolates, bacteria were plated onto a solid minimal medium 

containing high amount of glucose (1.0 g/L) and low amount of nitrogen (0.5 g/L 

NH4Cl) which is optimised for PHB-production. Plates were incubated for at least five 

days at 30 °C. 

 

Results and discussion 

 

Screening of PHA producing bacteria 

By applying both, cultivation-independent as well as cultivation-dependent methods, 

the results clearly demonstrate that lichens are colonised by numerous bacteria 

which are potentially able to accumulate polyhydroxybutyrates as energy and carbon 

source. The use of total community DNA extracted from the selected lichens in this 

study (Peltigera canina, Lobaria pulmonata, L. immixta and Pseudocyphellaria 

aurata) was used for an initial screening (Fig. 1.), which revealed the presence of 

phaC genes in all tested lichen species. For further studies, 122 strains were 

randomly selected from five different lichens (Peltigera canina, Lobaria pulmonata, 

Lobaria immixta, Pseudocyphellaria aurata and Lobaria virens) to analyze the ability 

to produce PHAs. 
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Fig 1. Presence of phbC gene in total bacterial community DNA in samples isolated 

from Peltigera canina and Lobaria pulmonaria (Austria/Styria) and L. immixta and 

Pseudocyphellaria aurata (Portugal/Madeira). 

 

 

Fig 2. Bacteria isolated from the lichen species Peltigera canina, Lobaria pulmonata, 

L. immixta, L. virens and Pseudocyphellaria aurata, tested for their potential to 

produce PHA by PCR and microscopy. The lichens specimens were sampled in 

Austria (Styria), Norway (Bergen), Switzerland (St. Gallen) and Portugal (Madeira). 
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As shown in Fig. 2., for 23 out of 122 (28%) analysed bacterial isolates a positive 

PCR signal was obtained. To confirm PCR results by in vitro production of PHA, 

bacterial isolates were grown on minimal medium, and were examined under the 

microscope for granules. For 12 (14.6%) isolates, a correlation between intracellular 

granules and a positive PCR signal was shown. However, 99 isolates carry the phbC 

gene but show no visible PHA accumulation during cultivation. The reason could be 

different demands on conditions for producing PHA. According to our results, lichens 

represent a promising reservoir for polyhydroxyalkanoate producing bacteria. The 

ecological background behind could be storage strategies in a habitat of strong 

oscillation in water availability, as present in lichen thalli. It seems possible that 

bacteria benefit from PHA production because of the particular bacterial diet in the 

lichen thalli, mainly consisting of carbohydrate rich intercellular material. 
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Abstract  

 

Members of the genus Burkholderia are versatile bacteria with ambivalent 

interactions with eukaryotes and a high biotechnological potential. To study 

ecosystem function and life style of B. terricola, a so far less-studied species, we 

analysed the interaction with plants and in soil as well as the mechanisms behind. B. 

terricola ZR2-12 treatment resulted in enhanced growth of sugar beet, biomass was 

more than doubled in comparison to the non-treated control. The strain is an 

extraordinary good root coloniser, which can be found in rhizosphere as well as 

endorhiza of sugar beet plants up to 10 log10 CFU g-1 root fresh weight (fw). Using 

DsRed labelled cells in confocal laser scanning microscopy (CLSM) to study 

colonisation pattern, we found Burkholderia cells in large micro-colonies along the 

apoplastic spaces of the root. Xylem vessels were colonised by smaller aggregates 

and single cells, whereas in root tips mainly single cells were present. Colonisation 

patterns strongly differed between older and younger parts of the roots. ZR2-12 was 

not able to fix nitrogen, produced no indole acetic acid or antagonistic activity but 

showed 1-aminocyclopropane-1-carboxylate deaminase activity and stored 

polyhydroxybutyrate (PHB) up to 70% w/w of cell dry mass. The role of PHB was 

analysed using a PHB-negative mutant in comparison to the wild type. The ability to 

produce PHB enhanced the strength of competition for space, which was 

demonstrated for root colonization. According to our results, B. terricola ZR2-12 is a 

promising plant growth promoting agent. 
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Introduction 

 

The genus Burkholderia described by Yabuuchi et al. (1992) combines a diverse 

group of Betaproteobacteria with currently 64 species, and includes bacteria that 

undergo bivalent interactions with animals, plants and human hosts (Vandamme et 

al., 1997). Members of the genus Burkholderia are able to colonise a wide range of 

niches including bulk soil, rhizosphere, water and also urban environments. 

Burkholderia is well known for its pathogenic representatives like B. mallei, B. 

pseudomallei or B. cepacia (Godoy et al., 2003; Mahenthiralingam et al., 2005). On 

the other side, Burkholderia species are known for important ecosystem functions in 

soil like biodegradation of complex (xenobiotic) compounds (Chang and Zylstra 1998; 

Diaz 2008), and for plants: plant growth promotion (Sessitsch et al., 2005) as well as 

pathogen defence against plant pathogenic fungi (McLoughlin et al., 1992; Hebbar et 

al., 1998; Tran Van et al., 2000). Especially during the recent years, a growing 

number of Burkholderia species with beneficial interactions with their host plants 

have been reported, e.g. nitrogen-fixing Burkholderia strains like B. vietnamensis 

(Gillis et al., 1995) and B. silvatlantica (Perin et al., 2006), nodulating strains from 

different plants (Vandamme et al., 2002; Chen et al., 2006), endosymbionts of leaf 

galls of Psychotria plants (van Oevelen et al., 2002), species with an intimate 

interaction with bryophytes (Vandamme et al., 2007), and endophytes with a high 

activity of the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase able to 

influence the ethylene level in plants (Sessitsch et al., 2005). Many Burkholderia 

species exhibit antifungal activity, which was identified as quorum sensing-regulated 

function (rev. in Eberl 2006; Sokol et al., 2007, Schmidt et al., 2008). The life style as 

well as the ecosystem function of Burkholderia terricola, a species described by 

Goris et al. (2002), are largely unknown (Coenye & Vandamme 2003). While the type 
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strain was isolated from agricultural soil degrading a wide range of carbon sources, 

we isolated a strain from a plant-associated habitat: the rhizosphere of sugar beet 

(Gasser et al., 2009). The strain Burkholderia terricola ZR2-12 was characterised by 

its polyhydroxybutyrate (PHB) production. 

In comparison to bulk soil, in the rhizosphere the abundance and activity of 

microorganisms is enhanced as result of rich root exudation (Sørensen 1997; Bais et 

al., 2006). Especially bacteria with antagonistic activity against plant pathogens are 

enriched in the rhizosphere of different plants (Berg et al., 2002, rev. in Berg & 

Smalla 2009) but also PHB producing bacteria (Gasser et al., 2009). Inclusion of 

storage substances such as PHBs is a bacterial strategy to increase survival in 

changing surroundings such as in the rhizosphere (Müller et al., 1999) but also to 

store energy (Steinbüchel et al., 2002¸ Steinbüchel & Valentin 2006). Little is known 

about the relevance of PHBs for the life style of Burkholderia. Interestingly, for free-

living as well as symbiotic nitrogen-fixing bacteria of the genera Azospirillum, 

Azotobacter, Herbaspirillum and Rhizobium, a relationship between PHB-

accumulation and rhizosphere colonisation was described (rev. in Castro-Sowinski et 

al., 2010). Understanding the role of PHB as storage material is important for 

agricultural applications like bacterial inoculants for soils, seeds and plants (Kadouri 

et al., 2005). 

To investigate in a first step ecosystem function and the life style of B. terricola 

in terrestrial ecosystem, the interaction of Burkholderia terricola ZR2-12 (Gasser et 

al., 2009) with sugar beet plants and in soil was analysed. The ability to colonise the 

root was compared with Pseudomonas fluorescens WCS365, which is known to be 

an extraordinary root coloniser (Dekkers et al., 1998). Furthermore, using DsRed 

labelled Burkholderia cells in confocal laser scanning microscopy (CLSM), 

colonisation pattern were studied in detail. Due to the plant growth promotion and 
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antagonistic activity, the role of PHB in root colonisation was analysed by using a 

PHB-negative mutant in a polyphasic approach.  

 

 

Material and Methods 

 

Bacterial strains 

Burkholderia terricola ZR2-12 (EMBL no. FN313521.1) was isolated from the 

rhizosphere of sugar beet (Beta vulgaris L.) in Deggendorf, Germany (Gasser et al., 

2009). For soil and plant experiments, a spontaneous rifampicin-resistant mutant of 

B. terricola ZR2-12 was used. No differences in growth rate were found between 

mutant and wild type. For competition assays, Pseudomonas fluorescens WCS365 

was used as model strain for an excellent root coloniser (Dekkers et al., 1998).  

 

Seed priming, plant growth conditions and root colonization experiments 

Seeds of sugar beet (cv. Calida, KWS SAAT AG, Einbeck, Germany) were surface 

sterilised by washing with water for 5 min and incubated with 70% ethanol for another 

5 minutes followed by an additional washing step in sterile water. For seed priming, 

1 g of seeds was incubated for 6 h in liquid culture of the respective strains grown in 

mineral salt medium (MM) (Schlegel et al., 1961) for 24 h. For control treatment, 1 g 

of seeds was incubated with sterile MM medium. After priming, inoculated seeds 

were dried and sown in 12 cm pots or in culture tubes type ‘De Wit’ (Duchefa, 

Haarlem, The Netherlands) containing sterile soil (Gramoflor, Vechta, Germany) or in 

seed germination pouches (Mega International, Minneapolis, MN, USA) moistened 

with sterile water. Plants were grown under greenhouse conditions with 14 h of light 
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and 20°C. For root colonisation competition assay sugar beet seeds were primed 

with B. terricola ZR2-12 and P. fluorescens WCS365 (Dekkers et al., 1998) at the 

same time and germinated in sterile soil in ‘De Wit’ culture tubes. A spontaneous 

rifampicin resistant mutant of ZR2-12 was used for this experiment. After 10 days of 

growth, cell numbers per g root (fresh weight) of both strains were determined. For 

root colonisation competence assays sugar beet seeds were primed with 

spontaneous rifampicin resistant mutants of strains ZR2-12 or ZR2-12_PHB- and 

germinated in autoclaved soil in 12 cm pots. After three weeks bacterial cell numbers 

present on roots were determined. For determination of colonisation velocity non 

primed sugar beet seeds were set into soil inoculated with either ZR2-12 or ZR2-

12_PHB-. Inoculated soil was prepared as described under drought stress 

experiment. Suspensions were filtered, bacterial cell number of soil was determined, 

and soil was placed into culture tubes. In each culture tube two non primed sugar 

beet seeds were set. After 10 days bacterial cell number of roots was determined. 

Experiment was repeated three times.  

 

Confocal Laser Scanning Microscopic (CLSM) analyses 

For microscopic analyses of ZR2-12 and its PHB negative Mutant (ZR2-12_PHB-) on 

sugar beet roots (cv. Calida), transconjugants of both strains expressing the 

fluorescent protein DsRed were used. Conjugative plasmid transfer by triparental 

mating was done as described by de Lorenzo und Timmis (1994). For both strains, 

the pIN69 Vector (Vergunst 2010) with a Trimethoprim resistance (100 µg ml-1) was 

used. One gram of surface sterilised seeds was incubated for 6 hours in liquid culture 

of ZR2-12 [pIN69] and ZR2-12_PHB- [pIN69] grown in MM to an OD of 1.5. After 

priming, the seeds were dried and applied to seed germination pouches with 10 ml 

sterile water. This was done in 3 replicates (6 seeds per pouch). The experiments 
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were conducted under greenhouse conditions (14 h of light, 20 °C). After one, two 

and three weeks sugar beet roots were observed with a TCS SPE confocal 

microscope (Leica Microsystems, Germany) using the following laser lines 

(nm)/detection wavelengths (nm): DsRed, 532/570−620; plant tissues 

(autofluorescence), 405/425−490. Confocal stacks were acquired with Z-step of 0.2-

0.5 µm and sequential activation of laser lines/detection windows. Maximum 

projections, volume renderings and 3D models were created with the software 

IMARIS 7.0 (Bitplane, Zurich, Switzerland). Final figures were assembled and 

labelled with Adobe Photoshop CS3, version 10.0.1 (Adobe Systems Inc., USA). 

 

Plant growth promotion experiment 

Seeds were inoculated with a spontaneous rifampicin resistant mutant of B. terricola 

ZR2-12 and applied to autoclaved soil in 12 cm pots. After one, two, and three 

weeks, plantlets were harvested and fresh weight of all plant parts was determined 

gravimetrically. Experiment was done in three replicates each with six seeds per pot 

and repeated three times. 

 

Determination of bacterial cell numbers 

About 0.4 g (week 1), 3.5 g (week 2) and 13 g (week 3) of root material was sampled 

into sterile plastic bags and homogenised with mortar after adding 3 ml of NaCl 

solution (0.9%). Suspensions were serially diluted and plated on nutrient agar II 

(Sifin, Berlin, Germany). After three days of incubation at 30°C colony forming units 

(CFU) were determined and calculated to CFU per gram root fresh weight. In 

experiments using the spontaneous rifampicin resistant mutant of B. terricola ZR2-

12, medium was supplemented with 80 µg ml-1 rifampicin (Fluka, St. Louis, MO, 

USA). 
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Phenotypical and biochemical characterization of Burkholderia terricola 

ZR2-12 

ACC (1-aminocyclopropane 1-carboxylate) deaminase activity was tested on Brown 

& Dilworth (BD) minimal medium (Brown and Dilworth, 1975) containing 0.7 g ACC L-

1 as a sole nitrogen source. BD plates containing 0.7 g NH4Cl L-1 served as positive 

controls and BD plates containing no nitrogen source were used as negative 

controls. ACC deaminase production was monitored after 7 days of incubation at 30 

°C (Vandamme et al., 2007). Auxin production was tested by colorimetric estimation 

of indole-3-acetic acid in liquid culture according to Sawer and Kremer (1995). 

Formation of pink colour was measured photometrically at 530 nm and quantified 

with a dilution row of indole-3-acetic acid (Sigma-Aldrich, St. Louis, USA) ranging 

from 5 µg ml-1 to 60 µg ml-1. Production of C4-C6 AHLs was checked by plate 

assays according to McClean et al. (1997). Test strains were cross-streaked against 

Chromobacter violaceum CV026. Development of purple colour due to violacein 

production of C. violaceum evaluated. For assessment of production of extracellular 

proteolytic enzymes, ZR2-12 was screened by plating on nutrient agar II containing 

10% skim milk. Clearance halos indicating protease activity were measured after an 

incubation time of 3 days at 30°C. Antifungal activity was determined by a dual-

culture in vitro assay on Waksman agar (WA). Zone of inhibition was measured after 

5 days of incubation at 20°C by the method of Berg (1996). Fungi used in this 

bioassay included Rhizoctonia solani DSMZ 63010 and Verticillium dahliae V25 

(strain collection Graz University of Technology). Additionally Rhizoctonia solani was 

used for an in vitro biocontrol experiment with three days old seedling of sugar beet 

`Calida` was done according to Keijer et al. (1997). Siderophore production was 

assayed by the method of Schwyn & Neilands (1987). Clearance halos indicating 

siderophore production were measured after 3 days of incubation at 30 °C. Nitrogen 
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fixation was tested with nitrogen free medium according to Brown and Dilworth 

(1975). Ability to grow on nitrogen free medium was assessed after one week. Thin 

layer chromatography was performed to analyse triglyceride (4 mg ml-1 glyceryl 

trioleate, fatty acids (2 mg ml-1 oleic acid) und wax ester (1 mg ml-1 oleyl oleate). As 

eluent hexane, diethyl ether and acetic acid in a ratio 90:7.5:1 were used 

(Wältermann et al., 2000; Uthoff et al., 2005). 

 

Construction and characterization of a PHB-negative mutant 

A PHB negative mutant of Burkholderia terricola ZR2-12 was produced by chemical 

mutagenesis with Ethylmethansulfonat (EMS, Merck, Darmstadt, Germany) 

according to Schlegel et al. (1970). Cell material of 1 ml liquid culture (grown for 24 

hours) was pelleted by centrifugation (2 min, 8000 rpm) and washed with phosphate 

buffered saline (PBS, pH 7.2). Pellet was suspended with 1 ml PBS containing 30 µg 

of EMS and incubated for 30 min. Afterwards pellet was washed two times with PBS 

again and resuspended in MM medium and plated onto MM Agar. After a 24 h 

incubation at 30°C, colonies were washed from plates with 1 ml MM and subjected to 

saccharose-density-centrifugation (12500 g, 2 h). Lower fraction was taken for further 

processing (Steinbüchel et al., 2003). After a phenotypic screening, the PHB 

negative mutant (ZR2-12_PHB-) was confirmed with nile red staining, microscopic 

analysis and GC analysis (Spiekermann et al., 1999; Timm and Steinbüchel 1990). 

No differences in growth rate in nutrient broth media and MM (24 h, 30 °C) were 

found between mutant and wild type.  

 

Starvation and drought stress experiment 

Autoclaved soil (15 g) was placed in a Petri dish and inoculated with 420 µl of a 24 h 

culture grown in MM medium of ZR2-12 and ZR2-12_PHB-. After incubation for 48 h 
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at 30°C, soil was suspended to a final volume of 100 ml with physiological NaCl 

solution and stirred for 30 min. Suspensions were filtered and soil with adhering 

bacterial cells was air dried for 24 h. 0.5 g of dried soil were resuspended in three ml 

of physiological NaCl solution, plated on nutrient agar II and cell number was 

determined. 

 

Quantitative and qualitative analyses of Polyhydroxybutyrate Acid 

Cells of ZR2-12 and ZR2-12_PHB- grown on MM with different NH4Cl concentrations 

(for inclusions 0.1% (w/v); for growth conditions 1% (w/v) were harvested by 

centrifugation (15 min, 6000 g, 4°C) and washed in 0.9% (w/v) sodium chloride, then 

lyophilized for 24 h. The PHB contents of the cells were determined upon 

methanolysis of 5 to 10 mg lyophilized cells in presence of 85% (v/v) methanol and 

15% (v/v) sulfuric acid. The resulting methyl esters were analysed by gas 

chromatography using an Agilent 6850 GC (Agilent Technologies, Waldbronn, 

Germany) as described previously (Timm and Steinbüchel 1990; Brandl et al., 1988). 

Lyophilized cells were subjected to methanolysis. For molecular analysis of the 

methyl esters, a coupled GC/MS was performed using an HP6890 gas 

chromatograph equipped with a model 5973 EI MSD mass selective detector 

(Hewlett Packard). The mass spectra obtained were evaluated using the NIST Mass 

Spectral Search program (Stein et al., 1998). Isolation and analysis of PHB for 

characterization was done by extracting the lyophilised PHB with chloroform (50 ml) 

by shaking for 24 h and precipitating with 10 x ice cold Ethanol.  

 

Statistics 

Plant experiments and colonisation experiments were done in three replicates and 

repeated three times. Results shown represent mean values of all replicates. 
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Statistical spread was calculated with confidence interval at P ≤ 0.05 or with standard 

deviation. Significances of differences were calculated using Student’s t-test. 

 

 

Results  

Effect of B. terricola treatment on plant growth 

The effect of bacterial treatment on growth of sugar beet plants was monitored in 

autoclaved soil. Fresh mass of plants grown from seeds inoculated with 3.87 ± 0.27 

log10 CFU seed-1 was determined gravimetrically, and compared to the non-treated 

control. As shown in Figure 1., B. terricola ZR2-12 inoculants induced a positive 

reaction on growth of sugar beet seedlings. Three weeks post-inoculation, 

Burkholderia-primed seeds resulted in statistically significant higher weight of 

seedlings (P = 0.0019), which was more than double than the non-treated control 

(1.26 g and 0.53 g on average per plant, respectively). Plant weight was in 

correlation with the leaf length: in B. terricola treated plants, leaves were on average 

1.4 cm longer than in non-treated control plants. In addition, experiments were 

conducted under non-sterile conditions in a climate chamber, in which the same plant 

growth promoting effect of B. terricola ZR2-12 but to a negligible lesser extend was 

observed (data not shown).  

 

Comparative analysis of root competence  

Root colonisation competence, which expresses the ability to establish in the root 

system of a plant (Sørensen 1997), was assessed by monitoring abundances of B. 

terricola ZR2-12 in the sugar beet root system. This experiment was carried out in 

comparison to Pseudomonas fluorescens WCS365, which is known to be an 
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extraordinary root colonising strain (Dekkers et al., 1998). Seeds were primed with an 

overnight culture of bacteria, which yielded in a cell number of 3.87 ± 0.27 log10 CFU 

seed-1. After 10 days, bacterial treatment resulted in comparable numbers for both 

strains (Fig. 2.). Sugar beet roots were colonised with 9.86 ± 0.97 log10 CFU g-1 fw 

root P. fluorescens WCS365 cells and with 9.59 ± 0.92 log10 CFU g-1 fw root B. 

terricola ZR2-12. No statistically significant difference in the root competence of both 

strains (P = 0.30) was calculated.  

 

Microscopic analyses of root colonisation pattern 

To analyse the colonisation pattern of B. terricola ZR2-12 in detail, CLSM (Confocal 

Laser Scanning Microscopy) was used. For this approach, seeds primed with DsRed 

tagged strains of ZR2-12 (ZR2-12 [pIN69]) were applied. The roots were analysed 

after three weeks grown under gnotobiotic conditions. Surprisingly, cells of ZR2-12 

[pIN69] were not only found in the root, also in the endorhiza. Indeed, analysis with 

Imaris software revealed an extremely dense colonisation of the endorhiza as well as 

rhizosphere by B. terricola (Fig. 3.). Large microcolonies consisting of hundreds of 

Burkholderia cells were found along the apoplastic spaces of the root. In addition, 

xylem vessels were colonised by smaller aggregates and single cells, whereas in 

root tips mainly single cells were present.  

 

Phenotypic characterization of Burkholderia terricola 

Knowledge about the mode of action is important for understanding the ecological 

role of plant associated microorganisms. Therefore several in vitro assays were 

performed to analyse the physiological and biochemical properties of B. terricola 

ZR2-12 (Tab.1). Strains ZR2-12 and ZR2-12_PHB- were able to grow on medium 

containing ACC as sole nitrogen source suggesting ability of ACC deaminase activity 
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for both strains. We found neither auxin production nor nitrogen fixation. No 

antifungal as well as antagonistic activity against the soil-borne plant pathogenic 

fungi Verticillium dahliae and Rhizoctonia solani were shown. B. terricola ZR2-12 was 

not able to control R. solani in a plant protection assay according to Kejger et al. 

(2003). Furthermore, no evidence for production of extracellular proteases, and 

resistance to high salinity was provided. After three days of incubation on 

siderophore detection medium, clearance halos of 1 mm diameter were formed, 

suggesting production of siderophores.  

Under accumulation conditions, B. terricola is capable of producing PHB up to 

70% w/w of cell dry mass by feeding with 1% (w/v) glucose and 0.05% (w/v) NH4Cl. 

Also under growth conditions in MM with 0.1% (w/v) NH4Cl and 1 (w/v) Glucose PHB 

level of up to 32% PHB w/w of cell dry weight was measured. Using TLC common 

fatty acids could be detected, but no wax ester and triglyceride (data not shown). 

 

Construction of PHB negative mutant Burkholderia terricola ZR2-

12_PHB- 

In order to investigate the role of PHB synthesis/accumulation, which was an 

outstanding ability of the strain, in root colonisation ability of B. terricola, we 

constructed a PHB-negative mutant of B. terricola ZR2-12. After chemical 

mutagenesis, a phenotypic screening of above 3000 strains resulted in six strains, 

which were subjected to GC analysis, nile red staining and microscopic analysis. Five 

of these strains produced an amount of in average 10.3% PHB. One strain (ZR2-

12_PHB-) was verified by GC to produce no PHB. This was verified after few months 

with same results. Microscopic and nile red staining affirmation was done 

continuously. No difference in growth rate was found between PHB- mutant and wild 
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type. Furthermore, the mutant ZR2-12_PHB- showed no differences to the wild type 

in all other mechanisms investigated (Table 1). 

 

Comparative studies of PHB negative mutant ZR2-12_PHB- and the wild 

type 

To assess whether the ability of PHB-production influences the colonisation 

competence of B. terricola, different experiments were conducted to analyse 

differences between wild type strain ZR2-12 and its PHB-negative derivate ZR2-

12_PHB-. Sugar beet roots grown from primed seeds were colonised in similar 

abundances by wild type and mutant: 6.05 ± 0.59 and 6.03 ± 0.57 log10 CFU g-1 fw 

root (Table 2, experiment A). As production of storage compounds like PHB can be 

linked to response to fluctuating nutrient supply, we tested the survival rate of both 

strains under drought stress in plant free soil. Densely colonised soil (Table 2, 

experiment B) was filtered and air dried for 24 h. After drought stress, survival was 

determined by plating resulting in a cell number reduction from 9.64 to 5.49 log10 

CFU g-1 fw soil for wild type and from 9.56 to 5.40 log10 CFU g-1 fw soil for the mutant 

(Table 2, experiment C). To assess whether PHB-production ability may facilitate 

faster colonisation of roots, sterile seeds of sugar beet were set into B. terricola 

colonised soil (Table 2, experiment D). After 10 days, cell numbers of roots of 

germinated seedlings were determined resulting in a strong colonisation of 9.45 and 

9.69 log10 CFU g-1 fw root for wild type and PHB--mutant respectively. These data 

suggest no advantage to colonise plant habitats of wild type producing PHB strain 

towards its PHB- derivative in non-competitive systems.  

Therefore, a competitive assay was used to determine the effect PHB-

production on plant colonisation competence. In two independent and three times 

repeated experiments, seeds were primed with ZR2-12 [pIN69] and ZR2-12_PHB- or 
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with ZR2-12_PHB- [pIN69] and ZR2-12 and grown in seed germination pouches for 

up to three weeks. When the PHB-negative mutant was DsRed tagged, no signal 

could be found, revealing ZR2-12_PHB- [pIN69] is suppressed by the not tagged 

PHB producing wild type ZR2-12. When ZR2-12 is DsRed tagged a dense 

colonisation could be observed. Colonisation patterns differed between older and 

younger parts of the root (Fig. 4.). Whereas dense colonies were present in the 

apoplastic spaces of the older root parts (Fig. 4., A-C), small colonies and single cells 

were found in the middle part of the roots (Fig. 4., D-F). In the vicinity of the root tip, 

only single cells were present (Fig. 4., G-I). Colonisation density increased with plant 

age (Fig. 4.). Older, middle aged and younger parts of roots from three weeks old 

plants were stronger colonised than those from two weeks or one week old plants, 

indicating a succession of colonisation in dependence of plant age and plant part. 

Analysis with Imaris software displays a dense colonisation of root surface and root 

endosphere by B. terricola. By serially diluting of crushed roots and plating on 

nutrient agar an average cell number of 9.86 log10 CFU g-1 fw root was determined. 

 

Discussion 

 

Beside plant and human pathogens, the genus Burkholderia harbours diverse 

species, which are able to enhance plant growth and health. This study showed that 

the so far less-studied B. terricola belongs to the group of plant beneficial bacteria. B. 

terricola ZR2-12, which was originally isolated from the rhizosphere of sugar beet, 

was able to promote plant growth and showed an endophytic life style with extremely 

high colonisation abilities. During the last decade, endophytes defined as 

microorganisms living inside of plant organs and tissues without causing disease 

symptoms (Hallmann et al., 1997) have become interesting models to study plant-
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microbe interaction (Mei & Flinn 2010). Besides B. phytofirmans (Compant et al., 

2008), B. terricola can be suggested as model for investigating polyhydroxybutyrate-

producing endophytes. 

  Plant-associated Burkholderia strains with beneficial plant-microbe interaction 

are shown to be free-living or endophytic nitrogen fixers or they showed high activity 

of the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase able to 

influence the ethylene level in plants (Sessitsch et al., 2005). Activity of ACC 

deaminase found in B. terricola ZR2-12 could contribute at least in part to the 

observed plant growth promoting effect. No antifungal or other antagonistic activity, 

which was also described for Burkholderia species with a positive plant interaction, 

was found (Schmidt et al., 2008). Many Gram-negative bacteria have been shown to 

produce N-acyl-homoserine lactone (AHL) signal molecules, which are utilized by the 

bacteria to monitor their own population densities in a process known as ‘quorum 

sensing’ (QS; Fuqua et al., 1996). Most Burkholderia species investigated so far 

produce N-octanoyl-homoserine lactones (C8-HSL), which is synthesized by the AHL 

synthase CepI. Previous works has identified several QS-regulated functions in 

strains of the genus Burkholderia, including the production of extracellular proteases, 

chitinases, a polygalacturonase and siderophores, swarming motility and biofilm 

formation as well as antibiotic production (for reviews see Eberl 2006; Sokol et al., 

2007, Schmidt et al., 2008). For B. terricola ZR2-12 we could not find production of 

C4-C6 AHLs. The outstanding ability of ZR2-12 was the production of PHBs up to 

70% w/w of cell dry mass. Therefore we decided to study this mechanisms and the 

involvement in root competence more in detail using a PHB-negative mutant.  

When tested in separate systems, no statistically significant differences 

between wild type strain and PHB-negative mutant were observed in root 

competence, drought stress tolerance, survival ability and colonisation velocity. 
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However, when both strains were tested in a competitive assay, B. terricola ZR2-12 

was able to occupy root and endosphere, and completely outcompete the PHB-

negative mutant. These findings are in accordance with results obtained for nitrogen-

fixing bacteria of the genera Azospirillum, Azotobacter, Herbaspirillum and 

Rhizobium, which showed a positive relationship between PHB accumulation and 

root colonisation (rev. in Castro-Sowinski et al., 2010). It has to be discussed that this 

mutant was constructed chemically. Although we have shown that the phenotype 

does not produce PHBs anymore, we were not able to fully characterise the 

genotype (data not shown). Reasons for this are the missing genetic information and 

the low level of phylogenetic similarity to other PHB producing bacteria. Using Tn5 

mutagenesis, we were not able to produce a defined mutant without any PHB 

production. Here, reasons can be the higher copy number of genes. However, 

molecular knowledge of PHB synthesising and degrading genes in Burkholderia is 

necessary to fully understand their ecosystem function. 

Microbial inoculants on the basis of plant growth promoting or biocontrol agents 

have a big potential for sustainable and environmentally friendly agriculture (rev. in 

Berg 2009). In addition, microorganisms can act as stress-protecting agents, which 

shows that plant associated bacteria are an important factor influencing the response 

of plants to climate change (rev. in Compant et al., 2010). B. terricola ZR2-12 is a 

promising candidate to develop a strategy for plant growth promotion because i) it is 

a potent root coloniser, ii) showed endophytic life style, iii) can well survive in plant-

associated microhabitats with changing conditions, iv) possesses the ability of stress-

protection, and v) its PHB production may be of advantage for formulation. The 

interaction between plant-associated microorganisms among themselves as well as 

with their host plants is highly complex (Sørensen 1997). Here we showed a first step 
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to identify this complex network for B. terricola, which is important to understand the 

ecological function but also for biotechnological applications. 
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Tab. 1. Phenotypic and biochemical characterization of B. terricola ZR2-12 and its PHB- mutant. Different in vitro and ad planta tests 

were conducted in order to investigate properties related to plant-microbe interaction and ecological function. Positive or negative 

results are pictured with + or -. When experiment was not determined it is abbreviated with n.d. 

 

 
1) Dual culture plate assay against Rhizoctonia solani and Verticillium dahliae 
2) Plant protection assay against Rhizoctonia solani according to Keijer et al. (1997). 
3) Plate assay (+ is two millimetre clearance halos) 
4) Elevated increase in plant biomass compared to non primed seeds 
5) Colorimetric assay of liquid culture supernatants according to Gordon et al. (1951) 
6) Determined by thin layer chromatography 
7) Determined by gas chromatography 

 

 

  Antifungal activity and Biocontrol   Plant-microbe-interaction   Storage compounds   PHB production in ZR2-127) 

 

Antifungal Plant Growth on Siderophore 
AHL3) 

Proteolytic 
 

Plant growth Nitrogen 
Auxin5)  

Wax 

ester6) 
Triglyceride6) 

PHB  

production7) 
 

under growing 

under 

accumulation 

activity1) protection2) 3 % 

NaCl3) 

production3) activity3) promotion4) fixation3) conditions condititons 

ZR2-12 - - - + - -   + - -   - - +   32 % PHB w/w  70 % PHB w/w 

ZR2-

12_PHB- 
- - - + - -   + - -   n.d. n.d. -   - - 
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Tab. 2. Comparison of colonisation competence between wild type strain B. terricola 

ZR2-12 and its PHB negative mutant ZR2-12_PHB-. Experiments A and E show 

abundance of B. terricola on roots (log cfu/g root ± SD), experiments B-D show 

abundance in soil (log10 CFU g-1 soil ± SD) also for both, wild type and mutant. 

 
 

Experimental design ZR2-12 ZR212_PHB- 

 

A    Colonisation competence1)  6.05 ± 5.98 6.03 ± 5.78 

B    Soil before drought stress2)  9.64 ± 9.06 9.56 ± 8.77 

C    Soil after drought stress2) 5.49 ± 5.07 5.40 ± 5.10 

D    Soil without seedlings3) 8.53 ± 7.31 8.50 ± 7.33 

E    Roots after 10 days3) 9.45 ± 9.27 9.69 ± 9.67 

 

1) Sugar beet seeds were primed with the respective strain and germinated in sterile soil. Bacterial cell 

numbers per g root freshweight were determined after three weeks. 
2) Sterile soil was inoculated with the respective strain, incubated in physiological NaCl solution, 

filtered and air dried. Cell number was determined before and after air drying (cfu per g soil) 
3) Non primed sugar beet seeds were set into soil inoculated with the respective strain. Cell numbers 

of soil before setting of seeds (CFU per g soil) and cell numbers per g root fresh weight after 10 days 

were determined. 
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Fig. 1. Plant growth promoting effect of B. terricola ZR2-12 . Seeds of sugar beet 

were primed with strain ZR2-12 before setting and fresh weight of seedling shoots 

was examined after one, two and three weeks. Control seeds (negative control) were 

not primed. Y-axis shows fresh weight per plant in g. Error bars represent confidence 

intervals at P ≤ 0.05. Significance of difference between ZR2-12 and negative control 

in week 3 was 0.0019.  
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Fig. 2. Root colonisation competence of Burkholderia terricola ZR2-12 compared to 

Pseudomonas fluorescens WCS365 in a competitive assay. Seeds of sugar beet cv. 

‘Calida’ were primed with both strains at the same time and cell numbers of roots 

were determined after 10 days of growth. Y-axis shows CFU g-1 root (fresh weight). 

Error bars represent confidence intervals at P ≤ 0.05.  
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Fig. 3. Endophytic colonisation of sugar beet roots (Beta vulgaris) by Burkholderia 

terricola ZR2-12 [pIN69], observed by confocal laser scanning microscopy. A-C: 

dense colonies of B. terricola ZR2-12 following the direction of root apoplastic spaces 

in the older part of the root, three weeks after plant germination; D-F: small colonies 

and single cells of B. terricola ZR2-12 colonizing the inside of the xylematic vessel in 

the middle part of the root, two weeks after plant germination; G-I: endophytic cells of 

B. terricola ZR2-12 in the vicinity of the root tip, three weeks after plant germination. 

(A, D and G: volume rendering; B, C, E, F, H and I: 3D-reconstructions). 
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Fig. 4. Endophytic colonisation in different parts of sugar beet roots (oldest, middle, 

and youngest) by Burkholderia terricola ZR2-12 [pIN69] investigated by Confocal 

Laser Scanning Microscopy over a time period of one to three weeks. Volume 

rendering and 3-D reconstructions with Imaris software display a dense colonization 

of root surface and endorhiza. 
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Introduction 

Production of poly-β-hydroxyalkanoates (PHA) by bacteria was first reported by 

Lemoigne in 1923 (Lemoigne 1923). It is well established that PHA are synthesized 

by bacteria as intracellular storage compounds to serve as carbon and energy source 

under unfavourable conditions (Macrae and Wilkinson 1958). PHA producing 

microorganisms can take advantage of their ability to accumulate storage 

compounds in environments of fluctuating availability and limitation of nutrients. 

Fluctuating availability of carbon sources is challenged by the production of PHA in 

times of carbon excess and its degradation and utilization in times of carbon 

limitation. PHA-producers also can overcome limitation of other essential nutrients 

such as nitrogen, phosphate, oxygen etc. and concomitant sufficient availability of 

carbon. The storage compounds produced under these conditions can be utilized as 

carbon source as soon as the limiting nutrient is available again. Ecosystems, where 

PHA producers are to be expected, exhibit the mentioned properties – fluctuation of 

carbon availability or transient limitation of essential nutrients. PHA producing 

bacteria have been found in both aquatic and terrestrial environments.  
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Occurrence and importance of PHA-producers in aquatic ecosystems 

As fluctuations of available nutrients are strongly pronounced in marine 

environments, a lot of studies have investigated the PHA producing microorganisms, 

the amount of PHA present and the composition of different PHA producing species. 

For example the nature of PHAs extracted from estuarine sediments is diverse. At 

least 11 different short chain PHAs have been detected in sediments sampled in 

Florida. Microcosm studies using these sediments show that mechanic perturbations 

and treatment with run-off water coming from adjacent pine woods leads to an 

increased production of PHA (Findlay and White 1983). In the latter case, run-off 

water acts as a chelating compound leading to a decrease in essential nutrients and 

by this way producing a relative excess of carbon. This triggers PHA synthesis of 

bacteria capable of PHA production present in the sediment. Mechanic perturbations 

lead to a disruption of the redox potential of the sediment releasing available carbon 

sources. In anaerobic layers of marine sediments PHA is detected only after aeration 

(Herron et al. 1978). As it seems to be a common phenomenon that PHA amounts 

are increased by perturbation of environments, it has been established that 

occurrence of PHA is an indication for an unbalanced growth of microorganisms in 

disturbed environments (Nickels et al. 1979).  

Another interesting habitat characterised by fluctuations of carbon availability are 

estuarine microbial mats. A high proportion of carbon is synthesized by anoxic 

photosynthesis (Martinez-Alonso et al. 2004), which requires special adaptations for 

microorganisms colonising this habitat, of which one is the production of storage 

compounds. In microbial mats of the Ebro delta, PHA amounts fluctuate in a diel 

manner, reaching its maximum at 18:00 o’clock and being degraded to a minimum 

level at 9:00 o’clock (Navarrete et al. 2000). Carbonic compounds produced during 
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the day in excess are intracellularly stored by PHA producing bacteria and utilized 

during the night as carbon and energy source suggesting a syntrophic interaction 

between PHA producing and photosynthetic microorganisms. From these mats PHA 

producing strains of Halomonas and Labrenzia have been isolated (Villanueva et al. 

2010). Combination of PHA-production and photosynthesis is not only limited to 

interspecies syntrophic effects, as shown by the example of Rhodospirillum rubrum, 

a photosynthetic bacterium producing PHA during light phase and utilizing it as 

energy and carbon source in the dark (Stanier et al. 1959). Also some cyanobacteria 

are known to produce PHA (Capon et al. 1983). Recently the ability of PHA 

production also has been shown for the marine cyanobacterium Spirulina subsalsa 

(Shrivastav et al. 2010).  

In aquatic ecosystems, occurrence of PHA producing bacteria is not limited to 

marine environments. Also freshwater sludges exhibit conditions favourable for PHA 

producing bacteria. The well-investigated model strain Ralstonia eutropha H16 was 

isolated from freshwater sludge of the Weende Quelle in Göttingen, Germany 

(Schlegel et al. 1961). It is used for industrial production of a copolymer consisting of 

poly-β-hydroxybutyric acid and poly-β-hydroxyvaleric acid (Holmes 1985; Steinbüchel 

1989; Holmes, European patent application 0 052 459, Oct. 1981). Abundance of 

PHA synthase genes also has been detected in river water of the Rio de la Plata, 

Buenos Aires in Argentina (Lopez et al. 1997). Another important habitat for PHA 

producing bacteria is groundwater sediment, where availability of phosphate and 

other nutrients is fluctuating with the quality of percolating water. PHB accumulation 

is shown for an isolate from these sediments as a response to fluctuation from 

starving conditions to nutrient rich conditions (Bengtsson 1991). PHA accumulating 

bacteria present in groundwater sediment may also be interesting for bioremediation 

of pollutants (Nichols and White, 1989). 
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Several man made aquatic systems offer appropriate living conditions for the 

accumulation of PHA producing bacteria. From activated sludge a mixture of different 

PHA species, ranging from C4 to C7 monomer chain lengths, have been isolated 

using chloroform extraction (Lowell et al. 1974). Oshiki et al. (2008) have found PHA 

producing representatives of the genera Dechloromonas, Accumulibacter, Thauera, 

Zoogloea, Comamonas, Competibacter and a novel cluster of Betaproteobacteria in 

activated sludge. PHA producing strains of Bacillus, Pseudomonas, Alcaligenes, 

Aeromonas and Chromobacterium have been found in sewage treatment plants 

(Vishnuvardhan et al. 2008). Two novel PHA producing gram positive species, 

belonging to the high G+C group have been isolated from an alternated 

anaerobic/aerobic (A/O) activated sludge system (Liu et al. 2000). Especially in A/O 

activated sludge systems PHA producing bacteria play an important role in nutrient 

and particularly phosphorous elimination from wastewaters. In the first, anaerobic, 

stage phosphate is released from particles of activated sludge. In this stage PHA 

producing bacteria accumulate PHA as a consequence of oxygen limitation but 

presence of sufficient organic carbon. The second stage is characterised by aeration, 

where these bacteria can utilize the stored carbon source and generate 

polyphosphate from the soluble phosphate in the wastewater. In this process called 

“enhanced biological phosphorous elimination”’ it is important to enrich bacteria, 

which are able to undergo both processes, PHA-accumulation and polyphosphate 

synthesis (Serafim, 2002).  

Whereas the mentioned habitats require the action of PHA producing bacteria for 

remediation of unwanted substances from different wastewaters, the following 

habitats should give examples for cheap substrates, which can be used as raw 

material for industrial production of PHA. The finding of cheap raw materials for PHA 

production is essential in order to keep production costs in a competitive range. For 
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example palm oil mill effluents and waste water from date syrup production display 

both carbon rich and cheap raw materials, where PHA producing bacteria have been 

found (Redzwan and Tan 1997; Ataei et al. 2008). Also nitrogen poor pulp and paper 

wastewaters can be sources of interesting PHA producing strains. In New Zealand 

the strain Novosphingobium nitrogenifigens has been isolated from such effluents 

(Addison et al. 2007).  

Occurrence and importance of PHA-producers in terrestrial ecosystems  

Being a well known source of biotechnologically interesting microorganisms 

(Handelsman et al. 1998; Daniel 2004), soil is also a promising source for PHA 

producing bacteria. For marine sediments it is shown that presence of PHA is an 

indicator for unbalanced growth (Nickels et al. 1979). Evidences, which support this 

finding to be true also for terrestrial ecosystems, come from reports of presence of 

PHA producing bacteria in somehow disturbed soils. PHA producing Bacillus strains 

have been isolated from gas field soil (Tajima et al. 2003). Kung et al. (2007) have 

found PHA producing bacteria in oil contaminated soils, industrial waste drainage 

sites and agricultural soils. In soil of an intensively cultivated hop field a higher PHA : 

phospholipid fatty acid ratio than in grassland and a crop rotation field has been 

detected. This can be traced back to the fact that higher amounts of fungicides and 

more rigorous farming practices in the hop field lead to an unbalanced microbial 

growth (Zelles et al. 1994).  

Contrary reports about PHA producing bacteria and PHA amounts associated with 

the rhizosphere are found in literature. The rhizosphere is defined as the volume of 

soil adjacent to and influenced by plant root and as a habitat of great microbial 

diversity (Sørensen 1997, Berg and Smalla 2009). On the one hand, several studies 

show a high abundance of PHA producing bacteria or high amounts of PHA in the 
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rhizosphere, sometimes in comparison to bulk soil. In the rhizosphere of rice plants a 

higher amount of PHA has been found in comparison to bulk soil (Reichardt et al. 

1997). Sugarcane fields are a rich source for PHA producing microorganisms (de 

Lima et al. 1999; Romo et al. 2007) and rhizosphere of sugar beet, oilseed rape and 

wheat harbour high amounts of PHA producing microorganisms as determined by 

screening of isolates, community DNA fingerprints and qPCR (Gasser et al. 2009). 

On the other hand, a study with seven rhizospheric gram-negative strains on roots of 

oilseed rapes have shown a lower PHA content at the rhizosphere in comparison to 

sand alone (Tunlid et al. 1985). From a clay-loam soil, where, besides of 

oligothrophic growth, accumulation of storage material is thought to be one survival 

strategy of microorganisms, a high percentage of PHA accumulating isolates has 

been retrieved (Wang and Bakken 1996). Reasons for these different findings could 

be the fact, that different parameters were tested in some studies (PHA amount, 

abundances of PHA producing isolates or PHA synthase genes) and different 

experimental setups were used (in vitro plantlets, field trial, field sampling). However 

presence of PHA producing bacteria in rhizosphere soil can be explained by the fact 

that roots on the one hand limit nutrient access for rhizospheric bacteria by 

consumption of essential inorganic nutrients, and on the other hand enrich 

rhizospheric soil with fluctuating root exudates mainly consisting of organic 

compounds. Root exudates mainly consist of organic secondary metabolites and 

their composition and amount is specific for plant species and fluctuates with plant’s 

physiological state (reviewed in Flores et al. 1999).  

By this way growing conditions suitable for PHA producing bacteria (limitation of 

essential nutrients and concomitant supply of carbon) are generated. It is remarkable 

that especially carbohydrate and oil producing crop plants display frequent and 

intense association with PHA producing bacteria (de Lima et al. 1999; Romo et al. 
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2007; Gasser et al. 2009). Since decades it is known that PHA is produced by 

bacteroids of root nodules of legumes and also of free living nitrogen fixing bacteria 

(Wong and Evans 1971; Stam et al. 1986), as though the role of PHA in the process 

of nitrogen fixation is not completely understood. Data suggest that accumulated 

PHA may prolong the period of nitrogen fixation in the dark (Bergersen et al. 1991) or 

may help the bacterial cell in maintaining its redox potential by energy production and 

NADH consumption (Dunn 1998; Encarnación et al. 2002). Recently PHA producing 

microorganisms have been detected in the microbiota of lichens (Gasser et al. 2010). 

With the aim of keeping production costs for industrial PHA low and by this way 

develop an attractive alternative to petroleum based products the search for new 

PHA producing bacterial strains still remains of interest. Important features of such 

strains could be also the tolerance towards extreme conditions. A PHA producing 

isolate of Bacillus isolated from gas field soil can accumulate PHA at temperatures of 

up to 45°C (Tajima et al. 2003). From hypersaline marine mats, PHA producing 

strains of the genera Sphingomonas and Bacillus have been isolated (Villanueva et 

al. 2010). Photoautotrophic and diazotrophic PHA producers may be helpful in 

utilization of certain nutrient poor substrates for the industrial production of PHA. 

Methods for examination of PHA and PHA producing organisms 

First analytic methods to determine PHB content in bacterial cells are based on 

gravimetric methods. PHB is extracted with chloroform from lyophilized bacterial cells 

and precipitated with acetone or diethylether (Lemoigne 1926). Data about PHA 

amounts also can be generated by turbidity measurement following lysis of cell 

material in alkaline sodiumhypochlorite (Williamson and Wilkinson 1958). For 

analysis of the polymer it is necessary to produce derivates of the polymer, which 

can be detected with subsequent methods. Hydrolysis with sulfuric acid (Law and 
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Slepecky 1961), methanolysis (Braunegg et al. 1978) and propanolysis (Riis and Mai 

1988) are common methods for generation of derivates of the extracted polymer. 

These derivates can be analysed using IR spectrometry (Jüttner et al. 1975), GC 

(Braunegg et al. 1978), GC/MS (Wallen and Rohwedder 1974), HPLC (Karr et al. 

1983) and fast atom bombardmend mass spectrometry (Ballistreri et al. 1989). Also a 

test kit for enzymatic PHA measurement in waste water treatments is available 

(Hesselmann et al. 1999). In signature lipid biomarker analysis amounts of different 

lipid molecules is measured using GC/MS. A high ration of PHA : phospholipid fatty 

acids is suggested as a marker for an unbalanced environment (White and 

Ringelberg 1997). These methods require break down of cell material, but are 

commonly used for quantitative and qualitative analyses of PHA in environmental 

samples. Methods which can measure PHA in intact cells following specific staining 

are flow cytometry and spectrofluorometry (Degelau et al. 1995; Vidal-Mas et al. 

2001), two-dimensional fluorescence spectroscopy and flow cytometry (Gorenflo et 

al. 1999) and fourier-transform infrared spectroscopy (Hong et al. 1999).  

For intracellular visualization of PHA granules staining methods such as sudan 

black B, nile blue A or nile red followed by light or fluorescent microscopy are used 

(Schlegel et al. 1970; Ostle and Holt 1982; Spiekermann et al. 1999). These dyes are 

more soluble in PHB and other lipophilic storage materials than in stain solution 

(Bartholomew 1981; Murray et al. 1994). Further information about PHA producing 

cells can be provided by combining staining methods with the usage of fluorescence 

labelled oligonucleotide probes and subsequent fluorescence microscopy. By this 

way new PHA producing microorganisms have been found in activated sludge (Liu et 

al. 2001). PHA staining can also be combined with staining of other inclusion bodies, 

such as poly phosphate (Rees et al. 1992; Kämpfer et al. 1996). For a rapid direct 

screening of environmental samples it is possible to include nile red into solid media 
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at a concentration of 0.5 µg/ml and detect presence of PHA positive strains in viable 

colonies. Nile red does not district growth of cells, but it is not applicable for gram 

positive bacteria. Intensity of fluorescence can also be used to differentiate different 

amounts of PHB inside the cells (Spiekerman et al. 1999). For tracking carbon fluxes 

within a community in vivo NMR is useful. Pereira et al. (1996) fed activated sludge 

reactors with 13C and investigated carbon fluxes with the involvement of PHA. 

Investigating PHA qualitatively or quantitatively in environmental samples with 

chemical extraction or staining approaches requires conditions which favour 

production of PHA at the actual sampling time point. Also, when isolates are 

screened for PHA production it is necessary to find cultivation conditions favourable 

for PHA accumulation, when using traditional approaches (Madison and Huisman 

1999). This can be avoided using a genotypic approach by confirming presence of 

PHA synthase genes (Kung et al. 2007). Colony PCR represents a rapid and reliable 

method to detect PHA producing strains from environmental habitats.  

A broad range of short and medium chain length polyhydroxyalkanoate-producing 

microorganisms can be screened by PCR. PHA synthases (PhaC) are key enzymes 

for producing PHAs (Rehm and Steinbüchel 1999). López et al (1997) first published 

the possibility of PCR to detect PHA producing bacteria in river water. There are 

primers available for all four classes of PHA synthase genes and methods of 

detection reviewed by Solaiman and Ashby (2005). PHA synthase gene amplifying 

primers are also useful to differentiate the different classes of PHA synthase genes. 

Solaiman et al. (2000) designed specific primers by multiple sequence alignment on 

basis of highly conserved sequences in regions of class II PHA synthase genes to 

detect class II PHA genes. Sheu et al. (2000) developed primers for colony PCR 

detection of class I and II PHA synthase genes of bacteria isolated from environment 
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by aligning highly conserved sequences of class I and II genes of 13 gram negative 

bacteria. For detection of class IV synthase genes Shamala et al. (2003) published 

primers basing on class IV phaC genes of Bacillus megaterium. Hai et al. (2004) 

developed a method to detect class III PHA genes of sulfate reducing- and 

cyanobacteria. These primers also can be used successfully in combination with 

community DNA fingerprint techniques such as single strand conformation 

polymorphism (SSCP). By this way specific patterns showing different phaC species 

for rhizosphere of sugar beet, oilseed rape, and wheat have been revealed (Gasser 

et al. 2009). Ciesielski et al. (2008) used some of these primers for construction of a 

phaC clone library from activated sludge samples and monitored phaC expression 

levels in a laboratory scale plant using Reverse-Transcription qPCR. 

There is a broad range of currently used cultivation independent methods for 

investigating PHA and PHA producing microorganisms in environmental samples as 

shown in Fig. 1. These methods provided a detailed insight into single processes 

correlated in PHA accumulation. To improve further understanding and to give deep 

and encompassing insights into the complex role of PHA producing microorganisms 

in different habitats and processes, it is necessary to apply combined approaches, 

covering measurement of PHA amounts, investigation of microbial diversity and 

assessment of enzymatic and microbial activity. 
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Fig 1. Summary of currently used methods for detection of PHA and PHA producing 

bacteria in environmental samples. NMR: nuclear magnetic resonance, GC/MS: gas 

chromatography-mass spectrometry, IR: infrared, HPLC: High-performance liquid 

chromatography, SSCP: single strand conformation polymorphism, DGGE: 

denaturing gradient gel electrophoresis, qPCR: quantitative PCR, RT-qPCR: reverse 

transcriptase quantitative PCR, FISH: fluorescence in situ hybridisation. 
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