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Thesis Abstract 
 

 

Leaf surfaces are colonized by a large number and diversity of microorganisms. This habitat, 

also termed phyllosphere, represents one of the largest biological interphases on Earth and 

the indigenous microbiota is sufficiently large to have an impact on the global carbon and 

nitrogen cycles. It is thought that the majority of phyllosphere colonizers are commensal 

bacteria, which do not harm the plant. However, their role in this "harsh" environment, which 

is characterized by rapidly fluctuating conditions such as changes in temperature, UV 

radiation, and nutrient availability, is not clear. Here, complementary cultivation-independent 

methods were applied to study the composition and physiology of phyllosphere bacterial 

communities. Metagenomics and 16S rRNA gene based analysis revealed a high consistency of 

the leaf-associated microbiota on field-grown soybean, clover, and Arabidopsis thaliana 

plants. It was found that members of the alphaproteobacterial genera Methylobacterium and 

Sphingomonas were among the dominating bacteria in the phyllosphere. This was confirmed 

by community proteogenomics, which revealed also information about their physiology. 

Proteins of Methylobacterium were to a large extent related to C1 metabolism, whereas for 

Sphingomonas a remarkably high expression of transport-related proteins was observed. The 

predominance of these two commensal bacterial genera provoked the question about their 

role in the phyllosphere ecosystem. To investigate whether they support plants in defending 

pathogen attacks, a gnotobiotic in planta assay with A. thaliana as model plant and 

Pseudomonas syringae pv. tomato as model pathogen was developed. When plants were 

grown in the presence of Methylobacterium spp. no effect on disease development was 

observed. In contrast, Sphingomonas spp. showed a striking plant-protective effect by 

suppressing disease symptoms and diminishing pathogen growth. Most tested plant isolates 

of the genus Sphingomonas were effective against P. syringae, suggesting that plant 

protection might be a common trait of indigenous plant-colonizing Sphingomonas spp. 

Towards understanding the mode of action, different experimental approaches were applied. 

Substrate utilization profiling and in planta feeding experiments indicated that substrate 

competition might play an important role in plant protection. However, other mechanisms 

could be involved as well. To reveal more details about this plant-protective effect, a forward 

genetic in planta screen was developed. For that, cells of the model strain Sphingomonas sp. 

Fr1 were randomly mutagenized by insertion of a mini-Tn5 transposon into the genome and 

bioluminescence of a lux-tagged P. syringae strain was used as read-out for pathogen 

proliferation. A first screening of 1,500 Tn5 mutants resulted in the identification of three 

mutants impaired in plant protection, demonstrating the potential of this method to uncover 

molecular details about the mechanisms of antagonism. Such efforts might lead to novel 

insights into plant-microbe-microbe interactions and pave the way for possible field 

applications in the future. 
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Zusammenfassung 
 

 

Blattoberflächen werden von einer großen Anzahl und Vielfalt an Mikroorganismen besiedelt. 

Dieses Habitat, auch Phyllosphäre genannt, stellt einen der größten Lebensräume der Erde 

dar. Die dort vorkommenden Mikroorganismen sind so zahlreich, dass sie die globalen 

Kohlenstoff- und Stickstoffkreisläufe beeinflussen. Es wird angenommen, dass die meisten 

dieser Phyllosphären-Bewohner kommensale Bakterien sind, die das Wachstum der Pflanze 

nicht negativ beeinflussen. Die genaue Rolle jedoch, die diese Bakterien auf Blattoberflächen 

spielen, ist noch weitgehend unklar. Aus diesem Grund haben wir kultivierungsunabhängige 

Methoden angewandt, um die Struktur und Lebensweise von bakteriellen Gemeinschaften in 

der Phyllosphäre zu erforschen. Untersuchungen auf der Basis von Metagenom- und 16S rRNA 

Gen-Daten haben gezeigt, dass die Zusammensetzung der Bakterien, die auf Blättern von 

Sojabohnenpflanzen, Klee und Arabidopsis thaliana leben, sehr ähnlich ist. Mitglieder der 

Gattung Methylobacterium und Sphingomonas dominierten die bakteriellen Gemeinschaften. 

Dies konnte durch die Analyse von Proteomics Daten bestätigt werden. Darüber hinaus 

konnten noch zusätzliche Informationen über die physiologischen Eigenschaften der 

Blattbewohner gesammelt werden. Viele Proteine von Methylobacterium konnten dem C1 

Stoffwechsel zugeordnet werden, während für Sphingomonas eine überdurchschnittlich hohe 

Expression von Transportproteinen beobachtet wurde. Das dominierende Auftreten dieser 

beiden nicht-pathogenen Bakteriengruppen veranlasste uns zu untersuchen, ob sie 

möglicherweise eine spezielle Rolle in der Abwehr von Krankheitserregern spielen. Aus diesem 

Grund wurde ein gnotobiotisches Testsystem mit A. thaliana als Modellpflanze und 

Pseudomonas syringae pv. tomato als phytopathogenem Bakterium aufgebaut. Während sich 

die Anwesenheit von Methylobakterien nicht auf den Krankheitsverlauf auswirkte, konnten 

die meisten Pflanzenisolate der Gattung Sphingomonas die Vermehrung von P. syringae 

hemmen und damit die Entstehung von Krankheitssymptomen verhindern. Dies ist ein erster 

Hinweis darauf, dass Blätter-besiedelnde Sphingomonas Arten die Eigenschaft besitzen, 

Pflanzen gegen bakterielle Angreifer zu schützen. Um den Wirkungsmechanismus zu 

identifizieren, der diesem Antagonismus zugrunde liegt, wurden verschiedene Ansätze 

verfolgt. Substratverwertungsprofile und Pflanzenexperimente, in denen den Bakterien 

zusätzliche Nährstoffe angeboten wurden, wiesen darauf hin, dass Nahrungskonkurrenz eine 

wichtige Rolle spielen könnte. Des Weiteren wurde ein in planta Screening-Verfahren 

entwickelt, bei dem der Modellstamm Sphingomonas sp. Fr1 durch die Insertion eines mini-

Tn5 Transposons genetisch verändert und die Vermehrung eines markierten P. syringae 

Stammes anhand von Biolumineszenz verfolgt wurde. In einem ersten Screening-Versuch mit 

1.500 Tn5 Mutanten konnten drei Sphingomonas Stämme identifiziert werden, die nicht mehr 

in der Lage waren, die Pflanze vollständig gegen P. syringae zu schützen. Das zeigt, dass diese 

Methode das Potenzial hat, auf molekularer Ebene neue Details über den 

Wirkungsmechanismus zu enthüllen. Weitere Anstrengungen in diese Richtung könnten dazu 

beitragen, das Zusammenspiel zwischen Pflanzen und Bakterien besser zu verstehen und 

damit neue Ansätze im biologischen Pflanzenschutz zu finden. 
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General Introduction 
 

 

The phyllosphere as habitat for microorganisms 

The term phyllosphere refers to the above-ground plant parts and was coined by F. Last and J. 

Ruinen in the 1950s in analogy to the rhizosphere. The phyllosphere represents the largest 

biosphere-atmosphere interphase on Earth and is dominated by leaves. Flowers, fruits, and 

wooden parts of trees and shrubs contribute to a lower extent to the total area of aerial plant 

surfaces. It was estimated that worldwide 1 billion square kilometers are covered by foliage 

(Morris and Kinkel 2002) and besides their role as primary biomass producers, plants play the 

key role in carbon dioxide and oxygen cycling. 

 Like other biological surfaces, the phyllosphere harbors a large number and diversity 

of microorganisms including bacteria, yeasts, oomycetes, fungi, and algae (Lindow and Brandl 

2003). We become aware of this diversity when considering that there are 200,000 or more 

vascular plant species on our planet that provide an exceptionally diverse range of habitats for 

microorganisms (Kowalchuk et al. 2010). The phyllosphere is characterized as a rather hostile 

environment. The cuticle, a waxy layer coating the epidermis, separates the plant leaf from 

the surrounding air and functions as protective shield against unfavorable environmental 

factors. Microorganisms residing and proliferating in the phyllosphere have not only to deal 

with this hydrophobic surface, but also with the complex leaf topography, shaped by deep 

grooves and high elevations, trichomes, stomata, and epicuticular waxes (Riederer 2006). 

These physical structures also form protected and nutrient-rich sites for microbial cells that 

strive to survive in this harsh environment. Harsh, because the leaf microbiota is exposed to 

rapidly fluctuating conditions such as changes in temperature, UV radiation, water content, 

and nutrient availability (Hirano and Upper 2000). Sugars such as glucose, fructose, and 

sucrose, amino and other organic acids are the main carbon sources for microorganisms. They 

leak from the plant tissue or are deposited by rain, wind, or insects on the leaf surface 

(Mercier and Lindow 2000, Tukey 1970, Stadler and Müller 2000, Derridj 1996). These 

nutrients, which are present at low amounts (Fiala et al. 1990, Mercier and Lindow 2000, 

Leveau and Lindow 2001), are not evenly distributed over the leaf surface, but are 

concentrated at specific sites (Monier and Lindow 2004). When immigrating microorganisms 

encounter these nutrient-rich "oases", they start to multiply and form large aggregates 

(Lindow and Brandl 2003, Monier and Lindow 2003). Baldotto and Olivares (2008) investigated 

the phylloepiphytic microbial community on 47 plant species by scanning electron microscopy 

(SEM) and found that the microbial population size increases with the presence of glandular 

trichomes and the absence of epicuticular waxes. This underlines again that leaf topography 

and nutrient availability strongly affect microbial abundance on leaf surfaces and are a major 

determinant of microbial colonization. 

 

Leaf-associated bacterial communities 

Bacteria are by far the most abundant leaf-colonizing microorganisms. They are found at 

densities averaging from 106 – 107 cells/cm2 of leaf area. Based on this value, the estimated 

number of bacterial cells occurring on leaf surfaces worldwide is as high as 1026 cells (Morris 
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and Kinkel 2002). Because of their numerical dominance, in this thesis, I focus on the bacterial 

inhabitants of the phyllosphere that have adapted to the rapidly changing and nutrient-poor 

conditions. 

 A good example for adaptation to a phyllospheric lifestyle are the pink-pigmented 

facultative methylotrophic bacteria (PPFMs). They are capable of using the plant-derived, 

reduced one-carbon compound methanol as sole source of carbon and energy (Abanda-

Nkpwatt et al. 2006, Corpe and Rheem 1989, Sy et al. 2005). Methanol emission by plants is 

primarily the result of pectin-methylesterase-catalyzed reactions during cell walls metabolism 

(Fall and Benson 1996, Galbally and Kirstine 2002). In addition, the pink pigmentation is 

thought to protect the bacteria from damage by solar radiation during epiphytic growth. 

Epiphytes are generally considered those bacteria, which are found outside on the leaf 

surface, while endophytes are present inside the plant. However, both lifestyles cannot be 

readily distinguished, since the "endosphere" (see Kowalchuk et al. 2010) includes also the 

substomatal chambers, which connect the apoplast to the leaf surface. Thus, epiphytic 

bacteria such as Methylobacteria are not only present in grooves between adjacent epidermal 

cells or at the basis of trichomes, but may also occur in the leaf apoplast (Sy et al. 2005). 

 The phyllosphere is an excellent habitat in which to study microbial ecology (Lindow 

and Brandl 2003). In contrast to the rhizosphere, leaves are clean and the microscopic 

observation of leaf bacterial populations is easy. Epifluorescence microscopy was used in 

several studies to track fluorescently-labeled epiphytic bacteria on leaf surfaces (Monier and 

Lindow 2003, Sy et al. 2005, Boureau et al. 2002, Monier and Lindow 2005, Zhang et al. 2009). 

Also SEM allows the localization of bacterial cells in the phyllosphere as shown by Baldotto 

and Oivares (2008) or Poonguzhali and colleagues (2008). These studies revealed that the 

majority of epiphytes occur in microcolonies or aggregates on leaf surfaces and are often also 

embedded in exopolysaccharide-containing matrices. These matrices are thought to provide a 

certain degree of protection in the harsh phyllosphere environment. 

 Bacterial populations in the phyllosphere were found to be highly dynamic since leaf 

habitats are unusually open systems (Hirano and Upper 2000). Immigration and emigration by 

air primarily account for their dynamics, and atmospheric conditions such as temperature, 

wind, and humidity strongly affect bacterial dispersal (Lindemann and Upper 1985). However, 

cells might also being seed-borne or transmitted by insects (Venette 1982). Hirano and Upper 

(1991) reported furthermore that the distribution of different bacterial groups on leaves is 

highly variable: while PPFMs were found consistently and at high cell numbers on bean 

leaflets, other typical plant colonizers such as Pseudomonas or Xanthomonas were isolated 

only sporadically. 

 It is believed that the phyllosphere is dominated by a few bacterial genera (Lindow 

and Brandl 2003). Pseudomonas, Xanthomonas, Bacillus, Erwinia, and Methylobacterium spp. 

are detected most frequently when cultivation-dependent methods were applied to study 

bacterial diversity (e.g. Ercolani 1991, Thompson et al. 1993, Corpe and Rheem 1989). 

However, many more taxa are present at low abundance and cultivation-independent studies 

indicated that bacterial communities on leaf surfaces can be expected to be much more 

complex than previously thought (Yang et al. 2001, Lambais et al. 2006). These authors 

investigated the leaf-associated bacterial communities by commonly applied techniques in 

molecular microbial ecology: denaturing gradient gel electrophoresis (DGGE) and sequencing 
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of 16S rRNA genes. These methods make it thus possible to gain insights into the non-

cultivable fraction of bacteria present on leaf surfaces. 

 The recent advance in genome sequencing technologies opened a new door in 

bacterial community analysis: besides sequencing the genome of a single organism, it is 

meanwhile common to sequence the "metagenome" of an environmental sample that 

contains hundreds or thousands of different microorganisms (Venter et al. 2004, Tringe et al. 

2005). Pyrosequencing, for example, allows nowadays the generation of thousands of DNA 

sequence reads within hours, thereby reducing time and costs dramatically (Margulies et al. 

2005). However, sophisticated bioinformatic tools are necessary to handle such large data 

sets and the development of in silico methods for sequence assembly and automated 

annotation becomes essential (MacLean and Studholme 2009). Another emerging "omics" 

approach for the examination of bacterial communities is proteomics. In analogy to the 

metagenome, the metaproteome (or community proteome) reveals information about all the 

organisms present in an environmental sample. However, due to the analysis of the gene 

products, the metaproteome is more informative regarding physiology and function of a 

microbial population as the metagenome. State-of-the-art metaproteomics employs 

chromatographic methods coupled to high-accuracy tandem mass spectrometry and was first 

successfully applied to analyze a low complexity microbial biofilm community (Ram et al. 

2005). Ongoing improvements of the method lead meanwhile to the application of 

metaproteomics also to more complex microbial communities such as the human gut 

microbiota (Verberkmoes et al. 2009b). 

 

 

Commensal, pathogenic, and beneficial bacteria 

Interactions between bacteria and plants occur at different levels. Nodulating rhizobia, for 

example, live in a very close association with plants, while other bacteria are transient. 

Different microbial taxa have adopted different lifestyles that range from pathogenic or 

parasitic over commensal to beneficial or even symbiotic (= mutualistic). The vast majority of 

phyllosphere bacteria is believed to live as commensal organisms without harmful or 

beneficial effects for the host plant. Little is known about the role of these abundantly-

occurring bacteria in the phyllosphere ecosystem. Do they mainly use some of the otherwise 

wasted nutrients, like PPFMs use methanol (Abanda-Nkpwatt et al. 2006), or is there more 

than just a strict commensal relationship? 

 Research in the field of plant-microbe interactions is primarily driven by plant 

pathogens, because a number of microorganisms cause devastating diseases, thereby also 

affecting the way how crop plants are treated. Modern agriculture is quite vulnerable. Plant 

diseases can spread rapidly from field to field and many farmers around the world expect 

from researchers to develop effective strategies for pest management. The most intensively 

studied foliar bacterial pathogens belong to the genera Pseudomonas, Xanthomonas, and 

Erwinia. Hundreds of different species and pathovars are described, each of them varying in 

virulence and host specificity. Pseudomonas syringae, for example, invades the leaf apoplast 

via the stomata and causes bacterial speck disease (Collmer et al. 2000), while Erwinia 

amylovora infects blossoms of rosaceous plants and is the causative agent of fire blight 

(Cabrefiga et al. 2007). To study infection mechanisms and plant responses in detail, 
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convenient and reliable model systems are necessary. One such model is the Arabidopsis 

thaliana – Pseudomonas syringae pathosystem. A. thaliana is "the" model plant in biology and 

was the first plant species for which the genome was sequenced (Lin et al. 1999). However, 

only a small number of bacterial species are pathogenic on Arabidopsis, among them 

Pseudomonas syringae pv. tomato (Katagiri et al. 2002). Plants sense the presence of 

microorganisms by the recognition of so-called microbe-associated molecular patterns 

(MAMPs). Flagellin or lipopolysaccharides (LPS) are two examples of bacterial MAMPs that can 

trigger a host response (Zeidler et al. 2004, Zipfel et al. 2004). In an incompatible interaction, 

plants answer to a pathogen attack with a programmed cell death known as hypersensitive 

response (HR). However, in a compatible interaction (plants are not resistant), pathogenic 

bacteria have evolved strategies to overcome the plant's defense response. This involves the 

injection of effector proteins into the host cells using a type III secretion system (TTSS), which 

is encoded by the hrp gene cluster and considered as the key virulence determinant (Collmer 

et al. 2000). Shan and colleagues (2008) for instance have shown that the effector proteins 

AvrPto and AvrPtoB – translocated by the TTSS of P. syringae – block the transmission of 

important signal molecules in the plant's defense reaction. Pathogens and plants undergo a 

continuous arms race between effectors and recognition receptors (Boller and He 2009). In 

nature, this race is balanced but man-made ecosystems are much more fragile. Under 

favorable environmental conditions, plant pathogenic bacteria may spread rapidly from plant 

to plant, proliferate to high cell numbers in the leaf tissue, and cause serious diseases. 

 On the contrary, a number of bacterial isolates are known to exhibit a plant-beneficial 

effect, whereby bacteria occurring in the phyllosphere have been much less exploited than 

bacteria in the rhizosphere. This explains also the widespread use of the term "plant-growth 

promoting rhizobacteria" (PGPR, see Lugtenberg and Kamilova 2009). Bacterial strains are 

considered beneficial, when they improve plant growth directly, e.g. by the production of 

plant hormones, or indirectly by protecting plants against pathogens. An example for 

beneficial phyllosphere bacteria, which are known to directly stimulate plant growth, are the 

pink-pigmented methylotrophs. As already mentioned before, PPFMs are frequently found on 

leaf surfaces. Abanda-Nkpwatt and colleagues (2006) reported about a Methylobacterium 

extorquens strain that promotes growth of various plant seedlings, while Hornschuh and 

coworkers (2002) isolated two Methylobacterium strains that positively affect growth of 

Funaria mosses. Moreover, it was shown for several PPFMs that they produce plant hormones 

– auxins and cytokines – in vitro (Ivanova et al. 2001, Koenig et al. 2002, Omer et al. 2004). 

This strongly suggests that plant hormones produced by phyllosphere bacteria are responsible 

for plant-growth promoting effects (see Ryu et al. 2006, Madhaiyan et al. 2005). However, this 

has not yet been demonstrated in situ, i.e. in association with plants. Another example for 

plant-growth promotion are free-living nitrogen fixing bacteria. It is assumed that diazotrophic 

leaf-colonizers contribute significantly to the nitrogen input of ecosystems, as shown for a 

tropical lowland rainforest in Costa Rica (Fürnkranz et al. 2008). 

 

 

Mechanisms of antagonism 

 As mentioned above, phyllosphere bacteria can affect plant growth also indirectly by 

protecting plants against pathogens. Such antagonistic effects have been demonstrated for 
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several leaf-colonizing bacterial isolates. Large epiphytic strain collections were screened for 

inhibitory effects in vitro, e.g. by agar-diffusion assays or streak tests with laboratory cultures 

(e.g. May et al. 1997, Adhikari et al. 2001). However, in planta assays are indispensable to 

narrow down the number of strains to be considered as putative biocontrol agents, because it 

is well-known that in vitro antibiosis does not predict in planta antagonism (Andrews 1985). 

Braun and colleagues (2010) showed for example that the toxin-producing isolate P. syringae 

pv. syringae 22d inhibited growth of the near-isogenic foliar pathogen P. syringae pv. glycinea 

in vitro, but was not responsible for the antagonistic effects observed in planta. However, for 

other strains it was shown that antibiosis is involved in plant protection. For instance, a Tn5 

mutant of Pantoea agglomerans Eh 252 deficient in antibiotic production was not as effective 

as the wild type strain to control fire blight in the field (Stockwell et al. 2002). Similarly, 

antibiotic-deficient mutants were used by Leifert et al. (1995) to demonstrate that antibiosis is 

the mode of action for Bacillus subtilis CL 27 in the control of Botrytis cinerea. Antimicrobial 

compounds are produced by microorganisms to remain competitive in their environment by 

diminishing growth of other bacteria. In the case the other bacteria are pathogens, the plant 

benefits as well. 

 Besides the production of antimicrobial compounds, also competition for nutrients 

and space has been identified as mode of action in beneficial bacteria. An antagonist, which is 

successful in the colonization of an ecological niche, competes mostly for both, space and 

nutrients. As an example, I want to mention here Pseudomonas fluorescence A 506. Wilson 

and Lindow (1993) demonstrated that this strain pre-emptively colonizes pear pistils thereby 

successfully outcompeting E. amylovora. In the phyllosphere, growth substrates for 

microorganisms are limited. As a result, certain bacteria are better in rapidly acquiring 

nutrients than others, in particular when the spatial and nutritional niche overlap between 

two competing organisms is high (Wilson and Lindow 1994a). 

 An indirect mechanism that was found to be involved in plant protection by beneficial 

bacteria, is plant-mediated induced systemic resistance (ISR). It was shown for a couple of 

bacteria that they are able to trigger the plant's defense system, thereby inducing a systemic 

resistance against pathogens. In analogy to pathogenic MAMPs (see above), also cell surface 

components of certain non-pathogenic microorganisms are recognized by the plant, resulting 

in a mild, but effective immune response (Van Wees et al. 2008). Such a response involves the 

production of pathogenesis-related (PR) proteins, the enhancement of cell wall lignification, 

and/or the active closing of stomata (entry points for pathogens into the apoplast). The plant 

hormones salicylic and jasmonic acid play a central role in the signal transduction cascade as 

shown by several studies (e.g. Delaney 1997, Pieterse et al. 1996). Conrath and colleagues 

(2002) termed this unique physiological state induced by beneficial microbes in plants as 

primed state and the whole phenomenon as "priming". One example, where priming was 

identified as a mode of action, is Pseudomonas fluorescence strain WCS417r. Van Wees et al. 

(2000) showed that the application of this strain to A. thaliana plants stimulates a host 

response effective against P. syringae. Most probably, there are multiple MAMPs involved in 

this process, since flagellin and LPS mutants of strain WCS417r were as effective as the wild 

type (Bakker et al. 2007). Similarly, it is also known that multiple modes of action can 

determine the plant-protective effect of bacteria. The antagonistic properties of the 

rhizosphere isolate Pseudomonas fluorescens CHA0 do not rely exclusively on the antifungal 

compound 2,4-diacetylphloroglucinol (DAPG), but also on the induction of a systemic 
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resistance (Iavicoli et al. 2003). Also Kempf and Wolf (1989), who constructed a library of 

randomly generated Tn5 mutants of the biocontrol strain Erwinia herbicola B247, showed that 

an antibiosis-negative transposon mutant still suppressed disease symptoms caused by 

Fusarium culmorum to some extent suggesting that additional mechanisms might be involved 

in disease control. 

 

 

Biological control in the field 

Despite their high abundance and importance for plant health, research on phyllosphere-

colonizing microorganisms is lagging behind. A better understanding of commensal, 

pathogenic, and beneficial bacteria on their host plants and the mechanisms of interaction 

between each other is crucial in developing effective, and at the same time, environmentally 

safe strategies in plant protection. Currently, integrated approaches for pest control rarely 

include also the use of biological control agents. Fire blight for example, caused by 

E. amylovora, is a devastating disease of pear and apple trees all over the world. In recent 

years, E. amylovora was responsible for significant harvest losses and the method of choice 

for disease control is often the application of antibiotics, such as streptomycin or 

oxytetracycline. However, it is well-known that the large-scale application of antibiotics can 

lead to highly resistant strains, causing a much more severe problem. The biocontrol strains, 

which are on the market, show only a moderate effect in suppressing fire blight disease in the 

field (Johnson and Stockwell 1998). In order to develop more effective and integrated 

biocontrol strategies, research at the level of plant-microbe and microbe-microbe interaction 

is needed. Considering the fact that the world's population will reach the number of seven 

billions in 2013, productivity in agriculture is essential and in a long-term perspective, this can 

only be achieved by applying sustainable, environmental-friendly practices. 

 

 

Goals and outline of the thesis 

As pointed out above, bacterial phyllosphere communities can affect growth and health of 

their host plants. Some bacteria are harmful, while others have no effect or are beneficial to 

the plant. Research in phyllosphere microbiology is driven mostly by plant pathogens and 

questions about the ecological role of the commensal majority of leaf colonizing bacteria are 

often neglected. Here, novel technologies were used to investigate the structure and function 

of phyllosphere communities in situ. Two of the most frequently detected bacterial genera 

were analyzed for their ability to protect plants against bacterial pathogens and, in addition, 

polyphasic approaches were applied to uncover details about antagonistic mechanisms 

putatively involved in microbe-microbe interactions on leaf surfaces. 

 

More specifically, the following questions were addressed in this thesis: 
 

 What role does the leaf microbiota play in the scientifically and economically important 

phyllosphere ecosystem? A community proteogenomic approach was applied in addition 

to 16S rRNA gene based methods to investigate identity and physiology of leaf-colonizing 

bacteria on three different plant species (chapter 2). 
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 Do the most frequently detected indigenous phyllosphere bacteria act as "gate keeper" to 

protect plants against pathogens? To address this question in detail, I developed a 

gnotobiotic in planta assay with Arabidopsis thaliana as model plant and Pseudomonas 

syringae as model pathogen. It was found that members of the genus Sphingomonas 

suppressed pathogen growth and disease development of A. thaliana plants (chapter 3). 
 

 What are the mechanisms of antagonism behind the plant-protective effect of 

Sphingomonas strains? Does nutrient competition or another mode of action determine 

plant protection? A wide range of techniques including proteomics, scanning electron 

microscopy, and different in planta and in vitro assays were applied to answer these 

questions (chapter 4). 
 

 Is forward genetics an option to screen in planta for Sphingomonas mutants with a defect 

in plant protection? This strategy would have the advantage of an unbiased approach at a 

molecular level. Thus, a screening procedure involving bioluminescence as readout for 

pathogen proliferation and disease incidence was developed (chapter 5). 
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Abstract 

Aerial plant surfaces represent the largest biological interface on Earth and provide essential 

services as sites of carbon dioxide fixation, molecular oxygen release, and primary biomass 

production. Rather than existing as axenic organisms, plants are colonized by microorganisms 

that affect both their health and growth. To gain insight into the physiology of phyllosphere 

bacteria under in situ conditions, we performed a culture-independent analysis of the 

microbiota associated with leaves of soybean, clover, and Arabidopsis thaliana plants using a 

metaproteogenomic approach. We found a high consistency of the communities on the three 

different plant species, both with respect to the predominant community members (including 

the alphaproteobacterial genera Sphingomonas and Methylobacterium) and with respect to 

their proteomes. Observed known proteins of Methylobacterium were to a large extent 

related to the ability of these bacteria to use methanol as source of carbon and energy. A 

remarkably high expression of various TonB-dependent receptors was observed for 

Sphingomonas. Since these outer membrane proteins are involved in transport processes of 

various carbohydrates, a particularly large substrate utilisation pattern for Sphingomonads 

can be assumed to occur in the phyllosphere. These adaptations at the genus level can be 

expected to contribute to the success and coexistence of these two taxa on plant leaves. We 

anticipate that our results will form the basis for the identification of novel traits of 

phyllosphere bacteria, and for uncovering new mechanisms of bacteria - plant and bacteria - 

bacteria relationships. 
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Introduction 

For terrestrial plants, the phyllosphere represents the interface between the above-ground 

parts of plants and the air. Conservative estimates indicate that the roughly one billion square 

kilometers of world-wide leaf surfaces host more than 1026 bacteria, which are the most 

abundant colonizers of this habitat (Bailey 2006, Lindow and Brandl 2003). The overall 

microbiota in this ecosystem is thus sufficiently large to have an impact on the global carbon 

and nitrogen cycles. Additionally, the phyllosphere inhabitants influence their hosts at the 

level of the individual plants. To a large extent, interest in phyllosphere microbiology has been 

driven by investigations on plant pathogens. Their spread, colonization, survival, and 

pathogenicity mechanisms have been subject of numerous studies (Lindow and Brandl 2003). 

Much less understood are non-pathogenic microorganisms that inhabit the phyllosphere. The 

composition of the phyllosphere microbiota has been analyzed in only a few studies by 

cultivation-independent methods (e.g. Lambais et al. 2006, Redford and Fierer 2009a, Yang et 

al. 2001); however, such methods are essential in light of the yet uncultivated majority of 

bacteria existing in nature (Rappé and Giovannoni 2003), or more specifically on plant leaves 

(Leveau 2006). Not only their identity, but in particular the physiological properties of 

phyllosphere bacteria, their adaptations to the habitat, and their potential role, e. g. with 

respect to modulating population sizes of pathogens, remain largely unknown. Current 

knowledge on the traits important in the phyllosphere is derived from relatively few studies 

on gene expression, and stems mostly from model bacteria cultivated on host plants under 

controlled conditions (Boch et al. 2002, Gourion et al. 2006, Marco et al. 2005, Yang et al. 

2004). However, under natural conditions, plants and their residing microorganisms are 

exposed to a host of diverse, highly variable environmental factors including UV light, 

temperature, and water availability; moreover, individual microbes are subjected to 

competition with other microorganisms over resources such as nutrients and space.  

 Towards a deeper understanding of phyllosphere microbiology, and in particular to 

learn more about the commensal majority of plant leaf colonizing bacteria, which may be of 

relevance for plant health and development, integrated approaches are needed. Here, we 

combined metagenomic and metaproteomic approaches (community proteogenomics) 

(Verberkmoes et al. 2009a) to analyze bacterial phyllosphere communities in situ (the 

phyllosphere is defined here as the environment comprising both the surface and the apoplast 

of leaves). We studied three different plant species grown under standard agriculture regimes 

or under natural conditions. Our results provide insight into the physiology of bacteria and 

point towards common adaptation mechanisms among the phyllosphere populations of 

different plants.  

 

 

Results and Discussion 

The prokaryotic phyllosphere populations in our study were obtained from two field-grown 

plant species, soybean (Glycine max; 2 samples) and clover (Trifolium repens; 3 samples), as 

well as from a wild population of the model plant Arabidopsis thaliana (1 sample) (Fig. 2.1, 

Table S2.1). Genomic DNA and proteins of the prokaryotes were extracted from the same 

pools of cells. For one of the six samples, ‘Soybean 2’, 260 Mbp of metagenomic sequence 

reads were generated using 454 pyrosequencing technology.  
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Fig. 2.1. Experimental strategy applied to characterize the phyllosphere microbiota. All analyses described were 
conducted from identical pools of cells as starting material. The photograph shows leaves of soybean plants; the 
electron micrograph the surface of an Arabidopsis leaf. 

 

 

Microbial community composition 

In order to characterize the composition of the phyllosphere microbiota, we applied 

complementary approaches: phylogenetic information was derived from protein-coding 

marker genes in the metagenome database generated in this study, as well as from 16S rRNA 

gene based clone libraries. Comparative community analyses were additionally done by 

denaturing gradient gel electrophoresis (DGGE) to evaluate the representativeness of the 

samples. 

 In a first step, the phylogenetic information contained in selected protein-coding 

marker genes of the metagenome data was used to analyze the composition of the microbial 

phyllosphere community in the 'Soybean 2' sample (Fig. 2.2). This approach gives a 

quantitative overview without the introduction of a PCR primer bias (von Mering et al. 2007). 

Overall, we observed a clear dominance of Alphaproteobacteria. A relevant fraction of this 

group is well known to have adopted an extra- or intracellular lifestyle as plant mutualists or 

as plant or animal pathogens. The majority of Alphaproteobacteria in the ‘Soybean 2’ sample 

belonged to the families of Sphingomonadaceae (Sphingomonas 20.1%; Novosphingobium 

10.1%) and Methylobacteriaceae (Methylobacterium 20.2%), which have been previously 

detected on plants (e.g. Corpe and Rheem 1989, Kim et al. 1998, Knief et al. 2008). Bacteria of 

the genus Methylobacterium and Sphingomonas were also detected in the ‘Soybean 2’ sample 

by 16S rRNA gene based community analyses as well as in the other five samples (Table S2.2). 

Further analysis of the clone libraries revealed that between 4% and 10% of the sequences 

represented unknown genera (Table S2.2). Most of them were detected only sporadically, but 

unknown genera within the family of Flexibacteraceae were detected in nearly all samples. 

Several of the sequences that represented members of known genera were phylogenetically 

distinct to previously described representatives (type strains) and completely sequenced 

strains (Fig. S2.1). 

 Rarefaction analyses of 16S rRNA gene sequence data from all six samples suggested 

that the bacterial diversity in the plant phyllosphere samples was lower than in soil, marine 

systems, or the gut of wood-feeding termites, and similar ('Arabidopsis' and the 'Clover 2' 

sample) or lower (soybean, clover 1a and b) than that of the human gut (Acinas et al. 2004, 

Eckburg et al. 2005, Hongoh et al. 2005, Tringe et al. 2005) (Fig. 2.3).  
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Fig. 2.2. Taxonomic composition of the bacterial community in the Soybean 2 sample. A phylogenetic tree 
calculated from informative marker genes of completely sequenced organisms serves as a reference, onto which 
the estimated coverage of the most abundant clades present in the ‘Soybean 2’ sample is projected. Coverage is 
estimated based on the quantity of marker genes found in the metagenome data, and is indicated by red dots (von 
Mering et al. 2007). A selection of typical representatives of the clades is listed to the right, annotated according to 
the 16S rRNA gene sequencing results (Table S2.2). Archaea contributed only 0.35% to the microbial community of 
the sample and were identified as members of the mesophilic Crenarchaeota (group 1.1b) by 16S rRNA gene 
sequencing. The low contribution of eukaryotes (0.58%) to the analyzed phyllosphere community in the soybean 
sample is in accordance with the design of the microbial harvesting procedure, which included a physical depletion 
step for eukaryotic cells.  

 

 Based on cultivation-dependent methods, microbial communities in the phyllosphere 

have been described to be variable over time, in space, and across different plant species (Ellis 

et al. 1999, Kinkel 1997). Therefore, DGGE analyses were performed to assess this variation in 

our field samples. Comparative analysis of the six samples showed that similar DGGE patterns 

were obtained for samples from the same plant species collected at different points in time, 

suggesting that the bacterial phyllosphere community remained rather stable over time (Fig. 

S2.2a). This finding was confirmed by the analysis of additional samples taken from the 

soybean field, which revealed that early colonizers were detectable throughout the whole 

growing season, while diversity increased during plant succession (Fig. S2.2b). The soybean 

plant leaves were colonized quite homogenously within the field, as was validated at the time 

points of harvest of sample material for community proteogenomic analysis (Fig. S2.2c). Taken 

together, the DGGE analyses showed a temporal and spatial stability of the phyllosphere 

communities, demonstrating the representativeness of the samples investigated in more 

detail in the proteome analyses described below.  

 

Comparative metaproteome analysis 

Proteins from the microbiota of the six plant samples were identified after tryptic digestion, 

using high-accuracy mass spectrometry. The proteins were processed as described in 

Materials and Methods, and MS/MS spectra were searched against a database consisting of 

protein sequences obtained from the public RefSeq database with or without the translated 

metagenomic sequences mentioned above. In total, we identified 2,883 unique proteins with 

12,345 peptides, originating from an extensive body of 487,304 spectra (see Table S2.3 for all 

identified bacterial proteins and Table S2.4 for proteins attributed to the respective host 
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plants, soybean- or clover mosaic viruses, as well as to fungi and oomycetes). In the following, 

the 2,257 bacterial proteins were considered for further interpretation, whereby protein 

abundance was roughly estimated by spectral counting (Liu et al. 2004). 

 The metagenome data significantly increased the number of identified proteins (Table 

2.1), implying the presence of bacteria in our samples that are genetically distinct from those 

represented among currently sequenced genomes. As expected, the number of identifications 

increased most strongly for the ‘Soybean 2’ sample, from which the metagenome sequences 

were derived, leading to the identification of 486 additional proteins. Between 6% and 74% of 

new identifications were obtained for the other five samples (Table 2.1); a finding that can be 

ascribed to similarities between bacterial taxa in ‘Soybean 2’ and the other samples. An 

overall consistency of the physiology of the microbiota present on the different plant species 

is evident at the level of gene expression, i.e. 75% of the proteins identified in the ‘Soybean 2’ 

sample were found in at least one of the other samples as well (Fig. S2.3). 

 
Table 2.1. Identification of abundant proteins in phyllosphere bacteria 
 

 Identifications with 
RefSeq 

Identifications with RefSeq 
and metagenome 

New identifications 
through metagenome 

Gain [%] 

Soybean 1 884 934 50 6 
Soybean 2 561 1,047 486 87 
Clover 1a 556 868 312 56 
Clover 1b 442 767 325 74 
Clover 2 411 548 137 33 
Arabidopsis 505 751 246 49 
 

Gain of protein identifications by combining the publicly available database with the generated metagenomic data. 

 

 To assess the significance of similarities and differences in the proteomes and to 

identify shared and specifically enriched proteins with respect to the three different plant 

species, we examined the identified proteins according to their assignment to Pfam domains 

(Finn et al. 2008). This analysis revealed that more than 70% of all identified Pfam domains 

were present at roughly similar levels on the three different plant species (Fig. 2.4), confirming 

the overall consistency of the microbiota metaproteomes. Manual inspection of the 

significantly enriched Pfam-domains (e-value < 0.01, p-value < 0.0001) revealed that these 

could most likely be attributed to distinct stresses (as discussed below), or to the presence of 

distinct bacterial species on the various plant species (Fig. 2.4).  

 

Protein identification in relation to bacterial genera  

Most identified proteins were assigned to the three bacterial genera Methylobacterium, 

Sphingomonas, and Pseudomonas, which profited to a different degree from metagenomic 

information (Table 2.2, Table S2.3): whereas half of the 20 most abundant proteins of 

Methylobacterium were identifiable through RefSeq and half through the metagenome 

database, all of the abundant proteins assigned to Sphingomonas were identified in various 

samples based on data we obtained by metagenome sequencing (Table 2.2ab). This suggests 

that a certain part of the Methylobacterium population in the phyllosphere samples is 

genetically close to the completely sequenced Methylobacterium strains currently available in 

public databases (6 strains), while a major part of the Sphingomonas population is different 

from the sequenced strains (2 strains). These conclusions are in agreement with our 

phylogenetic analysis (see above and Fig. S2.1). On the other extreme, we observed that all 20 
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dominant proteins of Pseudomonas spp. were identifiable based on RefSeq sequences (Table 

2.2c). This latter observation is also in accordance with our data from 16S rRNA gene clone 

library analyses, which showed a very close phylogenetic relationship of the phyllosphere-

inhabiting Pseudomonas strains to sequenced strains (Fig. S2.1c). In total, 77 novel proteins 

were identified on the basis of metagenome information that did not reveal significant 

sequence identity to any known or predicted protein (Table S2.3). It can, however, not be 

excluded that some of these are of eukaryotic or viral origin. Notably, eight novel proteins 

were found to be expressed in multiple samples among the most abundant proteins (Table 

2.2d). These proteins are of particular interest for further characterization; however, this will 

most likely require assignment to their respective organisms first.  

 

 
 

Fig. 2.3. Rarefaction analysis of 16S rRNA gene sequence data to estimate microbial diversity based on a cut-off < 
97% sequence identity for delineation of OTUs (operational taxonomic units). (A) Comparison of the composite 
phyllosphere dataset of this study with published samples covering at least 500 sequences each. References: farm 
soil (Tringe et al. 2005), termite gut (Hongoh et al. 2005), coastal seawater (Acinas et al. 2004), human gut (Eckburg 
et al. 2005). (B) Rarefaction curves of the individual phyllosphere samples and the joint (composite) phyllosphere 
dataset. 

 

Plant-associated lifestyle 

Transport-related proteins. Bacterial communities in the phyllosphere are thought to be 

limited by carbon availability, and it may be expected that access to carbon compounds on 

leaves is a major determinant of epiphytic colonization (Lindow and Brandl 2003). There is 

evidence that small amounts of nutrients such as simple sugars including glucose, fructose, 

and sucrose leach from the interior of the plant (Lindow and Brandl 2003). We specifically 

analyzed transport-related functions among the identified proteins in order to obtain 

indications for the type of substrates consumed by the phyllosphere microbiota. The most 

prominent group of transport proteins in our samples consisted of outer-membrane β-barrel 

proteins, i.e. porins and TonB-dependent receptors, which were consistently detected in the 

analyzed samples from the three different plant hosts. Whereas the former enable passive 

diffusion of small molecules, the latter allow active transport of substrates greater than ~600 

Da. While we found porins to be abundantly present in various bacterial genera including 

Methylobacterium and Pseudomonas, we observed an overrepresentation of TonB receptors 

and the respective plug domains among the proteins assigned to Sphingomonas (Table S2.3, 

see also Fig. 2.4). The high number and apparent divergence of the TonB systems is of 
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particular interest given the rapidly expanding variety of substrates known to be transported 

by these systems. Beyond the originally identified iron siderophore and vitamin B12 transport, 

the transport of an increasing number of carbohydrates has been reported (Schauer et al. 

2008). Our proteome data indicate expression of a gene for a TonB-dependent receptor in 

Sphingomonas (Table S2.3, identifier Q1NFH3), which is located adjacent to a predicted 

sucrose hydrolase. Notably, these genes represent orthologs of XCC3358 and XCC3359. 

XCC3358 was recently described as one of 72 TonB-dependent receptors in the 

phytopathogen Xanthomonas campestris pv. campestris (Xcc) transporting sucrose with high 

affinity and found to be required for full pathogenicity on Arabidopsis (Blanvillain et al. 2007). 

Overall, the presence of multiple TonB transporters may account for the large abundance of 

Sphingomonas spp. in terms of abundance on plant leaves by scavenging various substrates 

present at low amounts, and may reflect a high degree of adaptiveness that can help explain 

the success of this alphaproteobacterial group.  

 We also found periplasmic compounds of ABC-transport systems for maltose, glucose, 

amino acids, and sucrose (Table S2.3). Those were more specifically observed to be expressed 

in Pseudomonas, indicating that Pseudomonas species could be specialized in mono- and 

disaccharide utilization and amino acid uptake. Remarkably, only few transporters were 

assigned to Methylobacterium spp.; these consisted mainly of ABC transporters for phosphate 

and sulfur compounds.  

 One-carbon metabolism. Methylobacterium is prominent for its methylotrophic 

metabolism, which allows it to use methanol, a side product of plant cell wall metabolism 

formed by pectin methyl esterases (Galbally and Kirstine 2002), as its carbon and energy 

source (Sy et al. 2005). The presence of this metabolic ability was suggested by numerous 

highly abundant proteins (Table 2.2a) including the large subunit of the periplasmic pyrrolo 

quinoline quinone (PQQ)-containing methanol dehydrogenase (MxaF) and a complete set of 

proteins of the tetrahydromethanopterin-dependent pathway (Vorholt 2002). Moreover, 

proteins involved in the assimilation of methanol-derived methylene tetrahydrofolate and 

carbon dioxide via the serine pathway were detected, e.g. serine-glyoxylate aminotransferase, 

hydroxypyruvate reductase, and malyl-CoA lyase (Chistoserdova et al. 2003). These proteins 

are essential for methylotrophic growth and the encoding genes are located in a large 

genomic region (Chistoserdova et al. 2003), which is displayed in Fig. S2.4c together with 

identified peptides.  

 This genomic methylotrophy region also contains a gene for a methanol 

dehydrogenase-like protein (XoxF), which exhibits a sequence identity of 50% to MxaF. Under 

laboratory culture conditions, we were able to detect only very little of this protein in 

Methylobacterium extorquens cells and Bosch et al. determined a 100-fold lower expression 

of xoxF compared to mxaF based on spectra counting of peptides (Bosch et al. 2008). So far, 

no phenotype was observed for a xoxF mutant in M. extorquens AM1 (Chistoserdova and 

Lidstrom 1997) (for occurrence of xoxF and assumed functions in other bacteria 

(Chistoserdova et al. 2009)). In contrast, upon plant colonization xoxF is highly expressed in 

Methylobacterium (Table 2.2a). For an approximation of expression levels, we integrated and 

correlated metagenomic and metaproteomic information using a two-way fragment-

recruitment approach, which revealed that the expression of xoxF was roughly in the same 

range as that for mxaF (Fig. S2.5). In the 'Arabidopsis' sample XoxF was even detected 

exclusively, i.e. no MxaF was detectable. The high expression level of xoxF in 



Chapter 2 

 

28 | P a g e  

Methylobacterium under environmental conditions suggests an important physiological role 

of XoxF during plant colonization. Further analyses of this protein, in particular with regard to 

substrate specificity and affinity, will be of great interest.  

 Overall, the detection of proteins known to be involved in methylotrophy and their 

assignment to Methylobacterium spp. suggests that facultative Methylobacteria are the 

dominating methylotrophs on plants, and that the large success of these bacteria in the 

phyllosphere can likely be attributed to specialization in carbon source utilization.  

 Nitrogen metabolism. Bacteria can use various nitrogen sources, including ammonia, 

nitrate, dinitrogen, and a variety of amino acids and other nitrogenous organic compounds. 

The amino acid transporters mentioned above suggest that plant-derived nitrogen 

compounds are available for the bacteria. In addition, ammonia may be used as a nitrogen 

source, as suggested by the prominent presence of glutamine synthetase (Fig. 2.4) in various 

bacteria including Sphingomonas, Methylobacterium, and Pseudomonas. Indications for a 

dinitrogen fixation ability among the identified proteins of the phyllosphere microbiota 

inhabiting the studied plants were not found. 

 

 
 

Fig. 2.4. Conserved and specifically enriched proteome functions (spectral counting of Pfam domains), per host-
plant type. Pfam domains drawn close to a vertex are preferentially and specifically found on that respective plant. 
Selected examples are highlighted and discussed in the text. Examples of common phyllosphere proteome (i.e., not 
enriched): 1, PF00120, glutamine synthetase catalytic domain; 2, PF02469, fasciclin domain; 3, PF00593, TonB 
dependent receptor; 4, PF07715, TonB dependent receptor plug domain. Specific proteome enrichments: 5, 
PF00027, cyclic nucleotide-binding domain; 6, PF03328, HpcH/HpaI aldolase/citrate lyase family; 7, PF00210, 
ferritin-like domain (e.g. bacterioferritins); 8, PF05067, manganese containing catalase; 9, PF06823, protein of 
unknown function (DUF1236); 10, PF00669, bacterial flagellin N-terminus; 11, PF00128, α-amylase, catalytic 
domain;  12, PF03413, peptidase propeptide and YPEB domain; 13, PF05443, ROS/MUCR transcriptional regulator 
protein; 14, PF05532, CsbD-like (general stress response); 15, PF00011, Hsp20/alpha crystallin family; 16, PF02566, 
OsmC-like (e.g. organic hydroperoxide detoxification); 17, PF00700, bacterial flagellin N-terminus; 18, PF01584, 
CheW-like (chemotaxis signaling); 19, PF00532, periplasmic binding and sugar binding domain; 20, PF00502, 
phycobilisome protein (light harvesting). 

 

 Stress resistance. The phyllosphere is known as a hostile environment for the residing 

microorganisms (Gourion et al. 2006, Lindow and Brandl 2003). In addition to the oligotrophic 

character of this habitat, physical parameters contribute to stressful conditions, such as UV 

radiation, temperature shifts, and the presence of reactive oxygen species. Adaptation to 

stressful conditions was reflected by the detection of various proteins, assigned to diverse 

bacterial genera and detected in all analyzed samples. Among these proteins were superoxide 
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dismutase, catalase, DNA protection proteins (Dps), chaperones as well as proteins involved in 

the formation of the osmoprotectant trehalose. Recently, evidence was presented that 

general stress response is an essential mechanism for plant colonization by Methylobacterium 

(Gourion et al. 2008, Gourion et al. 2006). The regulatory system of general stress response in 

Methylobacterium and presumably in other Alphaproteobacteria consists of the two 

component response regulator PhyR that triggers upon activation regulation of stress related 

protein functions via sigma factors of the EcfG family (Francez-Charlot et al. 2009). PhyR and 

EcfG, respectively, were found among the detected proteins within this study (Table S2.3) 

from members of the alphaproteobacterial genera Methylobacterium, Sphingomonas, and 

Aurantimonas, thus further emphasising the importance of these regulatory proteins. 

 For Pseudomonas, besides the stress response proteins such as alkyl hydroperoxide 

reductase (AhpC), Dps, catalase, and the periplasmic serine protease MucD, a number of 

regulators were identified which are known to be related to stress response in this 

Gammaproteobacterium. These regulators were the oxidative stress response regulator OxyR, 

and regulators such as AlgR, AlgR3, and AlgU (AlgT) (Table S2.3). The latter belongs to the ECF-

family of sigma factors and regulates algD expression. The AlgD protein, which was also 

detected in this study (Table S2.3), is involved in biosynthesis of the exopolysaccharide 

alginate, which has been demonstrated to be of importance for increased epiphytic fitness, 

virulence, and resistance to desiccation and toxic molecules (Yu et al. 1999).  

 An overrepresentation of stress-related proteins was found in the soybean samples 

(Fig. 2.4). This might reflect a consequence of a plant defense response, which in turn was 

possibly triggered by the presence of flagellin (Boller and He 2009) of Pseudomonas spp. (see 

below). Strains with very close relationship to the pathogen P. syringae pv. glycinae (100% 

sequence identity on 16S rRNA gene level) were detected on the soybean plants. 

 Motility. We observed a significant overrepresentation of flagellin in Pseudomonas 

relative to other bacteria (Table S2.3, Table 2.2c, see also Fig.2.4 and Fig. S2.4d). It is 

conceivable that Pseudomonas spp. rather than Methylobacterium spp. and Sphingomonas 

spp. have adapted a lifestyle that is predestinated to actively search for nutrients. Motility is 

well established as an important epiphytic fitness factor of plant colonizing Pseudomonas 

(Haefele and Lindow 1987) and was shown to be regulated by quorum sensing (Quinones et 

al. 2005). Apparently, Pseudomonas spp. are not part of the common and consistent 

microbiota on plants, but rather transient inhabitants probably subjected to more frequent 

changes in abundance (Table S2.2) (see also Ellis et al. 1999, Hirano and Upper 2000). 

 Conspicuous proteins. Finally, we searched the metaproteomic dataset for the 

presence of proteins of unknown or poorly characterized function that were consistently 

present throughout our samples and among different bacterial species, as they may be 

indicative for a common trait shared by bacteria adapted to the phyllosphere. Among these 

proteins, "beta-Ig-H3/fasciclin" was prominent (Table 2.2, Fig. 2.4). Proteins of this family 

were detected based on genome sequence information from Methylobacterium (Table 2.2a; 

Fig. S2.4e), Rhodopseudomonas, Novosphingobium, and Stenotrophomonas among the most 

abundant proteins identified in this study (Table 2.2d), and from a number of other bacterial 

genera when considering all identified proteins (Table S2.3). Homologues of this fasciclin 

domain protein are found in vertebrates and invertebrates and are thought to mediate cell 

adhesion (Carr et al. 2003). Notably, fasciclin homologues were described to be symbiotically 

relevant in three separate cases (Nostoc – lichens, Rhizobium – legume, and algae – cnidaria) 
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(Oke and Long 1999, Paulsrud and Lindblad 2002). Consequently, the fasciclin protein is a 

prime candidate for further investigation with regard to its importance for bacteria during the 

phyllospheric lifestyle and its putative role in cell-cell adhesion. Another example of a 

consistently detected protein in several bacterial species is given in Fig. S2.4b (TypA/BipA). 

 
Table 2.2. Most abundant proteins detected in phyllosphere bacteria. Proteins were grouped if 90% identical over 
at least 40% of their length. Taxonomy (at the genus level) was inferred from the protein annotation 
(RefSeq/metagenome), if available. Proteins are assigned to Methylobacterium (a), Sphingomonas (b), 
Pseudomonas (c), remaining species and unassigned (d), respectively. Ribosomal proteins are not reported here, 
but are listed in Table S2.3. Relative abundances are displayed with +, ++, and +++; n.d.: not detected. SY1: Soybean 
1, SY2: Soybean 2, CL1a: Clover 1a, CL1b: Clover 1b, CL2: Clover 2, ARA: Arabidopsis. 
 

Most abundant proteins Genus Identification SY1 SY2 CL1a CL1b CL2 ARA 
a         
Methanol dehydrogenase-like (XoxF) Methylobacterium Metagenome n.d. ++ +++ +++ +++ ++ 
Formaldehyde-activ. enzyme (Fae) Methylobacterium Both databases +++ ++ ++ ++ +++ + 
Transcriptional regul., MucR family Methylobacterium Metagenome + +++ +++ +++ ++ + 
Chaperonin GroEL Methylobacterium RefSeq + ++ ++ +++ +++ ++ 
Conserved hypothetical protein Methylobacterium RefSeq ++ ++ ++ +++ ++ n.d. 
Nucleoside-diphosphate kinase Methylobacterium Metagenome + ++ ++ +++ ++ + 
Methanol dehydrogenase (MxaF) Methylobacterium Both databases + +++ ++ +++ + n.d. 
Beta-Ig-H3/fasciclin Methylobacterium RefSeq +++ +++ + ++ + + 
Cold-shock protein DNA-binding Methylobacterium Metagenome + ++ ++ +++ ++ + 
Beta-Ig-H3/fasciclin Methylobacterium Metagenome ++ +++ + ++ + + 
60 kDa chaperonin Methylobacterium Metagenome + + ++ +++ ++ n.d. 
Phasin Methylobacterium RefSeq +++ +++ + + + + 
Superoxide dismutase Methylobacterium Both databases + ++ ++ ++ ++ + 
Cold-shock DNA-bind. domain prot. Methylobacterium Both databases + ++ ++ + ++ + 
Chaperonin Cpn10 Methylobacterium RefSeq ++ + ++ ++ ++ + 
Malyl-CoA lyase (Mcl) Methylobacterium RefSeq + + + +++ ++ + 
ATP-dependent Clp protease (ClpP) Methylobacterium Metagenome + + +++ ++ + + 
Surface antigen Methylobacterium Metagenome n.d. + + ++ +++ + 
SWIB/MDM2 domain protein Methylobacterium Metagenome n.d. + ++ + ++ n.d. 
Invasion ass. locus B family protein Methylobacterium Metagenome n.d. + ++ ++ ++ n.d. 
b         
OmpA/MotB Sphingomonas Metagenome + ++ ++ + + +++ 
Succinyl-CoA ligase , alpha subunit  Sphingomonas Metagenome ++ + ++ + + +++ 
Elongation factor Tu Sphingomonas Metagenome + + + ++ + ++ 
OmpA/MotB Sphingomonas Metagenome n.d. + ++ ++ ++ ++ 
Elongation factor Tu Sphingomonas Metagenome + + + ++ + ++ 
MotA/TolQ/ExbB proton channel Sphingomonas Metagenome + n.d. + + + +++ 
TonB-dependent receptor Sphingomonas Metagenome n.d. + + ++ + + 
Glyceraldehyde-3-P dehydrogenase Sphingomonas Metagenome + + + + + + 
Histone-like DNA-binding protein Sphingomonas Metagenome n.d. + + + + + 
OmpA/MotB domain protein prec. Sphingomonas Metagenome + ++ + + n.d. + 
L-glutamine synthetase Sphingomonas Metagenome + + + + + ++ 
Elongation factor G Sphingomonas Metagenome + + + + + + 
Putative uncharacterized protein Sphingomonas Metagenome n.d. + + n.d. n.d. ++ 
10 kDa chaperonin Sphingomonas Metagenome + + + + n.d. + 
Out. memb. chaperone Skp (OmpH)  Sphingomonas Metagenome + + + + n.d. + 
Putative uncharacterized protein Sphingomonas Metagenome + + n.d. + n.d. + 
Membrane protein precursor Sphingomonas Metagenome + n.d. n.d. + n.d. + 
TonB-dependent receptor Sphingomonas Metagenome n.d. n.d. n.d. + n.d. + 
TonB-dependent receptor Sphingomonas Metagenome n.d. n.d. n.d. + + + 
TonB-dependent receptor Sphingomonas Metagenome + n.d. + + n.d. + 
c         
Outer membrane porin OprF Pseudomonas RefSeq +++ +++ + n.d. + ++ 
Single-stranded binding protein Pseudomonas RefSeq +++ ++ + n.d. + ++ 
Elongation factor Tu Pseudomonas RefSeq +++ + + n.d. n.d. + 
Transcriptional regulator, putative Pseudomonas RefSeq +++ + + n.d. n.d. + 
Chaperonin GroEL Pseudomonas RefSeq +++ + + + + + 
DNA-binding protein HU-beta Pseudomonas RefSeq ++ + + n.d. + + 
Protein of unknown funct. DUF883 Pseudomonas RefSeq ++ + n.d. n.d. n.d. + 
Flagellin Pseudomonas RefSeq +++ + n.d. n.d. n.d. n.d. 
OmpA family protein Pseudomonas RefSeq ++ + n.d. n.d. n.d. + 
F0F1 ATP synthase subunit beta Pseudomonas RefSeq + + + + + + 
Succinyl-CoA synthet. subunit beta Pseudomonas RefSeq ++ n.d. + n.d. n.d. + 
Peptidoglycan-associated lipoprotein Pseudomonas RefSeq + + + n.d. n.d. ++ 
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Protein of unknown funct, DUF883 Pseudomonas RefSeq ++ + n.d. n.d. n.d. n.d. 
Succinyl-CoA synthet. subunit alpha Pseudomonas RefSeq ++ n.d. + n.d. n.d. n.d. 
Molecular chaperone Dank Pseudomonas RefSeq ++ n.d. + n.d. n.d. n.d. 
Glutamine synthetase, type I Pseudomonas RefSeq ++ + + n.d. n.d. + 
Nitrogen regulatory protein P-II Pseudomonas RefSeq + n.d. + n.d. n.d. + 
Alkyl hydroperoxide reductase Pseudomonas RefSeq + + + n.d. n.d. + 
F0F1 ATP synthase subunit alpha Pseudomonas RefSeq + + + n.d. + + 
Heat shock protein, Hsp20 family Pseudomonas RefSeq ++ + n.d. n.d. n.d. n.d. 
d         
Porin, gram-negative type  Verminephrobacter Metagenome ++ +++ ++ + + + 
Beta-Ig-H3/fasciclin Rhodopseudomonas RefSeq + + ++ ++ ++ + 
Beta-Ig-H3/fasciclin Novosphingobium Metagenome n.d. + +++ ++ ++ + 
Novel UNKNOWN Metagenome + ++ +++ + n.d. n.d. 
Novel UNKNOWN Metagenome + +++ + + n.d. n.d. 
Beta-Ig-H3/fasciclin Stenotrophomonas Metagenome + ++ + ++ + ++ 
Histone-like protein Agrobacterium RefSeq n.d. ++ + + + + 
DNA-binding protein HU Cytophaga Metagenome n.d. + + + + ++ 
Novel UNKNOWN Metagenome + ++ + + + + 
Novel UNKNOWN Metagenome n.d. n.d. + + + + 
Putative uncharacterized protein  Burkholderia Metagenome + ++ + + + + 
DNA-binding protein HU Clavibacter Metagenome + + n.d. n.d. n.d. ++ 
DNA protein during starvation, Dps  Sorangium Metagenome + + + n.d. n.d. + 
ATP-dependent Clp protease  Zymononas Metagenome + + + + n.d. + 
Novel UNKNOWN Metagenome + + + + + + 
Novel UNKNOWN Metagenome n.d. n.d. + + + n.d. 
Novel UNKNOWN Metagenome + + + n.d. n.d. n.d. 
Novel UNKNOWN Metagenome + + + + + n.d. 
Enolase Planctomyces Metagenome n.d. + + + n.d. + 
Cold-shock DNA-bind. domain prot. Arthrobacter RefSeq n.d. + n.d. n.d. n.d. ++ 

 

 

Conclusions 

To our knowledge, this study represents the first large-scale combinatorial metagenome and 

metaproteome analysis from a common pool of cells. This approach allowed us to overcome 

limitations in protein identification that are otherwise encountered due to the absence of 

closely related reference genomes in publicly available databases. It also demonstrated that 

metagenome data, retrieved from relatively short sequence reads and with low degree of 

assembly, are of sufficient quality to allow protein identification of bacteria not sequenced so 

far. The identification of abundant proteins in the phyllosphere microbiota allowed us to 

detect key enzymatic functions with activities that can be expected to be relevant for global 

carbon and nitrogen cycles. This holds especially for the conversion of methanol, a major 

volatile organic compound emitted by plants (100 Tg formed per year) (Galbally and Kirstine 

2002), and the assimilation of ammonia via glutamine synthetase. The latter is of relevance 

considering the high amount of ammonia input from agricultural sources and from industrial 

exhaust, as discussed in relation to the phyllosphere (Papen et al. 2002).  

 The identity of bacteria present in the phyllosphere in combination with the protein 

survey described here offers insights into strategies for phyllospheric lifestyles of bacteria on 

plant hosts. Our analysis revealed consistency with respect to the bacterial community 

composition and, in particular, the high abundance of Sphingomonas spp. and 

Methylobacterium spp. on the analyzed plants. Known proteins expressed in 

Methylobacterium are related, to a large extent, to one-carbon and central metabolism, as 

well as to stress response, whereas for Sphingomonas spp., the conspicuous expression of 

TonB-dependent receptors suggests a particularly large substrate spectrum. These 

adaptations contribute to the success and coexistence of these taxa in the phyllosphere. Apart 

from these consistently observed two alphaproteobacterial genera, we detected the presence 
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of flagellated Pseudomonas on soybean plants and with it a number of proteins of known and 

unknown functions. 

 The survey of proteins present in situ provides a basis for targeted studies of proteins 

relevant in relation to the plant environment. Strikingly, the consistent and abundant 

presence of some proteins of uncharacterized function in a number of different bacterial 

genera, of which fasciclin is one example, suggest key functions for adaptation to the 

phyllosphere that need to be investigated in more detail. The identity of abundant and 

ubiquitous commensal phyllosphere bacteria in combination with a better understanding of 

their physiology in this habitat will help to reveal the role of these bacteria in global carbon 

and nitrogen cycles and serve as a basis to exploit them in the future with respect to a 

potential plant probiotic power.  

 

 

Materials and Methods 

Sampling of phyllosphere bacteria and extraction of DNA and protein. Bacterial cells were 

washed from the leaf material applying a previously published protocol (Gourion et al. 2006) 

with slight modifications (see SText 1), including a centrifugation step in the presence of 

Percoll in order to deplete eukaryotic cells and dirt particles. DNA and protein extraction was 

performed using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Hilden, Germany). Frozen cell 

pellets were resuspended in 1,300-1,400 L of kit-supplied RLT buffer, one gram of 0.1 mm 

zirconium-silica beads was added, and cell lysis was performed in a tissue lyser (Retsch GmbH, 

Haan, Germany) for 3 min at maximum shaking frequency (30 s-1). Cell debris and beads were 

pelleted for 1 min at 20,000 g. The supernatant was distributed onto 2 kit-supplied columns 

for further extraction of the DNA and proteins according to the instructions in the kit manual.  

 DNA metagenome sequencing and analysis. Sequencing was performed on the 

Genome Sequencer FLX system. All DNA sequences were assembled with the GS De Novo 

Assembler provided with the FLX system (Roche Applied Science and 454 Life Sciences) using 

default parameters. To setup a metagenomic database for protein identification, open reading 

frames were predicted and data annotated as outlined in SText 1. Taxonomic community 

composition estimates based on metagenomic sequences were derived by running the 

software MLTreeMap on the ‘Soybean 2’ metagenomic data (von Mering et al. 2007).  

 16S rRNA gene based analysis of the microbial communities. The bacterial and 

archaeal community composition of the six phyllosphere samples was characterized by 16S 

rRNA gene clone library construction, followed by comparative sequence analysis as outlined 

in detail in SText 1. Rarefaction curves were calculated using the Dotur software package 

(Schloss and Handelsman 2005). 

 Protein identification and analysis. Proteins were separated by one-dimensional SDS-

PAGE and analyzed after tryptic digestion by reversed-phase high-performance liquid-

chromatography coupled to electrospray-ionization tandem mass-spectrometry (RP-HPLC-ESI-

MS/MS). Data files obtained from high-accuracy mass spectrometers were converted to peak 

lists and were analyzed with two search algorithms and validated with Scaffold (Proteome 

Software Inc., Portland, OR, USA). MS/MS spectra were searched against two different 

databases: one database consisting of protein sequences obtained from RefSeq 

(ftp://ftp.ncbi.nih.gov/refseq) and a second database built from RefSeq data plus the 

ftp://ftp.ncbi.nih.gov/refseq
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translated metagenomic data. For protein identification, at least two peptide matches were 

required (each having a minimum peptide identification probability of 95%; minimum 

required protein identification probability was 99%). The false discovery rate, as estimated by 

searches against a decoy database, was below 1%. Data processing and visualisation were 

performed using custom scripts in Perl, Python, and R. Full information about all the methods 

and associated references used for the analyses reported here is available in SText 1.  
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Supporting Information 

 

Supplementary Materials and Methods 
 
Harvest of prokaryotic phyllosphere cells. Plant leaf material, i.e., rosettes of thale cress (Arabidopsis thaliana), 
fully developed leaves of soybean (Glycine max), or fully developed trifoliates of clover (Trifolium repens), was 
placed in 50-mL tubes, and tubes were filled up to 30 mL with sterile pre-cooled TE-buffer (10 mM Tris, 1 mM 
EDTA, pH 7.5), supplemented with 0.3 g mL

-1
 Pefabloc SC (Roche Diagnostics) and 0.2% Silwet L-77 (GE Bayer 

Silicones, Leverkusen, Germany). Cells were washed from the leaf material by 3 min of alternate shaking, vortexing, 
and sonication. The cell suspension was separated from the leaf material by filtration through a nylon mesh (pore 

size 200 m; Spectrum Europe BV, Breda, The Netherlands). 6 mL of 80% Percoll
®
 (Sigma-Aldrich) was pipetted 

below the cell suspension, and the 50-mL tubes were centrifuged for 5 min at 800 g. The bacterial cell suspension 
above the Percoll

®
 layer was transferred into a fresh 50-mL tube and cells were pelleted at 3,150 g for 15 min. Cell 

pellets from multiple tubes were pooled into 1.5 mL reaction tubes and washed twice with TE-buffer plus Pefabloc 
SC. Cell pellets were immediately frozen at -20°C. 
 
Construction and analysis of 16S rRNA gene clone libraries. Bacterial 16S rRNA genes were amplified in triplicate 

PCR assays (volume of 33 L each, prepared from a master mix of 100 L). Each 100 L assay contained 10 L of 
supplied RedAccu LA Taq Polymerase PCR buffer containing 2.5 mM of Mg

2+
 (Sigma), 1.25 mM of each 

deoxynucleoside triphosphate (dNTP) (Fermentas), 0.5 M of each primer (Microsynth, Balgach, Switzerland), 0.25 

g L
-1

 of bovine serum albumin (Roche Diagnostics), 0.05 U L
-1

 of Red Accu LA Taq polymerase (Sigma), and 5 L 
of template DNA. Primers 9f and 1492r were used for PCR amplification of bacteria (Weisburg et al. 1991). The PCR 
program consisted of initial denaturation at 94°C for 4 min, followed by 25 cycles of denaturation at 94°C for 45 s, 
annealing at 48°C for 1 min, and elongation at 72°C for 2 min, and then a final elongation at 72°C for 7 min. PCR 
products were purified with a NucleoSpin Extract II purification kit (Machery-Nagel, Düren, Germany), and A-

overlaps were replenished in an assay containing 5 L purified PCR product, 0.6 L of supplied Master Taq 

Polymerase buffer (Eppendorf), 0.3 L of each dNTP, and 0.3 L of Master Taq Polymerase (Eppendorf) by 
incubation at 72°C for 10 min. For the detection of Archaea, a specific primer system was applied (20f + 958r) 
(Ochsenreiter et al. 2003). PCR was performed in assays as described above using the thermal profile as described 
(Ochsenreiter et al. 2003) with 35 reaction cycles. PCR products could be obtained in the soybean 1, soybean 2, 
clover 2, and A. thaliana samples.  
After cloning and sequencing with primers 9f and 1492r, the nearly full-length 16S rRNA gene sequences were 
obtained after assembly and aligned using the SINA webaligner of the SILVA ribosomal database project (Pruesse et 
al. 2007). Sequences were double checked for chimeras using the Mallard program (http://www.bioinformatics-
toolkit.org) and the chimera detection program of the ribosomal database project RDP, release 8. Sequences that 
showed anomalies with only one of the two programs were manually checked with Pintail 
(http://www.bioinformatics-toolkit.org). Moreover, the aligned sequences were visually inspected for anomalies.  
Phylogenetic trees were calculated using the maximum likelihood algorithm PhyML, implemented in the ARB 
software package (http://www.arb-home.de). Type strains for the trees shown in Fig. S2.1a-d were selected 
according to “The All-Species Living Tree project”, release 93 (Yarza et al. 2008).  
 
Denaturing gradient gel electrophoresis (DGGE). DGGE was performed as previously described (Henckel et al. 
1999). Briefly, primers 533f and 907r-GC were applied to PCR-amplify a fragment of the 16S rRNA gene with 35 
cycles. PCR products were quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen), and equal 
amounts of DNA were loaded onto each gel. Acrylamide gels (6.5%) were prepared with a denaturing gradient from 
35 - 65%, and gels were run at 60°C and 70 V for 16 h. Excised bands were re-amplified with 25 PCR cycles, and the 
correct migration behavior was checked on a DGGE prior to sequencing. The community composition of the six 
samples used for metaproteomic analysis was additionally analyzed by using a second primer system, 357f-GC and 
907r (Green and Minz 2005), which revealed a comparable clustering of samples, i.e. samples from the same plant 
species clustered together. DGGE patterns were compared with the GelCompar II software (Applied Maths, Sint-
Martens-Latem, Belgium). Cluster analysis was performed using the UMPGA algorithm based on Pearson 
correlation coefficients. 
 
DNA metagenome sequence analysis. Pyrosequencing was performed by GATC (Konstanz, Germany) and at the 
Functional Genomics Center Zurich using an aliquot from the DNA extract of the 'Soybean 2' sample. Five 
microgram of DNA was provided for each analysis. DNA quantity and purity (based on the ratio of absorbance at 
260 and 280 nm and was 1.7 for our sample) was determined using the NanoDrop (Thermo Fisher Scientific, 
Waltham, MA, USA) and the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). Data assembly using the GS De Novo 
Assembler resulted in 140,550 contigs with a mean sequence length of 276 bp, i.e. 40 bp longer than the mean 
length of a single read. The largest contig had a length of 12,888 bp. After assembly, different read statuses were 
attributed to each read by the assembler software: assembled, partially assembled (only part of the read included), 

http://www.arb-home.de/
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singleton (no overlap with any other read), repeat (identified as a repeat region or exactly duplicated sequence; 
known artifact of the pyrosequencing technique) or outlier (problematic read, i.e., chimera sequences). To build 
the metagenome database (for proteomic data annotation), singleton reads were included in the contigs file in 
order not to lose any information after assembly. The annotation of contigs and singleton reads was performed as 
follows: Open Reading Frame (ORF) prediction, with translation of regions between STOP codons in the 6 reading 
frames, was done using the program getorf (EMBOSS package). ORFs with a minimum size of 10 amino acids were 
reported. Similarity searches for all predicted ORFs were performed using the program BLASTp with an expected 
(E) value cutoff of 0.0001 (and the following parameters: “-M BLOSUM62 -G 11 -E 1 -F T”) against the database 
UniRef90 (ftp://ftp.uniprot.org/pub/databases/uniprot/ uniref/uniref90/release 13.3). A hit was considered 
significant with a bitscore larger than or equal to 60. Pfam domains (Finn et al. 2008) were reported for ORFs that 
significantly matched UniRef90 using the mapping file protein2ipr.dat.gz available on the Interpro ftp website 
(ftp://ftp.ebi.ac.uk/pub/databases/interpro/Interpro release 17.0). A domain was reported if containing a 
minimum overlap of 20 amino acids with the contig/read. A total of 319,651 ORFs matched those criteria. All non-
annotated ORFs (5,647,279) were kept in the metagenome database (total of 5,966,930 entries) for further analysis 
in case of identification by mass spectrometry. 
 
Preparation of proteins for mass spectrometry. The extracted protein fraction of each sample, obtained as 
indicated above, was processed further using the Allprep DNA/RNA/Protein kit (Qiagen, Hilden, Germany). Proteins 
were precipitated and then dissolved in a Laemmli related kit-supplied sample buffer. If needed, proteins were 
frozen and stored at -20°C. Otherwise, the proteins were diluted up to 45 µL in loading buffer and denaturated for 
4 min at 95°C. Loading buffer was prepared by mixing 125 µL of 0.5 M Tris-HCl, pH 6.8, 250 µL of glycerol, 200 µL of 
10% sodium dodecyl sulphate, 50 µL of 2-β-mercaptoethanol, and 1 crystal of bromophenol blue and then bringing 
the solution to a final volume of 2 mL with water. After cooling and centrifugation at 20,238 g for 5 min, the 
protein sample was loaded for separation on the top of a Tris-HCl polyacrylamide gel (4–15% linear gradient, 8.6 x 
6.8 cm, or 10.5-14% linear gradient, 13.3 x 8.7 cm) obtained from Bio-Rad Laboratories AG (Reinach, Switzerland). 
Electrolysis buffer consisted of 25 mM Tris-HCl, pH 8.3, 192 mM glycine, and 0.1% sodium dodecyl sulfate. Staining 
was performed for 40 min with 40% methanol, 10% acetic acid, and 0.25% Coomassie blue. Destaining was 
achieved overnight with 10% methanol and 10% acetic acid. For each sample, the corresponding gel lane was cut 
into 16 to 21 pieces. Gel pieces were destained three times with 50% acetonitrile and dried for 10 min under 
vacuum (Model SPD121P SpeedVac, Thermo Fisher Scientific, Waltham, MA, USA). Then, proteins were reduced for 
45 min at 56°C with tris(2-carboxyethyl)phosphine hydrochloride (2 mM in 25 mM ammonium hydrogen 
carbonate, pH 8.0) and carbamidomethylated for 60 min at room temperature in the dark with iodoacetamide (25 
mM in 25 mM ammonium hydrogen carbonate, pH 8.0). Gel plugs were washed three times with 50% acetonitrile 
and dried for 15 min under vacuum. Finally, proteins were digested with trypsin (Promega, Madison, WI, USA) for 
16 hours at 37°C (50 ng/gel plug) in 25 mM ammonium hydrogen carbonate, pH 8.0. Digestion was quenched with 
trifluoroacetic acid, digests were transferred to new vessels, and solvents were evaporated. After resolubilisation 
in 30 µL of 3% acetonitrile and 0.1% trifluoroacetic acid, peptides were cleaned up with a C18 ZipTip

TM
 supplied by 

Millipore Corporation (Billerica, MA, USA). 
 
Mass spectrometry analysis. The samples were analyzed on a hybrid LTQ-Orbitrap XL mass spectrometer (Thermo 
Fisher Scientific, Waltham, MA, USA) interfaced with a nanoelectrospray source. Peptides were separated by 
reversed-phase high-performance liquid-chromatography on an in-house packed column with 2 µm UltraHT Pro 
C18 packing material from YMC Co. (Kyoto, Japan). Column dimensions were 80 x 0.75 mm i.d. Eluents were (A) 1% 
acetonitrile, 0.2% formic acid, and (B) 80% acetonitrile, 0.2% formic acid. Separation was performed by linear 
gradients of 3-10% (B) in 5 min, 10-40% (B) in 50 min, 40-97% (B) in 5 min, followed by isocratic conditions at 97% 
(B) for 5 min. Solvent delivery of 200 nL min

-1
 was achieved by a binary gradient pump (Model nanoLC 1D Plus, 

Eksigent, Dublin, CA, USA). Peptides were loaded from a cooled (4°C) auto sampler (Model Endurance, Spark 
Holland, Emmen, The Netherlands). Connection of the reversed-phase column with the ESI source was achieved by 
stretching the fused silica capillary at the outgoing extremity of the column. 
Mass spectrometric detection was performed with the LTQ-Orbitrap XL mass spectrometer operating in data-
dependent mode. The four most abundant doubly or triply charged ions from the high accuracy survey scan with a 
minimum ion count of 500 were automatically taken for further MS/MS analysis at the linear ion trap. Precursor 
masses already taken for MS/MS were excluded for further selection for 60 sec. All mass spectra were recorded in 
positive ion mode with an electrospray source voltage between 1.5 kV and 1.90 kV. Precursor mass spectra were 
acquired at the Orbitrap mass analyzer with a scan range from m/z 300.0 to 1,600.0 using real-time internal 
calibration on polydimethylcyclosiloxane (PCM) background ions m/z 445.120025 and 429.088735 as previously 
described (Olsen et al. 2005). Resolution was set to 60,000 at m/z 400. For some re-measurements, a hybrid LTQ-
FTICR mass spectrometer (Model LTQ-FT Ultra, Thermo Fisher Scientific, Waltham, MA, USA) was employed. 
Chromatographic separation, ionization, and data acquisition were performed as described for the LTQ-Orbitrap XL 
mass spectrometer. 
 
Protein identification and determination of false discovery rate. Mass spectra processing was performed with 
Xcalibur 2.0.7 (Thermo Fisher Scientific, Waltham, MA, USA). Peak list generation for database searches was 

ftp://ftp.uniprot.org/pub/databases/uniprot/ uniref/uniref90/
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performed with Mascot Distiller 2.1.1.0 (Matrix Science, London, UK). Database searches were performed against 
three different databases. The first database (DB1) containing 5,195,116 protein sequences consisted of RefSeq 
Release 28 and was downloaded from the NCBI ftp website (ftp://ftp.ncbi.nih.gov/refseq/release). The second 
database (DB2) was a concatenation of DB1 with 5,966,930 sequences issued from the metagenomics part of the 
project and had a total of 11,162,046 entries. The third database (DB3) had 15,285 entries and consisted of all the 
protein sequences from three reference complete genomes, Methylobacterium extorquens PA1, Sphingomonas 
wittichii RW1, and Pseudomonas syringae pv. phaseolicola 1448A, downloaded from the NCBI ftp website 
(ftp://ftp.ncbi.nih.gov/genomes/Bacteria). The selection of reference genomes was based on number of identified 
proteins for different species within the genus and was thus based on results shown in Table S2.3. 
For database searches, a first computation was performed with Mascot 2.2 (Matrix Science, London, UK) based on 
the MOWSE algorithm (Perkins et al. 1999). The following search parameters were applied: taxonomy, all entries; 
fixed modification, cysteine carbamidomethylation; variable modifications, methionine oxidation; enzyme, trypsin; 
maximum number of missed cleavages, 1; peptide tolerance, ± 5 ppm; MS/MS tolerance, ± 0.5 Da. We were able to 
set a low peptide tolerance (5 ppm) because of the high accuracy of the Orbitrap mass spectrometer and the use of 
internal lock-mass calibration with the polydimethylcyclosiloxane background ions. By acquiring the data with high 
accuracy we were able to obtain peptide matches with high MOWSE scores (high quality), which are above identity 
cutoffs computed by Mascot (typically 40 with huge databases). A second database search was performed by using 
the X!Tandem database searching program (Craig and Beavis 2004). Results from both algorithms were validated 
with Scaffold 2.1 (Proteome Software Inc., Portland, OR, USA). Peptide identifications were accepted if they could 
be established at greater than 95% probability as specified by the Peptide Prophet algorithm (Keller et al. 2002). 
Probability (in sense of the Protein Prophet algorithm (Nesvizhskii et al. 2003)) greater than 99% was required to 
validate protein identifications. One-hit wonders were removed (only proteins identified with at least 2 peptides 
were considered) and proteins that contained similar peptides and could not be differentiated based on MS/MS 
analysis alone were grouped to satisfy the principle of parsimony. 
To check the quality of our validation process, we prepared a synthetic mixture of 10 bacteria occurring in 
environmental samples. Both Gram-positive and Gram-negative species were represented and protein 
concentrations varied over 2 orders of magnitude between the different species. The protein mixture was 
processed as described for the real samples. Mass spectra were searched against DB1. Less than 1% of the hits we 
obtained were false positive. 
We computed also the false discovery rate by testing experimental mass lists against a composite version of 
database DB2, created by concatenating the target protein sequences with reversed sequences (total of 
22,324,092 sequences, target-decoy searches) as described by Elias and Gygi (Elias and Gygi 2007)). Because we 
searched the mass lists against a database containing forward and reverse sequences, the number of identified 
reverse hits was multiplied by 2 and divided by the total number of identifications. We computed a false discovery 
rate lower than 1%.  
Contrary to classical proteomics for which protein assignment to a given organism is obvious, protein assignment 
to a given taxon in community proteomics may remain uncertain (see also Verberkmoes et al. 2009).  
 
Spectral counting. Given the redundancy and diversity of identified proteins using the database DB2, we 
performed a clustering of the corresponding sequences in order to facilitate the interpretation of the results and to 
be able to roughly estimate protein expression by spectral counting (Zhang et al. 2006). A single linkage clustering 
based on sequence identity was performed using the program BLASTCLUST and the following parameters “-p T -e F 
-L .4 -b T -S 90”. Sequences aligning at least 40% of their length and with an identity superior or equal to 90% were 
clustered together. For a given sample, the cluster spectral count (the sum of spectral counts for all the proteins in 
a given cluster) was normalized according to the total number of spectra acquired for this sample. Since longer 
proteins have a greater chance to be detected via mass spectrometry, we also normalized cluster spectral counts 
by the longest protein length present in a cluster. Finally, we report the normalized spectral counts as +++, ++, and 
+ for values ≥ 1.7, ≥ 0.9 and < 1.7, and < 0.9, respectively. 
To better characterize clusters, biologically and functionally, we annotated them using the Gene Ontology database 
(http://www.geneontology.org/) using pre-computed annotation available for Uniprot proteins in the GOA 
database (http://www.ebi.ac.uk/GOA/) and the online Protein Identifier Cross-Reference Service PICR 
(http://www.ebi.ac.uk/Tools/picr/). 
 
Differential proteome composition. The similarity between plant-sample proteomes was analyzed based on 
expressed Pfam protein domains. Spectral counting was performed to semi-quantitatively estimate protein 
abundance; for each known protein domain (Pfam), these abundances were then aggregated based on the 
protein/domain mappings (in this case, we used the whole length of the identified protein; i.e. even for cases 
where a given domain was not itself covered by peptides, it clocked counts based on the annotated occurrence of 
that domain in the protein). In order to investigate which protein domains were consistently expressed or plant-
specifically enriched, we pooled the samples according to the plant species. A triangular representation was used 
to visualize the specific enrichments of domains detected on each plant species. Each protein domain is 
represented by one dot within the triangle, whereby the position of the dot signifies the relative enrichment of the 
domain in one or several of the samples. Domains that are equally frequent on all three plants appear in the 

ftp://ftp.ncbi.nih.gov/refseq/release
ftp://ftp.ncbi.nih.gov/genomes/Bacteria
http://www.geneontology.org/
http://www.ebi.ac.uk/GOA/
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middle of the triangle. Domains that appear in one of the corners of the triangle are found primarily on one of the 
plants, and domains that appear along one of the edges of the triangle are found primarily in two of the three 
sample pools, but are largely absent from the third. For each protein domain, the relative counts for the three 
habitats were normalized to add up to 1 (after addition of pseudo-counts to select against rare domains). This 
permitted the display of three-dimensional data in two dimensions (using three axes at 120 degree angles). 
Statistical significance assessment was performed using a Monte-Carlo method (comparison to randomized data). 
For more details on the method, see Tringe et al. (Tringe et al. 2005). 
 
Two-ways fragment recruitment. The fragment recruitment analysis was developed using a custom Python script 
to integrate the data and generate fragment recruitment plots. The DNA short reads recruitment was performed 
using the program BLAST (Altschul et al. 1990) and the following parameters “a 3 -F "L;m;" -e 0.0001 -G 5 -E 2 -r 2”. 
All 454 reads were searched for similarity against a database (DB3) containing the three reference genomes 
(Methylobacterium extorquens PA1, Sphingomonas wittichii RW1 and Pseudomonas syringae phaseolicola 1448A) 
and their respective plasmid sequences downloaded from the RefSeq database. Best hits on a given genome were 
defined by the best bitscore and a bitscore cutoff superior or equal to 50. For the post-analysis and genus-taxa 
encoding level estimations, an identity cutoff of 90% was applied to select reads assigned to a given genome. The 
read coverage of a gene was defined as the sum of the aligned length of each read respecting these cutoffs, 
expressed in nucleotide. 
The peptide recruitment was based on the Mascot score reported by the Scaffold software when searching the 
database DB3 as for the DNA recruitment, no other cutoff was applied to identify peptides assigned to a reference 
genome. In order to compare relative expression between genes (mxaF and xoxF, see Fig. S2.5), we defined the 
expression level of a given gene using the following calculation: (number of spectra / gene_length) / 
read_coverage. And the relative expression ratio of two genes is the ratio of their gene relative expression. 
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Supplementary Figures 

 

 

 

 
 

 
Fig. S2.1. Phylogenetic trees of 16S rRNA gene sequences obtained from clone libraries of all six samples. 
Phylogenetic relationship of nearly full-length 16S rRNA gene sequences to sequences of type strains and genome 
sequenced strains (underlined) of the genera Methylobacterium (a), Sphingomonas (b), and Pseudomonas (c). The 
phylogenetic position of all other sequences detected in the clone libraries is shown with regard to the most closely 
related sequence and to sequences of cultivated reference organisms (d). All trees were constructed based on 
1,388 nucleotide positions with the maximum likelihood algorithm PhyML. The bar represents 10% sequence 
divergence. 
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Figure legend on next page. 
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Fig. S2.2. Composition and (dis-)similarities of microbial phyllosphere communities analyzed by denaturing 
gradient gel electrophoresis of 16S rRNA gene amplification products. Cluster analyses of DGGE profiles were 
done using the UMPGA algorithm based on Pearson correlation coefficients. (a) Community composition of the six 
phyllosphere samples as seen based on DGGE banding patterns and sequencing of representative bands. The 
identity of bands from soybean and clover samples is indicated as follows: (H) Hymenobacter, (M) 
Methylobacterium, (Ma) Massilia, (R) Rhodococcus, (S) Sphingomonas, (Sr) Spirosoma, (C) Chloroplast. (b) 
Temporal succession of the bacterial phyllosphere community on leaves of soybean plants. Young leaves were 
collected at the beginning, while older leaves from the middle part of the plant were collected from day 67 on. The 
fingerprints suggest that soybean leaves were colonized by a rather stable bacterial community over the growing 
period. Early colonizers were still detectable at later developmental stages. Samples collected for the 
proteogenomic analysis (n > 300 leaves) reflect the community composition of the subsamples (n = 3 to 4 leaves 
per replicate) taken at the same time. (c) Comparison of microbial communities on soybean leaves taken from 
different parts of the plant (upper, middle, and lower) and, therefore, of different age. Additional samples were 
included from soybean grown at the edge of the field (from the middle part of the plant) and adjacent clover plants 
(white and red clover). The analysis was performed on material taken on days on which samples for 
metaproteomic analyses were taken, i.e., day 67 (upper plot) and day 110 (lower plot). Bacterial communities on 
leaves of the soybean plants were in general more similar to each other than to communities on the clover plants, 
suggesting a plant species specific phyllosphere colonization. Most of the dominant bands were detected on all 
different soybean samples, regardless of leaf age, leaf position or plant position in the field (centre versus edge), 
suggesting the presence of a spatially homogeneous bacterial phyllosphere population. 

 

 

 

 

 

 

 
 
Fig. S2.3. Venn diagram showing the overlap of proteins identified in the ‘Soybean 2’ sample relative to the other 
plant phyllosphere samples. Peak lists of each sample were searched against DB2 and validated with Scaffold. The 
six resulting Scaffold files were merged together and only proteins assigned to bacteria were displayed. 
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Fig. S2.4. Diverse fragment recruitment plots for proteins and functional clusters of particular interest. Both 
metagenomic (below x-axis) and metaproteomic (above x-axis) data are recruited on a reference genome. The 
color code indicates the sample source of a given peptide. (a) Exemplarily for a housekeeping protein, RNA 
polymerase beta and beta' within the reference genera Methylobacterium, Sphingomonas, and Pseudomonas is 
shown. (b) GTP-binding protein TypA/BipA within the three reference genera is shown. This protein belongs to the 
ribosome-binding family of GTPases and is widely distributed in bacteria and plants. It has been shown to regulate 
multiple cell surface and virulence-associated components in Escherichia coli (Farris et al. 1998), and it is required 
for growth at low temperatures in Enterobacteria and Sinorhizobium meliloti (Kiss et al. 2004, Pfennig and Flower 
2001). (c) A major methylotrophy cluster in Methylobacterium containing genes for tetrahydromethanopterin-
linked one-carbon dissimilation and the serine cycle involved in one-carbon assimilation as well as genes for 
cofactor biosynthesis of tetrahydromethanopterin and pyrroloquinolone quinine (PQQ) (Chistoserdova et al. 2003). 
Please note that also xoxF (Fig. S2.5) is encoded in this genomic region. (d) Motility cluster of Pseudomonas, 
covering approximately 67kb. (e) The gene annotated Beta-Ig-H3/fasciclin from M. extorquens PA1 attracted both 
DNA reads and peptides. 
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interactions between enteropathogenic Escherichia coli (EPEC) and epithelial cells. Mol Microbiol 28: 265-
279. 

Kiss E, Huguet T, Poinsot V, Batut J (2004). The typA gene is required for stress adaptation as well as for symbiosis 
of Sinorhizobium meliloti 1021 with certain Medicago truncatula lines. Mol Plant Microbe Interact 17: 235-
244. 

Pfennig PL, Flower AM (2001). BipA is required for growth of Escherichia coli K12 at low temperature. Mol Genet 
Genomics 266: 313-317. 
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Fig. S2.5. Fragment recruitment plots of methanol dehydrogenase (MxaF) and methanol dehydrogenase-like 
protein (XoxF). Recruitment of both metagenomic (below x-axis) and metaproteomic (above x-axis) data on a 
Methylobacterium reference genome (M. extorquens PA1). Relative expression levels of mxaF and xoxF were 
calculated in order to compare expression strength of both genes. The color code indicates the sample source of a 
given peptide. 
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Phylum Class Order Family Genus SY1 SY2 CL1a CL1b CL2 ARA

Actinobacteria Actinobacteria Actinomycetales Geodermatophilaceae Blastococcus 1 (1)

Microbacteriaceae Clavibacter 1 (1)

Frigoribacterium 1 (1) 3 (3)

Mycobacteriaceae Mycobacterium 1 (1)

Nakamurellaceae Quadrisphaera 1 (1)

Nocardiaceae Rhodococcus 0 (1) 1 (1)

Unknown Unknown 1 (1)

Unknown Unknown Unknown 0 (1)

Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Chryseobacterium 5 (9)

Flavobacterium 2 (2)

Sphingobacteria Sphingobacteriales Crenotrichaceae Unknown 1 (1)

Flexibacteraceae Dyadobacter 6 (11)

Hymenobacter 7 (7) 8 (12) 0 (2) 1 (1) 2 (5) 2 (2)

Spirosoma 1 (1) 1 (1) 0 (4) 3 (6)

Unknown 5 (6) 1 (1) 2 (2) 1 (4) 5 (6)

Sphingobacteriaceae Pedobacter 1 (1) 0 (3) 4 (6)

Sphingobacterium 0 (1)

Unknown 0 (1) 1 (1)

Unknown Unknown 2 (2)

Unknown Unknown Unknown 2 (2)

Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Brevundimonas 0 (1)

Rhizobiales Aurantimonadaceae Aurantimonas 3 (3)

Bradyrhizobiaceae Unknown 1 (1) 1 (1)

Hyphomicrobiaceae Devosia 5 (6)

Methylobacteriaceae Methylobacterium 3 (8) 2 (8) 5 (9) 3 (5) 2 (9) 1 (5)

Unknown 0 (1) 0 (2)

Phyllobacteriaceae Mesorhizobium 1 (2)

Rhizobiaceae Rhizobium 1 (1) 9 (18) 2 (10) 8 (15)

Unknown 0 (1) 1 (2) 0 (2)

Unknown Unknown 2 (2) 1 (1) 1 (1)

Rhodobacterales Rhodobacteraceae Rhodobacter 1 (2)

Unknown 0 (1) 0 (1)

Rhodospirillales Acetobacteraceae Asaia 1 (1)

Sphingomonadales Sphingomonadaceae Novosphingobium 1 (1) 0 (1) 6 (10)

Sphingomonas 52 (71) 80 (99) 14 (18) 20 (26) 56 (82) 60 (77)

Unknown 0 (1) 1 (4)

Unknown Unknown 0 (1) 0 (1) 0 (1)

Unknown Unknown Unknown 0 (1) 1 (2)

Betaproteobacteria Burkholderiales Alcaligenaceae Pigmentiphaga 1 (1)

Unknown 1 (1) 1 (1)

Burkholderiaceae Burkholderia 1 (1)

Oxalobacteraceae Janthinobacterium 1 (1) 0 (1)

Massilia 9 (12) 2 (3)

Unknown 0 (2)

Comamonadaceae Acidovorax 3 (4)

Comamonas 1 (1)

Curvibacter 0 (1)

Variovorax 1 (1) 5 (7) 2 (2) 2 (2) 2 (3)

Unknown 0 (2) 0 (2) 0 (2)

Incertae sedis 5 Methylibium 2 (2)

Xylophilus 1 (1) 0 (3)

Neisseriales Neisseriaceae Unknown 0 (1)

Gammaproteobacteria Enterobacteriales Enterobacteriaceae Buttiauxella 0 (1)

Enterobacter 0 (1)

Erwinia 3 (6) 3 (4) 6 (11)

Pantoea 1 (1)

Pectobacterium 0 (2)

Unknown 3 (6) 1 (1)

Unknown Unknown 0 (1)

Pseudomonadales Pseudomonadaceae Pseudomonas 36 (55) 2 (10) 2 (6) 0 (4) 2 (3)

Unknown 0 (1)

Xanthomonadales Xanthomonadaceae Stenotrophomonas 0 (1)

Unknown 0 (1)

Deltaproteobacteria Myxococcales Polyangiaceae Byssovorax 1 (1)

Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Genera incertae sedis 1 (1) 1 (1)

TM7 Genera incertae sedis 1 (1)

Unknown Unknown Unknown Unknown Unknown 3 (3) 1 (3)

Total 122 (182) 126 (181) 26 (43) 31 (43) 100 (186) 115 (174)

Table S2.2. Frequencies of the different bacterial taxa in the phyllosphere. Total numbers of 16S rRNA gene 
sequences from clone libraries as classified by RDPquery are listed. Numbers in brackets include additionally mild 
chimeras, i.e. sequence fragments longer than 600 bp without a chimeric breakpoint. SY1: Soybean 1, SY2: Soybean 
2, CL1a: Clover 1a, CL1b: Clover 1b, CL2: Clover 2, ARA: Arabidopsis. 

 

 

 
Note 
Tables S2.3 – S2.4 can be found online: 
http://www.pnas.org/content/106/38/16428/suppl/DCSupplemental 
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Abstract 

Diverse bacterial taxa live in association with plants without causing deleterious effects. 

Previous analyses of phyllosphere communities revealed the predominance of few bacterial 

genera on healthy dicotyl plants, provoking the question whether these commensals play a 

particular role in plant protection. Here, we tested two of them, Methylobacterium and 

Sphingomonas, with respect to their capability to diminish disease symptom formation and 

proliferation of the foliar plant pathogen Pseudomonas syringae pv. tomato DC3000 on 

Arabidopsis thaliana. Plants were grown under gnotobiotic conditions in absence or presence 

of the potential antagonists and then challenged with the pathogen. No effect of 

Methylobacterium strains on disease development was observed. However, members of the 

genus Sphingomonas showed a striking plant-protective effect by suppressing disease 

symptoms and diminishing pathogen growth. A survey of different Sphingomonas strains 

revealed that most plant isolates protected A. thaliana plants from developing severe disease 

symptoms. This was not true for Sphingomonas strains isolated from air, dust, or water, even 

when they reached comparable cell densities in the phyllosphere as the plant isolates. This 

suggests that plant protection might be common among plant-colonizing Sphingomonas spp. 

but is not a general trait conserved within the genus Sphingomonas. Carbon source profiling 

of representative isolates revealed differences between protecting and non-protecting strains, 

suggesting that substrate competition might play a role in plant protection by Sphingomonas. 

However, other mechanisms cannot be excluded at this time. In conclusion, the ability to 

protect plants as shown here in a model system might be a yet unexplored, common trait of 

indigenous Sphingomonas spp. and of relevance also under natural conditions. 
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Introduction 

The phyllosphere encompasses the above-ground parts of plants that represent a habitat for 

microorganisms. Globally, the microbiota on plant leaf surfaces is estimated to count 1026 

bacterial cells (Morris and Kinkel 2002). Some of these bacteria can cause disease while most 

of them live as commensal bacteria together with their host plants. Currently, it is largely 

unknown to what extent plants benefit from their commensal microbiota on leaves. 

A recent study from our laboratory, which was based on the metaproteogenomic 

analysis of microbial communities from naturally-grown Arabidopsis thaliana and 

agriculturally-grown clover and soybean plants, revealed that Methylobacterium and 

Sphingomonas spp. are abundant in the phyllosphere of these plants (Delmotte et al. 2009). 

Methylobacteria, often called pink-pigmented facultative methylotrophs (PPFM), are known 

as ubiquitous plant colonizers based on cultivation-dependent (Corpe and Rheem 1989, 

Hirano and Upper 1991, Knief et al. 2010a) and cultivation-independent methods (Knief et al. 

2010b). Similarly, several papers report the presence of Sphingomonas spp. on plant surfaces 

(e.g. Enya et al. 2007, Idris et al. 2004, Kim et al. 1998, Fürnkranz et al. 2008). Different 

beneficial effects of these bacterial taxa on plants have been described in the literature. It was 

shown, for example, that indigenous Methylobacterium strains exhibit a growth-promoting 

effect on agriculturally important crops, which is assumed to be based on plant hormone 

production (Abanda-Nkpwatt et al. 2006, Madhaiyan et al. 2006, Koenig et al. 2002, 

Hornschuh et al. 2002, Ivanova et al. 2001, Omer et al. 2004). Likewise, studies report on 

Sphingomonas spp. as producers of plant-growth stimulating factors (Enya et al. 2007, 

Tsavkelova et al. 2007, Adhikari et al. 2001). 

Another way by which plants could benefit from their commensal bacteria is by 

protection against invading pathogens. In the past, several efforts to find natural agents for 

the control of foliar plant pathogens have been made (Jacobsen 2006). Strains with biocontrol 

activity were either searched by screening epiphytic strain collections or by generating 

effective near-isogenic mutant strains. Applying such strategies resulted, for instance, in the 

identification of antagonistic Pseudomonas (Cabrefiga et al. 2007, Stromberg et al. 2000, 

Völksch et al. 1996, May et al. 1997, Wilson and Lindow 1994b) and Erwinia strains (Johnson 

et al. 2009). 

The goal of this study was to address the question whether members of the bacterial 

genera Methylobacterium and Sphingomonas can act as "gate keeper" to protect plants 

against bacterial pathogens. To this end, a gnotobiotic in planta assay was applied with 

A. thaliana as model plant and P. syringae as model pathogen. P. syringae exhibits an 

epiphytic phase on leaf surfaces before switching to a predominantly endophytic lifestyle and 

multiplying to high cell numbers in the leaf interior (Hirano and Upper 1983, Boureau et al. 

2002).  

 

 

Materials and Methods 

Bacterial strains. Isolates and type strains used in this study are listed in Table 3.1. In the 

time-course experiments, mixtures of five Methylobacterium and five Sphingomonas strains 

were used to inoculate plants. These strains reflect part of the phylogenetic diversity within 

the respective genus and were previously isolated from the phyllosphere of different plants. 
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As an exception, the two genome-sequenced type strains Sphingomonas wittichii and 

Sphingopyxis alaskensis were included in the Sphingomonas inoculation mixture. Because the 

classification and nomenclature of Sphingomonads is still under debate (see Yabuuchi et al. 

2002), here, the term "Sphingomonas" is used in sensu latu also for the genera Sphingopyxis, 

Sphingobium, and Novosphingobium. In the screening experiment, additional Sphingomonas 

strains were included. These were previously isolated from plant surfaces (phyllosphere and 

rhizosphere), or their 16S rRNA genes show an identity of more than 97% to the majority 

(75%) of the clone sequences recovered from leaf-colonizing Sphingomonads described in 

Delmotte et al. (2009). Type strains were obtained from the DSMZ culture collection in 

Braunschweig, Germany, and the CIP culture collection of the Institute Pasteur in Paris, 

France. Pseudomonas syringae pv. tomato DC3000 (Pst) and Xanthomonas campestris pv. 

campestris LMG 568 (Xcc) were kindly provided by Thomas Kroj (UMR BGPI Montpellier, 

France) and Emmanuelle Lauber (LIPM Castanet-Tolosan, France), respectively. 

 

Growth conditions of Arabidopsis thaliana plants. A. thaliana Col-0 plants were cultivated on 

standard MS nutrient medium (Murashige and Skoog 1962) including vitamins (Duchefa, 

Haarlem, The Netherlands) supplemented with plant agar (Duchefa, Haarlem, The 

Netherlands) and 3% sucrose. The autoclaved medium was poured into Full-gas Microboxes 

(Combiness, Nazareth, Belgium) and a sterile Biofoil 25 (IVSS, Göttingen, Germany) with eight 

holes (diameter = 4 mm) was placed on the solidified agar surface to avoid contact of growing 

plant leaves with the medium. A. thaliana seeds were surface-sterilized by treating them with 

70% ethanol for 2 min and sodium hypochlorite solution (7% available chlorine) containing 

0.2% Triton X-100 for 8 min. Then, seeds were washed 7× with sterile ddH2O and placed on 

the agar surface at the positions of the eight pre-formed holes. Plants were grown one week 

at long-day conditions (16-h photoperiod) followed by short-day conditions (9-h photoperiod) 

in a standard growth chamber at a constant temperature of 22°C. Upon plant infection with 

the pathogen, 30 small holes (diameter = 1.2 mm) were pierced into the microbox plastic 

walls to reduce relative humidity to 80%. 

 

Inoculation and infection of plants. Methylobacterium strains were grown in liquid mineral 

salt medium (Peyraud et al. 2009) with 0.5% succinate as carbon source. Sphingomonas 

strains were cultivated in nutrient broth without additional NaCl (NB). All cultures were 

incubated at 28°C and grown until early stationary phase. Just before inoculation, cells were 

washed once and resuspended in 10 mM MgCl2 solution, OD600 was adjusted, and bacterial 

suspensions were added to the plants using seed or leaf inoculation as follows: for seed 

inoculation, 5 µl of cell suspension (OD600 = 0.5) was pipetted onto each seed at the time of 

sowing; for leaf inoculation, 5 – 10 µl (depending on plant size and leaf number) of cell 

suspension (OD600 = 0.02) was pipetted onto the leaves when plants were two weeks old (= 

one week before Pst infection). The cell density of Sphingomonas in the leaf-inoculation 

suspension was adjusted to correspond roughly to the bacterial carrying capacity of in vitro-

grown seed-inoculated A. thaliana plants of the same age. Axenic plants were mock-treated 

by applying sterile 10 mM MgCl2 solution to plant seeds or leaves. The plant pathogen Pst was 

cultivated on King's B (King et al. 1954) agar plates at 28°C. Three-week old plants were 

infected by spraying ca. 100 µl of infection suspension (or 10 mM MgCl2 when mock-treated) 

per box over the eight plants. The infection suspension was prepared from freshly grown Pst 
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cultures as described (Tornero and Dangl 2001) but without Silwet L-77 and OD600 was 

adjusted to 0.0001 corresponding to approximately 5×104 cells per ml. Plants were kept in 

darkness until infection. 

In an additional experiment, Xcc was used as pathogen to infect A. thaliana plants. Xcc 

cultures were grown on NB agar plates and the infection suspension prepared as described 

above. In this paper, the term "inoculation" refers to the application of commensal bacteria, 

i.e. Methylobacterium and Sphingomonas, the term "infection" to the application of 

pathogenic bacteria, i.e. Pseudomonas and Xanthomonas. 

 

Enumeration of phyllosphere bacteria. At different time points post infection (and the day of 

infection) commensal and pathogen cell numbers in the phyllosphere were determined on 

randomly selected plants (out of replicate microboxes). For this purpose, plants were taken-

out of the microboxes, the roots carefully removed, and the remaining above-ground plant 

parts placed individually into 2-ml tubes containing 1.3 ml of 100 mM phosphate buffer (pH 7) 

with 0.2% Silwet L-77 (GE Bayer Silicones, Leverkusen, Germany), a protocol that results in the 

recovery of bacteria from leaf surfaces and the apoplast and is as efficient as grinding the leaf 

tissue (Tornero and Dangl 2001). The fresh weight of each plant was recorded. To dislodge 

bacterial cells from plant material, the tubes were shaken horizontally in a Retsch tissue lyser 

(Retsch, Haan, Germany) for 15 min at 25 Hz (plants were not destroyed) and sonicated in a 

water bath for 5 min. Tenfold serial dilutions were spotted onto selective agar plates and 

colony-forming units (cfu) were counted after incubation of the plates at 28°C. To select for 

Methylobacterium, mineral salt medium with 0.5% methanol as carbon source was used, to 

select for Sphingomonas, NB medium (without NaCl) supplemented with streptomycin (20 

µg/ml) was used. Pathogen cfu were counted on plates with rifampicin (50 µg/ml) added to 

the respective medium. In the few cases early after infection, where the number of cfu was 

lower than the detection limit of the method, values just below the detection limit were 

included to calculate the mean. In this way, Pst cell numbers may have been slightly 

overestimated, but represent a better estimate as if these values would be omitted. The 

program Prism 5 (GraphPad Software, La Jolla, USA) was used to check for significantly 

different pathogen cell numbers on axenic and inoculated plants. The values were log-

transformed and an unpaired t-test was performed for each time point independently. 

 

Plant disease severity index. Disease phenotypes of A. thaliana plants were scored according 

to their visual appearance at 21 days post infection (dpi). Disease levels were rated from 1 

(completely healthy plants) to 5 (dead plants) as described in Whalen et al. (1991). When the 

average disease index was below 2.5, the tested Sphingomonas strain was considered as fully 

protective (+), between 2.5 and 3.5 as intermediately protective (±), and above 3.5 as not 

effective (–) against Pst. In addition, the automated ground cover tool implemented in the 

image analysis software Assess 2.0 of the American Phytopathological Society (St. Paul, USA) 

was used to quantify plant disease. 

 

Carbon utilization profiles. GN2 MicroPlates (BIOLOG, Hayward, USA) were used to compare 

the substrate utilization patterns of representative Methylobacteria, Sphingomonads, and Pst. 

Plates were inoculated according the manufacturer's instructions with slight modifications: 

Methylobacterium cells were pre-cultured at 28°C on Difco R2A agar plates (BD, Sparks, USA) 



Chapter 3 

 

59 | P a g e  

with additional 0.5% methanol and resuspended in the provided inoculating fluid to result in 

an OD600 of 0.35. Sphingomonas strains and Pst were grown at 28°C in liquid NB without NaCl, 

washed twice, and resuspended in the inoculating fluid (OD600 = 0.2). Aliquots of the bacterial 

suspensions were pipetted into each well, plates sealed with parafilm, and incubated at 28°C 

on a rotary shaker moving with 80 rpm. OD600 was measured every 2 – 3 days with a Victor3 

plate reader (Perkin Elmer, Waltham, USA). The values used to generate the fingerprints 

shown in Table 3.2 were measured after 7 days. They were blank-corrected and normalized by 

dividing each value with the highest measured absorption value per plate, resulting in final 

values between 0 and 1. Utilization of a carbon compound was considered positive at a value 

≥ 0.4, weak positive from 0.4 to 0.2, and negative at a value < 0.2. The nutritional similarity of 

the commensal bacteria and the pathogen was estimated by calculating the niche overlap 

index (NOI) as described by Ji and Wilson (2002). Substrates for which a positive or a weak 

positive signal was obtained were included in the calculation. 

 

 
Table 3.1. Bacterial strains used in this study to inoculate and infect Arabidopsis thaliana plants 
 

Strain Isolation source  Reference 

Phyllosphere isolates   
Methylobacterium extorquens PA1

1
* A. thaliana leaf Knief et al. 2010a 

Methylobacterium sp. 32
1
 A. thaliana leaf Knief et al. 2010a 

Methylobacterium sp. 88
1
 A. thaliana leaf Knief et al. 2010a 

Methylobacterium sp. 116
1
 Bryophyte leaf Knief et al. 2010a 

Methylobacterium sp. 280
1
 A. thaliana leaf Knief et al. 2010a 

Sphingomonas sp. Fr1
2
 A. thaliana fruit This study

3
 

Sphingomonas sp. C3
2
 Tobacco leaf This study

3
 

Sphingomonas sp. 5.2
2
 A. thaliana seed This study

3
 

Sphingomonas sp. Ang-S-26 Rice stem This study
3
 

Sphingomonas phyllosphaerae (DSM 17258
T
) Acacia caven Rivas et al. 2004 

Sphingomonas roseiflava (CIP 106847
T
) Setaria viridis fruit Yun et al. 2000 

Sphingomonas melonis (DSM 14444
T
) Melon fruit Buonaurio et al. 2002 

   
Rhizosphere isolates   
Sphingomonas azotifigens (DSM 18530

T
) Rice roots Xie and Yokota 2006 

Sphingobium rhizovicinum (DSM 19845
T
) Fortunella hindsii Young et al. 2008 

Sphingomonas asaccharolytica (DSM 10564
T
) Apple tree roots Takeuchi et al. 1995 

Sphingomonas mali (DSM 10565
T
) Apple tree roots Takeuchi et al. 1995 

Sphingomonas pruni (DSM 10566
T
) Peach tree roots Takeuchi et al. 1995 

Novosphingobium rosa (DSM 7285
T
) Rose roots Takeuchi et al. 1995 

   
Air- and waterborne isolates   
Sphingomonas aerolata (DSM 14746

T
) Indoor air Busse et al. 2003 

Sphingomonas faeni (DSM 14747
T
) Indoor dusts Busse et al. 2003 

Sphingomonas aurantiaca (DSM 14748
T
) Indoor dusts Busse et al. 2003 

Sphingopyxis alaskensis (DSM 13593
T
)

2
* Atlantic Ocean Godoy et al. 2003 

Sphingomonas wittichii (DSM 6014
T
)

2
* Elbe river Yabuuchi et al. 2001 

 
  

Plant pathogens
 

  
Pseudomonas syringae pv. tomato DC3000 (Pst)* Tomato D. Cuppels 
Xanthomonas campestris pv. campestris LMG 568 (Xcc)* Brassica oleracea E. Billing 
 

1
Methylobacterium strains of the mixture used to inoculate A. thaliana plants (Fig. 3.1). 

2
Sphingomonas "in sensu 

latu" strains (see Materials and Methods section) of the mixture used to inoculate A. thaliana plants (Fig. 3.2). 
3
Partial 16S rRNA gene sequences have been deposited in the GenBank/EMBL/DDBJ databases, accession numbers 

FR696367 – FR696370. 
T
Type strains. *Genome-sequenced strains. 
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Results 

Development of a gnotobiotic in planta assay 

To study the antagonistic effects of common phyllosphere colonizers against plant pathogenic 

bacteria, the tested strains were analyzed under gnotobiotic conditions, i.e. on plants that do 

not harbor other common colonizers that may mask antagonistic effects. To prevent 

undesired colonization, the model plant A. thaliana was cultivated in microboxes. A special 

feature of these microboxes is a filter which allows gas exchange, holds back moisture, and 

keeps the plants free of airborne microbial contaminants. This allowed the cultivation of 

axenic plants as well as plants with a defined bacterial community. Several growth regimes, 

infection methods, and pathogen titers were tested to find a procedure that gives 

reproducible results under conditions that mimic natural conditions as far as possible. In place 

of dipping or infiltration, a more moderate infection procedure was applied, which consisted 

in spraying a relatively small number of cells (ca. 10 – 20 per plant) onto the leaf surface of 

A. thaliana plants. 

 

 
 

Fig. 3.1. (A) Time course of axenic and Methylobacterium-inoculated A. thaliana plants. A mixture of five 
Methylobacterium strains (see Table 1) was applied by seed-inoculation. Nineteen-day-old plants were infected by 
spraying the plant pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) onto their leaves – or mock-treated – 
and imaged at different days post infection (dpi). (B) Population dynamics of Pst in the phyllosphere. Each data 
point represents the log-transformed mean of 12 plant individuals (colony forming units per gram leaf fresh 
weight). Error bars indicate the standard error of the mean (SEM). Comparable results were obtained when the 
experiment was repeated independently. 
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Fig. 3.2. (A) Time course of axenic and Sphingomonas-inoculated A. thaliana plants. A mixture of five 
Sphingomonas strains (see Table 1) was applied by seed-inoculation. Twentyone-day-old plants were infected by 
spraying the plant pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) onto their leaves – or mock-treated – 
and imaged at different days post infection (dpi). (B) Population dynamics of Pst in the phyllosphere. Each data 
point represents the log-transformed mean of 12 plant individuals (colony forming units per gram leaf fresh 
weight). Error bars indicate the standard error of the mean (SEM). Comparable results were obtained when the 
experiment was repeated independently. 

 

Disease symptom development and pathogen proliferation in absence and presence of 

commensal bacteria 

The potential plant-protective effects of Methylobacteria and Sphingomonads was 

investigated separately. To reflect the situation that plants are naturally colonized by several 

different strains of these genera, a mixture of five Methylobacterium and five Sphingomonas 

isolates, respectively, was used for inoculation of A. thaliana seeds in time-course 

experiments. The presence of commensal bacteria alone did not affect growth and 

development of A. thaliana plants: compared to axenic plants grown under the same 

conditions, no difference was evident with respect to visual appearance (see 0 dpi in Fig. 3.1 

and 3.2) or plant fresh weight (data not shown). When plants were three weeks old, they 

were infected with Pst. Appearance and bacterial cell numbers were monitored over time. 

Phenotypic differences between axenic plants and plants seed-inoculated with 

Methylobacterium spp. were not observed after infection with Pst: severe disease symptoms 

were visible after 22 days for both treatments (Fig. 3.1A). With the exception of 1 dpi, 

pathogen population size was not significantly different between axenic and 
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Methylobacterium pre-inoculated plants (P < 0.05; Fig. 3.1B). On the contrary, Sphingomonas 

spp. revealed a conspicuous plant-protective effect when seed-inoculated plants were 

challenged with Pst: plants appeared very similar to the non-infected mock-treated control 

plants (Fig. 3.2A). Consistent with the healthy plant phenotype, multiplication of Pst on 

Sphingomonas pre-inoculated plants was significantly reduced compared to axenic plants (P < 

0.001). The differences in cfu ranged from 340-fold at 1 dpi to 10-fold at 26 dpi (Fig. 3.2B). The 

average population sizes of Methylobacteria and Sphingomonads were in the range of 108 – 

109 cfu/g leaf fresh weight. Also after the application of Pst, cell numbers remained stable 

throughout the monitoring period (Supplementary Fig. S3.1). 

 

 
 

Fig. 3.3. Snapshot of axenic and Sphingomonas-inoculated A. thaliana plants at 19 days post infection (dpi). A 
mixture of five Sphingomonas strains was applied by leaf-inoculation one week before infection with Pseudomonas 
syringae pv. tomato DC3000 (Pst). The plot shows the pathogen population of individual plants at 19 dpi (log-
transformed colony-forming units per gram leaf fresh weight). Mean and statistically significant difference are 
indicated (***P < 0.001). 

 

In a second step, plants were analyzed that were leaf-inoculated with Sphingomonas 

spp. one week before Pst infection. Applying this pre-inoculation scheme, again a pronounced 

plant-protective effect of Sphingomonas spp. was observed in terms of disease suppression 

and reduced pathogen population size (Fig. 3.3). We also tested whether Sphingomonas spp. 

had the capability to suppress disease caused by another bacterial pathogen known to occur 

in the phyllosphere: Xanthomonas campestris. Pre-inoculation with Sphingomonas spp. 

reduced efficiently Xcc population size (50-fold at 32 dpi, P < 0.001) and kept plants free of 

disease symptoms (Fig. 3.4). 

 

 
 

Fig. 3.4. Snapshot of axenic and Sphingomonas-inoculated A. thaliana plants at 32 days post infection (dpi). Plants 
were seed-inoculated with a mixture of five Sphingomonas strains and infected with Xanthomonas campestris pv. 
campestris (Xcc). The plot shows the pathogen population of individual plants at 32 dpi (log-transformed colony-
forming units per gram leaf fresh weight). Mean and statistically significant difference are indicated (***P < 0.001). 
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Fig. 3.5. Population size of 18 different Sphingomonas (in sensu latu) isolates on A. thaliana plants (top), the 
corresponding population size of the plant pathogen Pseudomonas syringae pv. tomato DC3000 (center), and the 
plant disease index scored from 1 to 5 (bottom). Plants were leaf-inoculated with the individual Sphingomonas 
strains one week before infection and data were collected at 21 dpi. Each data point in the population-size plots 
represents the mean ±SEM of 10 plant individuals (except for strains Fr1 and C3, n = 6), whereas mean and 
standard error of the disease index is based on 24 – 32 plant individuals. The grey horizontal bars indicate the 
pathogen population on and the disease index of axenic plants. The Sphingomonas isolates are sorted according to 
the disease index and grouped into fully-protective (+), intermediately-protective (±), and non-protective (–) 
phenotypes. 

 

Screening of individual Sphingomonas isolates 

To investigate whether the observed plant protective effect is a wide-spread feature within 

the genus Sphingomonas in sensu latu (see Yabuuchi et al. 2002), isolates from various 

environments including phyllosphere, rhizosphere, air, dust, and water were tested 

individually on A. thaliana plants (Table 3.1; for phylogenetic placement based on 16S rRNA 

gene sequence analysis see Supplementary Fig. S3.2). Moreover, the five Sphingomonas 

isolates that were used in the mixture of the time-course experiment were included. The cell 
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numbers of both, Sphingomonas and Pst, were determined at 21 dpi (Fig. 3.5). For the 

Sphingomonas spp., population sizes ranged between 107 and 1010 cfu/g leaf fresh weight; 

solely S. alaskensis, an isolate from the Atlantic Ocean, reached a population density as low as 

104 cfu/g leaf fresh weight. Pst cell numbers were in the range of 105 – 1010 cfu/g leaf fresh 

weight, depending on the Sphingomonas strain used for inoculation. The disease severity 

index as described by Whalen et al. (1991) was determined to score the 18 tested 

Sphingomonas isolates according to their plant-protective effect (Fig. 3.5). The isolates were 

grouped into fully-protective, intermediately-protective, and non-protective phenotypes. To 

confirm the results of the disease severity analysis, a software-based tool for disease 

quantification was used in addition. A high positive correlation was found between the data 

derived from the two different methods (R = 0.95, P < 0.001). To evaluate correlations 

between the three parameters commensal population size, pathogen cell number, and plant 

disease index, a regression analysis was performed. The Sphingomonas cell numbers did 

neither correlate with the Pst population sizes (R = 0.16, P = 0.52) nor with the plant disease 

index (R = 0.38, P = 0.12). However, a correlation between the pathogen population size and 

the disease index was evident (R = 0.87, P < 0.001). 

Concerning the origin of Sphingomonas strains, it was evident that on the one hand all 

plant-derived isolates with one exception (S. asaccharolytica) showed full or intermediate 

plant protection. In particular, all the tested phyllosphere isolates were effective against Pst, 

albeit the degree of protection varied. On the other hand four out of five air- and waterborne 

isolates were not beneficial for A. thaliana plants. 

 

Carbon utilization profiles of Pst and representative Sphingomonas and Methylobacterium 

strains 

Carbon utilization is a crucial factor among subpopulations in the phyllosphere (Wilson and 

Lindow 1994a) and might explain differences between Sphingomonas and Methylobacterium 

strains with respect to pathogen suppression. To verify whether this aspect is important for 

the observed differences in plant protection, carbon utilization of representative strains was 

analyzed in BIOLOG assays. The results for the selected strains, which included two 

Sphingomonas strains with a plant-protective effect in the screening experiment, two non-

protective Sphingomonas strains and two Methylobacterium strains, are displayed in Table 

3.2. Overall, the carbon substrate utilization profile of Pst was more similar to the protective 

Sphingomonas strains than to the non-protective commensals. The most striking difference 

was seen in carbohydrate metabolism: not a single sugar (out of 28) was used by one of the 

non-protective strains. Accordingly, the niche overlap indices (NOI, where 0 indicates a 

completely different and 1 an identical substrate utilization pattern), calculated for the 

commensal bacteria relative to the pathogen and based on all 95 tested substrates, were 

higher for the protective antagonists (Sphingomonas sp. Fr1 = 0.43, S. phyllosphaerae = 0.41) 

as for the non-protective strains (S. aerolata = 0.26, S. wittichii = 0.30, M. extorquens PA1 = 

0.17, Methylobacterium sp. 32 = 0.20). 
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Table 3.2. BIOLOG substrate utilization profiles of the plant pathogen Pseudomonas syringae pv. tomato DC3000 
(Pst) and representative Methylobacterium and Sphingomonas strains 
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α-Cyclodextrin         Itaconic Acid        

Dextrin         α-Keto Butyric Acid        

Glycogen         α-Keto glutaric Acid        

Tween 40         α-Keto Valeric Acid        

Tween 80          D,L-Lactic Acid        

N-Acetyl-D-Galactosamine         Malonic Acid        

N-Acetyl-D-Glucosamine         Propionic Acid        

Adonitol         Quinic Acid        

L-Arabinose         D-Saccharic Acid        

D-Arabitol         Sebaic Acid        

D-Cellobiose         Succinic Acid        

i-Erythriol         Bromosuccinic Acid        

D-Fructose         Succinamic Acid        

L-Fucose         Glucuronamide        

D-Galactose         L-Alaninamide        

Gentiobiose         D-Alanine        

α-D-Glucose         L-Alanine        

m-Inositol         L-Alanylglycine        

α-D-Lactose         L-Asparagine        

Lactulose         L-Aspartic Acid        

Maltose         L-Glutamic Acid        

D-Mannitol         Glycyl-L-Aspartic Acid        

D-Mannose         Glycyl-L-Glutamic Acid        

D-Melibiose         L-Histidine        

β-Methyl-D-Glucoside         Hydroxy-L-Proline        

D-Psicose         L-Leucine        

D-Raffinose         L-Ornithine        

L-Rhamnose         L-Phenylalanine        

D-Sorbitol         L-Proline        

Sucrose         L-Pyroglutamic Acid        

D-Trehalose         D-Serine        

Turanose         L-Serine        

Xylitol         L-Threonine        

Pyruvic Acid Methyl Ester         D,L-Carnitine        

Succinic Acid Mono-Met-Ester         γ-Amino Butyric Acid        

Acetic Acid         Urocanic Acid        

Cis-Aconitic Acid         Inosine        

Citric Acid         Uridine        

Formic Acid         Thymidine        

D-Galactonic Acid Lactone         Phenylethylamine        

D-Galacturonic Acid         Putrescine        

D-Gluconic Acid         2-Aminoethanol        

D-Glucosaminic Acid         2,3-Butanediol        

D-Glucuronic Acid         Glycerol        

α-Hydroxybutyric Acid         D,L-α-Glycerol Phosphate        

β-Hydroxybutyric Acid         α-D-Glucose-1-Phosphate        

γ-Hydroxybutyric Acid         D-Glucose-6-Phosphate        

p-Hydroxy Phenylacetic Acid                 

                 
 

1
Pathogenic strain. 

2
In planta protective antagonists. 

3
In planta non-protective strains. Black boxes indicate 

positive, grey boxes weak positive values. 

 

 

Discussion 

In this study, the question whether Methylobacterium and Sphingomonas spp. exert a positive 

effect on host plants by preventing proliferation of invading bacterial pathogens was 

addressed. Different studies reported that these two genera represent a substantial part of 

the leaf microbiota on various plant species (Corpe and Rheem 1989, Delmotte et al. 2009, 



Chapter 3 

 

66 | P a g e  

Kim et al. 1998, Knief et al. 2010b, Lambais et al. 2006). Our results showed that the presence 

of Methylobacterium spp. on A. thaliana leaves has no lasting effect on Pst in planta growth 

and disease development. In contrast, Sphingomonas spp. prevented severe disease symptom 

formation and kept pathogen cell numbers lower compared to axenic plants. Depending on 

the day post infection, a 10 to 340-fold reduced Pst population size was observed. This 

decrease is comparable to the differences observed between resistant and susceptible plants: 

a number of studies report on 10 to 200-fold reduced P. syringae cell numbers in resistant 

host plants (Whalen et al. 1991, Jambunathan et al. 2001, Jung et al. 2009), showing that in 

both cases a substantial pathogen reduction correlates with the absence of disease 

symptoms. A plant-protective effect could not only be shown for a distinct Sphingomonas 

isolate, but for almost all of the plant-derived isolates that were tested (Fig. 3.5). A number of 

different phyllosphere isolates, e.g. Sphingomonas melonis, Sphingomonas sp. Fr1, and S. 

phyllosphaerae, exhibited a similar effect on pathogen growth and disease suppression 

despite the fact that they were isolated from different plant sources (melon fruit in Spain, 

A. thaliana leaf in Spain, and acacia leaf in Argentina, respectively). This indicates that 

competitive phyllosphere colonization and suppression of pathogen growth in planta might be 

a common trait of phyllosphere colonizers belonging to the genus Sphingomonas in sensu 

latu. The ability of Sphingomonas spp. to protect plants also against Xcc, another well-

established plant pathogenic bacterium in the A. thaliana model (Buell 2002), suggests that 

they might be effective against a wider range of foliar pathogens. 

The striking plant-protective effect of Sphingomonas spp. raises the question about 

the mechanism of antagonism. The plant health-protecting effect of Sphingomonas in the 

A. thaliana model may in part be explained by their high abundance on the leaf surface. 

According to Giddens et al. (2003) pre-emptive colonization of target sites is an important 

determinant of an efficient biological control agent. However, abundance alone – in terms of 

total cell numbers – is unlikely to be the determining factor for plant protection, as the 

different Sphingomonas strains, which established a comparable population size, exhibited a 

different degree of inhibition. This lack of correlation between Sphingomonas and Pst 

population sizes, however, does not contradict, for instance, competition for nutrients which 

can be expected to occur once the pathogen encounters a predominantly epiphytic 

population of Sphingomonas on A. thaliana leaves (Supplementary Fig. S3.3). In vitro 

substrate utilization profiles of Pst and representative Sphingomonas and Methylobacterium 

strains were analyzed and revealed a nutritional niche overlap (Ji and Wilson 2002) between 

the pathogen and the plant-protective strains. Notably, photoassimilates like glucose, 

fructose, and sucrose, which leak among other organic compounds from plant leaves (Tukey 

1970, Leveau and Lindow 2001), were metabolized by Pst and the protective strains, but not 

by the non-protective strains (Table 3.2). Although based on a limited dataset, this finding 

indicates that carbon partitioning may play an important role for Sphingomonas spp. to be 

effective antagonists in the phyllosphere; it is congruent with the presence of a range of 

predicted carbohydrate uptake systems in Sphingomonas spp. inhabiting the phyllosphere 

(Delmotte et al. 2009). Ji and Wilson (2002) showed that a bacterial strain with a higher 

degree of nutritional similarity to a plant pathogen is likely to be a better antagonist. The 

failure to detect a plant-protecting effect for Methylobacterium spp., which are known to use 

besides methanol only a narrow range of substrates (Lidstrom 2006, Green 2006, Sy et al. 

2005), is in-line with these observations and confirms data reported by Wilson and Lindow 
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(1994a) about the coexistence of a Methylobacterium isolate and Pseudomonas syringae in 

the phyllosphere of bean plants. The here presented data serve as a first indication towards a 

possible mode of action underlying plant-protective Sphingomonas spp. However, further 

experimental substantiation will be required. Other potential mechanisms of protection may 

also occur such as competition for macroelements and space  (e.g. Wilson and Lindow 1993, 

Wensing et al. 2010), production of antimicrobial compounds (e.g. Stockwell et al. 2002), as 

well as stimulating of systemic host responses (e.g. Pieterse et al. 1996).  

In conclusion, the majority of the plant-associated Sphingomonas spp. tested in this 

study showed a plant-protective effect against foliar pathogen infection based on P. syringae 

and A. thaliana as model system. This suggests that Sphingomonas populations, which are 

known to occur widespread on plants, can support A. thaliana in defending pathogen attacks 

and may serve as first outmost layer of plant defense. It remains to be shown how far-ranging 

plant protection by Sphingomonas spp. is with respect to different plant species, other 

pathogens, and under natural conditions. It will also be of interest to investigate, whether 

other common phyllosphere commensals display similar activities, which might even result in 

synergistic effects. 
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Supplementary Figures 

 

 

 

 
 

Fig. S3.1. Population size of Methylobacterium and Sphingomonas spp. in the phyllosphere of A. thaliana plants 
before (0 dpi) and after infection (1 – 30 dpi). The presented data complement the pathogen cell numbers of the 
time-course experiments shown in Fig. 3.1 and 3.2. Each data point represents the log-transformed mean of 12 
plant individuals (colony forming units per gram leaf fresh weight). 

 

 

 

 

 
 

Fig. S3.3. Epiphytic and endophytic populations of Sphingomonas sp. Fr1 on A. thaliana plants. Each dot represents 
the cell number of an individual plant (colony forming units per gram leaf fresh weight). The leaf-associated 
populations were separated into the two fractions as described by Boureau et al. (2002) with minor modifications: 
the aerial parts of whole plants were submerged in phosphate buffer and sonicated for 7 min to dislodge the 
epiphytic cells from plant leaves. Plants were then surface-sterilized and treated as described in the methods 
section of this paper to dislodge the remaining endophytic cells from plant leaves. Serial dilutions were plated on 
NB medium without NaCl and colony forming units counted after incubation of plates at 28°C. 
 
Boureau T., Routtu J., Roine E., Taira S., Romantschuk M. (2002). Localization of hrpA-induced Pseudomonas 

syringae pv. tomato DC3000 in infected tomato leaves. Mol. Plant Pathol. 3: 451-460. 
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Fig. S3.2. Phylogenetic tree based on the comparison of partial 16S rRNA gene sequences from Sphingomonas in 
sensu latu type strains, genome-sequenced strains, and the 18 isolates (in bold) screened for their plant-protective 
effect. The neighbor-joining tree was reconstructed with the ARB software package based on ca. 900 aligned 
nucleotide positions. The bar represents 1% sequence divergence. 
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Studying possible mechanisms of antagonism in the 

plant-protective isolate Sphingomonas sp. Fr1 
 

 

 

Abstract 

Sphingomonas spp. are widespread colonizers of the phyllosphere and, under controlled 

conditions, they protect Arabidopsis thaliana plants against bacterial pathogens. Various 

modes of action including bacteria-bacteria antagonism and plant-mediated resistance are 

known to be involved in the biocontrol activity of plant-associated bacteria. Here, different 

experimental approaches were applied to uncover details about the mode(s) of action 

determining the plant-protective effect of Sphingomonas spp. Scanning electron microscopy 

of A. thaliana leaves revealed the presence of Sphingomonas cells in the grooves between 

adjacent epidermal plant cells, where competition with pathogens can be expected. A feeding 

experiment with concentrated leaf extract applied to A. thaliana plants after infection with 

Pseudomonas syringae pv. tomato DC3000 (Pst) supported the hypothesis that nutrient 

competition might be an important factor in plant protection by Sphingomonas (see chapter 

3). However, the application of sugars, which were previously shown to be used by both, the 

pathogen and the antagonist, did not result in the development of disease symptoms. The 

role of antibiosis as a mechanism of antagonism was investigated with inhibition assays on 

agar plates. The result was that Sphingomonas sp. Fr1 inhibited the growth of various 

indicator strains, among them also Pst. Although proteome analysis of Sphingomonas sp. Fr1 

revealed the presence of bacteriocin, inhibition assays in shake flasks did not indicate the 

release of peptide antibiotics into the medium. Moreover, a series of in planta experiments, 

aiming to find an evidence for plant-mediated resistance, was performed. Neither the 

simultaneous inoculation and infection of A. thaliana plants nor the application of 

Sphingomonas sp. Fr1 to a single leaf per plant pointed towards induced systemic resistance 

playing an important role. The plant-protective effect of Sphingomonas sp. Fr1 was also not 

affected when A. thaliana mutants with a defect in flagellin recognition, stomatal closing, or 

plant hormone signaling were used. In conclusion, the hypothesis that nutrient competition 

plays an important role in plant protection by Sphingomonas was substantiated, however, 

other mechanisms might be involved as well and further investigations are needed. 

 

 

Introduction 

The proteogenomics study described in chapter 2 revealed that Methylobacterium and 

Sphingomonas are two of the dominating bacterial genera present on the leaf surfaces of 

field-grown soybean, clover and Arabidopsis plants. While Methylobacteria are specialized in 

acquiring one-carbon compounds, members of the genus Sphingomonas express a large 

variety of TonB-dependent transport systems. The ability of efficient nutrient acquisition may 

contribute to the success of Sphingomons spp. in the phyllosphere, which is considered to be 

an oligotrophic environment (Lindow and Brandl 2003). 
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 As shown in chapter 3, various Sphingomonas (in sensu latu) isolates protect 

Arabidopsis thaliana from developing disease symptoms when infected with Pseudomonas 

syringae or Xanthomonas campestris, two well-known foliar plant pathogens. Different 

mechanisms of antagonism have been identified to be responsible for plant-protective effects 

of leaf surface-colonizing bacteria (Andrews 1992, Fernando et al. 2007, Jacobsen 2006). 

Bacteria-bacteria antagonism, which includes competition for space and nutrients and the 

production of antimicrobial compounds, as well as plant-mediated resistance, which relies on 

the induction of a systemic resistance, have been shown to determine the biocontrol activity 

of bacteria. The nutritional niche overlap between beneficial Sphingomonas spp. and P. 

syringae shown in chapter 3 suggests that substrate competition might play an important role 

in disease suppression by Sphingomonas. However, a more direct evidence is needed to 

clearly demonstrate that substrate competition determines plant protection or whether 

another mode of action or a combination thereof is involved. 

 It was shown that the pre-emptive colonization of target sites is a prerequisite for 

suppression of plant pathogens in the phyllosphere (Wilson and Lindow 1994b, Giddens et al. 

2003, Johnson et al. 2009) and according to Ji and Wilson (2002), bacterial strains with a 

higher degree of nutritional similarity to plant pathogens are likely to be better antagonists. 

Thus, the spatial distribution of cells and their nutrient requirements on leaf surfaces are 

crucial factors in determining biocontrol activity. For epiphytic Methylobacterium and 

Pseudomonas strains it is known that they colonize so-called preferred sites on leaves, such as 

grooves between adjacent epidermal cells or bases of trichomes (Sy et al. 2005, Monier and 

Lindow 2004). However, no data about the spatial distribution of Sphingomonas cells on leaf 

surfaces are available. Besides epifluorescence microscopy, it was shown that scanning 

electron microscopy (SEM) is well-suited to observe bacterial cells on plant surfaces at a 

micrometer scale (Baldotto and Olivares 2008, Kutschera 2002, Poonguzhali et al. 2008). 

 Bacteria-bacteria antagonism can also rely on antibiosis. The antagonist produces 

antimicrobial compounds, which are released into the surrounding environment to give the 

producing strain a competitive advantage. Pantoea agglomerans Eh252 (in the phyllosphere) 

and Pseudomonas fluorescence CHA0 (in the rhizosphere) are two examples of bacterial 

isolates, that inhibit pathogens in planta by the production of antibiotics (Stockwell et al. 

2002, Keel et al. 1989). It is well known that in vitro antibiosis does not always correlate with 

in planta antibiosis (Andrews 1985, Kempf and Wolf 1989). Nevertheless, in vitro inhibition 

assays represent commonly used techniques to examine bacterial isolates for their antibiotic 

activities (Völksch et al. 1996, Cabrefiga et al. 2007). A broad range of antimicrobials are 

known to be produced by plant-beneficial microorganisms, including low-molecular weight 

antibiotics (e.g. polyketides), bacteriocins, biosurfactants (cyclic lipo-peptides), non-ribosomal 

peptides, lytic enzymes, and biocidal volatile organic compounds (Debode et al. 2007, Haas 

and Keel 2003, Lacey et al. 2009, Mendoza-Mendoza et al. 2003). 

 Moreover, plant-mediated induced systemic resistance (ISR) was identified as a mode 

of action behind plant-beneficial bacteria. Bacteria are perceived by the plant and trigger the 

plant's defense system for better protection against pathogens (Conrath et al. 2006, Pieterse 

et al. 1996). Plants recognize specific microbe-associated molecular patterns (MAMPs) of 

bacteria, e.g. the elicitor-active epitope of flagellin, flg22 (Zipfel et al. 2004), or the fragment 

elf26 of the elongation factor Tu (Kunze et al. 2004) and initiate a response leading to disease 

resistance. Such responses are controlled by a signaling network in which the plant hormones 
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salicylic and jasmonic acid play an important role (Van Wees et al. 2008). Another type of 

plant-mediated resistance is the active closing of stomata upon recognition of bacterial 

MAMPs, in order to avoid entering of potentially pathogenic bacteria into the leaf apoplast. 

However, certain plant pathogens such as P. syringae counteract this phenomenon by re-

opening the stomata (Melotto et al. 2006). 

 In this chapter, I report about experiments designed to study the possible 

mechanism(s) of antagonism behind the plant-protective effect of Sphingomonas strains. 

Sphingomonas sp. Fr1 was selected as model strain and proteomics, scanning electron 

microscopy, and different in planta and in vitro approaches were used to evaluate how this 

strain interferes with the Pseudomonas syringae – A. thaliana pathosystem. 

 

 

Materials and Methods 

Bacterial strains and growth conditions 

For in planta experiments, the strains Sphingomonas sp. Fr1, Sphingomonas phyllosphaerae, 

Sphingomonas wittichii, and Sphingomonas aerolata were pre-grown in liquid nutrient broth 

without additional NaCl (NB). Pseudomonas syringae pv. tomato DC3000 (Pst) was cultivated 

on King's B (KB) agar plates. Suspensions for plant inoculation and infection were prepared as 

described in chapter 3. For in vitro experiments, the strains Sphingomonas sp. Fr1, S. wittichii, 

Pst DC3000, Xanthomonas campestris pv. campestris LMG 568 (Xcc), and Bacillus subtilis 168 

were grown on the complex media NB, KB, and LB (Luria Bertani) or on minimal medium (MM, 

Peyraud et al. 2009) with glucose (0.5%) and casamino acids (0.1%) as carbon source. If 

required, iron was added as FeCl3 (50 µM) to KB plates. The strains Sphingomonas roseiflava, 

Sphingobium rhizovicinum, Novosphingobium rosa, Sphingomonas azotifigens, and 

Sphingomonas mali were additionally included in streak tests on NB plates. Details on strains 

und culture conditions are given in chapter 3. The incubation temperature for bacterial 

cultures was 28°C for all experiments. 

 The term "in vitro" is used here for bacterial laboratory cultures on agar plates or in 

liquid growth media to clearly distinguish them from "in planta" grown cells (see e.g. May et 

al. 1997). 

 

The gnotobiotic in planta assay 

Plant experiments with the plant-protective strain Sphingomonas sp. Fr1 and the model 

pathogen Pst DC3000 were performed as described in chapter 3. Briefly, Arabidopsis thaliana 

Col-0 plants were cultivated on MS medium with 3% sucrose in Full-gas Microboxes 

(Combiness, Nazareth, Belgium) and either inoculated with Sphingomonas or mock-treated 

with 10 mM MgCl2. Sphingomonas cells were applied by seed- or by leaf-inoculation. Three-

week-old plants were infected with Pst, monitored over time, and foliar pathogen cell 

numbers determined by dilution series plating. Colony-forming units (cfu) were compared 

between differently-treated plants by performing a t-test of log-transformed values (Prism 5, 

GraphPad Software, La Jolla, USA). Plants used for electron microscopy were not infected. 

They were prepared for imaging at a age of four to five weeks. 
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Scanning electron microscopy 

Three different methods were tested to prepare leaves from Sphingomonas-inoculated 

A. thaliana plants grown in microboxes and to image them at a micrometer scale: cryo-SEM, 

environmental SEM (ESEM), and SEM with chemical fixation. For cryo-SEM, plant leaves were 

cryo-immobilized by plunge freezing in liquid nitrogen or ethan. Samples were then 

dehydrated at –80°C for 1.5 h in the freeze etching device BAF060 (Bal-Tec, Balzers, 

Liechtenstein), sputter-coated with platinum, and imaged with a Zeiss Gemini 1530 FEG 

microscope equipped with a cold stage to keep samples at –80°C. The second method used 

for imaging (ESEM) did not require any sample preparation steps involving liquids: fresh plant 

leaves were placed into the chamber of a FEI Quanta 200 FEG microscope without further 

processing. The microscope was operated under low vacuum conditions for image acquisition. 

For the third technique using chemical fixatives for sample preparation, the experimental 

procedures as published by Poonguzhali et al. (2008) were applied with minor modifications: 

Leaves were cut from plants, fixed at room temperature for 1 h in 2.5% glutaraldehyde in 100 

mM phosphate buffer (pH 7) and then for 40 min in 1% osmium tetroxide. The fixed cells were 

then dehydrated by sequential passage through increasing concentrations of ethanol (30-

100%) in 10% increments and by adding uranyl acetate (1% final concentration) to the ethanol 

solutions above 60%. Finally, samples were critical-point dried, sputter-coated with platinum, 

and imaged with a Zeiss Gemini 1530 FEG microscope. For each plant, an adaxial and abaxial 

leaf surface was fully scanned to obtain quantitative and qualitative data on the spatial 

distribution of the epiphytic bacterial cells. 

 

Proteome analysis 

Proteome analysis of Sphingomonas sp. Fr1 was performed with in planta and in vitro grown 

cells. For in planta proteomics, ca. 200 A. thaliana plants were cultivated in microboxes as 

described by Gourion et al. (2006) with the difference that here Sphingomonas sp. Fr1 was 

used for inoculation. Fresh-grown cells (see chapter 3) were washed once, resuspended in 10 

mM MgCl2, and 5 µl of cell suspension (OD600 = 0.5) was pipetted onto each seed. After three 

weeks, bacterial cells were washed off the leaves as described (Gourion et al. 2006) with the 

alteration that Silwet L-77 (0.2%) was added to the TE buffer (10 mM Tris, 1 mM EDTA, pH 

7.5). For in vitro proteomics, Sphingomonas sp. Fr1 cells were grown for 4 d on agar plates 

containing minimal medium (MM) with 0.5% glucose or succinate as carbon source. The 

experimental procedures for protein extraction and analysis were the same as in the 

community proteogenomic study (see chapter 2). The DNA database needed for protein 

identification was built-up based on the public available genome sequences of 

Methylobacterium extorquens PA1, P. syringae DC3000, P. syringae B728a, S. wittichii RW1, 

and the draft genome sequence of Sphingomonas sp. Fr1. This draft genome sequence was 

obtained by shotgun sequencing on the 454 FLX system (Roche, Basel, Switzerland) at the 

Functional Genomics Center Zurich (20× coverage) and consisted of 244 assembled contigs 

which were annotated using the fully-automated RAST server (Aziz et al. 2008). The criteria 

for protein identification were the same as used for phyllosphere bacteria in chapter 2. 

Protein lists were searched manually for interesting proteins regarding the phyllospheric 

lifestyle and potential plant-protective traits of Sphingomonas sp. Fr1. 
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In planta feeding experiments 

Axenic and Sphingomonas sp. Fr1-inoculated A. thaliana plants were cultivated in microboxes 

and infected with Pst as described. At four different time-points (1, 3, 7, and 10 days post 

infection) plants were either treated with ddH2O (mock treatment), a sugar solution, or with 

A. thaliana leaf extract. Treatments were applied by gently rubbing the adaxial side of the 

rosette leaves with a sterile cotton swab moistened with ddH2O, sugar solution, or leaf 

extract. The sugar solution consisted of equal amounts of glucose, fructose, sucrose, 

galactose, mannose, arabinose, and additional succinate at a final concentration of 40 mg/l, a 

value based on the amount of total sugars found on bean leaves in the absence of bacterial 

colonization (Mercier and Lindow 2000). According to the BIOLOG data shown in chapter 3, 

these substrates can be used by both, the beneficial bacteria and Pst, but not by the non-

beneficial strains. To obtain the leaf extract, the aerial parts of 60 five-week-old axenic 

A. thaliana plants grown in microboxes under standard conditions were separated from the 

roots and placed individually into 2-ml tubes containing 1 ml ddH2O. Tubes were shaken 

horizontally in a Retsch tissue lyser for 10 min at 25 Hz. Plant parts were then removed, the 

leaf washings pooled, passed through a 0.22-µm filter, and concentrated by lyophilization in 

an Alpha 2-4 LSC freeze drier (Christ, Osterode, Germany). The freeze-dried extract was 

dissolved in 8 ml ddH2O and used to treat A. thaliana plants. Disease symptoms of differently-

treated plants were monitored over time and Pst cell numbers determined at 28 days post 

infection (dpi). 

 

In vitro inhibition assays 

Perpendicular streak tests were performed as described (Litkenhous and Liu 1967, 

Romanovskaya et al. 2001). Briefly, a dense bacterial suspension of the test strain 

Sphingomonas sp. Fr1 was prepared and streaked with a sterile cotton swap across petri 

dishes containing different media (LB, NB, KB, MM). After incubation for 48 h, streaks of the 

indicator strains P. syringae, B. subtilis, and X. campestris (OD600 = 0.05) were applied 

perpendicular to the original streak. The plates were incubated another 3 d before assessing 

growth inhibition. When Sphingomonas strains were applied as indicator strains, square plates 

containing NB medium were used. Streak tests were also performed to test inhibition of plant 

pathogens by putative metabolites secreted into liquid media. For this, concentrated spent 

media were applied with a sterile cotton swap across agar plates. Spent media were 

concentrated 25-fold by lyophilization in an Alpha 2-4 LSC freeze drier (Christ, Osterode, 

Germany). 

 A protocol adapted from Cabrefiga et al. (2007) was used to screen for inhibitory 

compounds produced and excreted by Sphingomonas sp. Fr1 and S. wittichii. Cultures were 

grown in different liquid media (LB, NB, KB, MM) until stationary phase, bacterial cultures 

centrifuged, and the spent media passed through a 0.22-µm filter unit. The cell-free spent 

media were amended with the respective 10-fold concentrated fresh medium at a 9:1 ratio to 

restore the nutrient pool. Then, spent media were inoculated with Pst (OD600 = 0.1) and 

cultures shaken in flasks at 120 rpm. Bacterial growth was monitored after 24 h. In additional 

experiments, the cell-free spent medium from LB-grown Sphingomonas sp. Fr1 cultures was 

either filtrated through a 3 kDa filter or treated with Proteinase K (Roche, Basel, Switzerland). 

When filtrated, the spent medium was passed through an Amicon Ultra centrifugal filter 

device (Millipore, Billerica, USA) with a 3 kDa cut-off filter holding back macromolecules. 
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When Proteinase K treated, the spent medium was incubated with the enzyme (100 µg/ml) 

for 2 h at 60°C and subsequently boiled for 10 min to inactivate the enzyme. The differently-

treated spent media were amended with concentrated fresh medium and used for inhibition 

assays as described above. 

 

In planta experiments pointing towards plant-mediated resistance as mode of action 

To assess a possible role of ISR in plant protection by Sphingomonas spp., different in planta 

experiments were carried out. In the first experiment, both strains were applied 

simultaneously to the leaves of three-week-old A. thaliana plants – Sphingomonas sp. Fr1 by 

leaf-inoculation (OD600 = 0.02) and Pst by spray-infection (OD600 = 0.0001, meaning that the 

OD600 was adjusted to 0.1 before diluting the suspension 1:1000). Disease symptoms were 

monitored over time and Pst cell numbers determined at 19 days post infection (dpi). In the 

second experiment, four A. thaliana mutants with either a defect in flagellin recognition (fls2), 

regulation of stomatal aperture (ost1), salicylate (npr1), or jasmonate (aos) signaling were 

used (Table 4.1). The experimental settings were the same as described above for wild type 

plants. Also here, disease symptoms were monitored over time and Pst cell numbers 

determined three weeks after infection. In the third experiment, only one A. thaliana leaf per 

plant was inoculated with a drop of Sphingomonas sp. Fr1 suspension (OD600 = 0.02) 5 d 

before Pst infection. This experiment was repeated by adding 1% (instead of 3%) sucrose to 

the medium, as it is used in many laboratories for breeding A. thaliana. In addition, the 

capability of Sphingomonas sp. Fr1 to spread from the inoculated leaf to the other leaves of 

the same plant within 7 d was tested. Thus, bacterial cells from randomly selected individual 

leaves were washed off as described in chapter 3 for whole plants. Aliquots of the bacterial 

suspensions were spotted as dilution series onto NB agar plates and cfu counted after 3 d. 

 
Table 4.1. List of A. thaliana mutants tested in this study. The mutants have a defect in pathways known to be 
important for disease resistance in plants. 
 

Mutated gene Defect Background Reference 

fls2 Flagellin perception Ler Gomez-Gomez and Boller 2000 
ost1 Stomata closing Ler Mustilli et al. 2002 
npr1 Salicylate (SA) signaling Col-0 Cao et al. 1994 
aos Jasmonate (JA) signaling Col-0 Park et al. 2002 

 

 

Results 

Spatial distribution of Sphingomonas cells on leaf surfaces 

As a prerequisite for direct bacteria-bacteria antagonism, beneficial bacteria have to compete 

for the same niches as the pathogens. Therefore, the spatial distribution of two beneficial and 

two non-beneficial Sphingomonas strains on A. thaliana leaf surfaces was investigated by 

SEM. In a first step, three different methods were tested to find the most suitable technique 

for imaging bacterial cells on leaves. For this test series, A. thaliana plants inoculated with a 

mixture of five Sphingomonas strains (see chapter 3) were used. The micrographs in Fig. 4.1 

show representative pictures of leaves that have been prepared by applying the different 

methods. For biological samples, cryo-SEM is the state-of-the-art method, which does not 

introduce artefacts by fixation procedures. Applying a standard protocol for cryo-SEM did not 

yield satisfying results: bacteria were not visible as free cells on the leaf surface, they were 
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rather covered by a "mucilaginous" layer (Fig. 4.1A-B). According to Lindow and Brandl (2003), 

plant leaves are surrounded by a very thin laminar layer in which moisture emitted through 

stomata may be trapped. This might indicate that the observed layer consisted of frozen 

moisture, that was not removed during cryo-preparation. Optimization of the sample 

preparation protocol is needed to image leaf-colonizing bacteria in situ by cryo-SEM and to 

display them in an unbiased way. 

 

 

 
 

Fig. 4.1. SEM micrographs of A. thaliana leaf surfaces colonized by Sphingomonas spp. Plants were seed-inoculated 
with a mixture of five Sphingomonas strains (details in chapter 3) and imaged when four to five weeks old. The 
methods to prepare leaves for imaging were cryo-SEM (A-B), environmental SEM (C-D), and chemical fixation (E-F). 
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Fig. 4.2. SEM micrographs of A. thaliana leaf surfaces (adaxial side) colonized by different Sphingomonas strains. 
Samples were prepared for microscopy using chemical fixatives. Plants were seed-inoculated with Sphingomonas 
sp. Fr1 (A-B), Sphingomonas phyllosphaerae (C-D), Sphingomonas wittichii (E-F), or Sphingomonas aerolata (G-H) 
and imaged when four to five weeks old. Trichomes are indicated with an arrow. 
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 The second technique tested to image epiphytes on leaf surfaces was ESEM. Here, the 

microscope is operated under low vacuum conditions and no sample preparation is required. 

Therefore, A. thaliana leaves were placed directly from the microboxes onto the microscope 

probe holder. Imaging these leaves did not succeed in the detection of epiphytic 

Sphingomonas cells (Fig. 4.1C-D). Probably, plants cultivated under high moisture conditions 

are not well-suited for ESEM, because leaves dry out immediately in the microscope and the 

bacteria-containing surfaces cannot be imaged properly. 

 The third technique included different chemical fixation steps during sample 

preparation and was found to be well-suited for imaging epiphytic Sphingomonas cells on 

A. thaliana leaves. High-resolution images of good quality could be recorded and two of them 

are shown in Fig. 4.1E-F. It was decided to use this method to image A. thaliana leaves 

inoculated separately with four different representative Sphingomonas strains. Two of these 

strains (Sphingomonas sp. Fr1 and S. phyllosphaerae) have previously shown a plant-

protective effect when challenged with Pst, two of them (S. wittichii and S. aerolata) have not 

(chapter 3). Out of the many pictures recorded, two representative images for each of the 

four strains in situ (2000- and 5000-fold magnification) are depicted in Fig. 4.2. The cells of 

Sphingomonas sp. Fr1 were predominantly located in the grooves between adjacent 

epidermal plant cells and organized in microaggregates (Fig. 4.2A-B). The cells of 

S. phyllosphaerae formed large aggregates with a biofilm-like structure fully covering 

depressions on the leaf surface (Fig. 4.2C-D). Surprisingly, very few bacterial cells of S. wittichii 

and S. aerolata, the two non-beneficial strains, could be imaged on the leaf surfaces of 

A. thaliana plants (Fig. 4.2E-F). To make sure that these cells were present in the phyllosphere 

of the plants used for imaging, leaves not prepared for microscopy – but of the same plant – 

were submerged in phosphate buffer, sonicated for 7 min, and the epiphytic population size 

determined by dilution series plating. Cell numbers of S. wittichii and S. aerolata were 

comparable to those of Sphingomonas sp. Fr1 and S. phyllosphaerae. This indicates that the 

cells of non-beneficial Sphingomonas strains might have been lost during the fixation and 

dehydration procedures. 

 SEM images were used to estimate the total number of epiphytic Sphingomonas sp. 

Fr1 cells present on the above-ground parts of an entire A. thaliana plant. The resulting cell 

number was in the same range as determined by dilution series plating of cells dislodged from 

plant surface. This is another indication (in addition to the separate enumeration of 

endophytes and epiphytes, shown in the supplement of chapter 3) that most of the 

Sphingomonas sp. Fr1 cells are present as epiphytes and not as endophytes on A. thaliana leaf 

surfaces. 

 

Proteome analysis of Sphingomonas sp. Fr1 

To gain information about possible traits involved in plant-protection by Sphingomonas, a 

global proteomics approach was applied. Approximately 1010 cells (2×109 needed) were 

recovered from the 200 plants grown in microboxes for proteomics. This number corresponds 

to the extrapolated cfu values from previous experiments, indicating that the here applied 

procedure to harvest phyllophere-colonizing Sphingomonas cells from A. thaliana plants is 

effective and well-suited for subsequent proteome analysis. In total, 1,355 proteins from in 

planta grown cells were identified. Similarly, proteomics of cells grown on agar plates allowed 

the identification of 1,155 and 1,541 proteins from glucose- and succinate-grown cultures, 
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respectively. Protein identification was based largely on the Sphingomonas sp. Fr1 draft 

genome sequence. Manual inspection of the protein list confirmed some of the findings 

revealed by community proteogenomics, e.g. the overrepresentation of transport- and stress-

related proteins in Sphingomonas (Table 4.2). Interestingly, the main structural protein of 

bacterial flagella, flagellin, was detected in vitro but not in planta. However, our attention was 

drawn in particular to proteins, which pointed towards plant-protective traits of 

Sphingomonas sp. Fr1, e.g. indicating an antimicrobial activity. One of these proteins was 

annotated as bacteriocin and showed an identity of 69% to the protein sequence of the 31-

kDa linocin M18 from E. coli. Bacteriocins are antimicrobial peptides, structurally and 

functionally diverse and known to be produced by bacteria to inhibit growth of closely related 

strains (Cotter et al. 2005). The bacteriocin-encoding gene in Sphingomonas sp. Fr1 is located 

closely to a type IV secretion system operon and not conserved in S. wittichii. Another protein 

suggesting antimicrobial activity was PhzF, an enzyme of the phenazine biosynthesis pathway. 

Phenazines are polycyclic, low-molecular weight antibiotics, known to be produced by 

biocontol strains such as fluorescent Pseudomonads (Thomashow et al. 1990). However, the 

phz gene cluster is also present in the genome of the non-protective strains S. wittichii and 

M. extorquens PA1. Similarly, the enzyme streptomyces cyclase – known to be involved in 

streptomycin biosynthesis – is not only encoded by Sphingomonas sp. Fr1, but also by 

S. wittichii and, in addition, not all biosynthetic genes needed for streptomycin production 

and secretion are present in the genomes. Interestingly, the plant pathogens Pst and X. 

campestris are both sensible to streptomycin, whereas all Sphingomonas isolates tested in 

chapter 3 are resistant. 

 
Table 4.2. List with a selection of interesting proteins detected by proteomic analysis of Sphingomonas sp. Fr1 cells 
grown on Arabidopsis thaliana plants (At) or on agar plates containing minimal medium with glucose (Glc) or 
succinate (Suc) as carbon source. 
 

Protein Accession no. Description At Glc Suc 

ABC transporter ag00192_775 Transport protein ++ ++ + 
ABC transporter ag00192_776 Transport protein + + + 
ABC transporter, ATP-binding protein ag00094_3316 Transport protein + + + 
ABC transporter related ag00197_2565 Transport protein + n.d. + 
ABC transporter, ATP-bind./permease ag00069_3470 Transport protein + n.d. n.d. 
TonB-dependent receptor ag00091_1389 Transport protein ++ +++ +++ 
TonB-dependent receptor ag00010_1745 Transport protein +++ ++ +++ 
TonB-dependent receptor ag00168_1139 Transport protein +++ ++ ++ 
TonB-dependent receptor ag00193_51 Transport protein + n.d.  ++ 
TonB-dependent receptor ag00100_2856 Transport protein + + + 
TonB-dependent receptor ag00180_418 Transport protein + n.d. n.d. 
Catalase ag00214_1985 Stress response enzyme +++ ++ +++ 
Catalase/Peroxidase ag00193_130 Stress response enzyme ++ + + 
Superoxide dismutase ag00017_1707 Stress response enzyme + ++ + 
Glutamine synthetase ag00047_1499 Ammonium acquisition enzyme ++ ++ ++ 
Flagellin protein flaA ag00177_902 Structural protein of flagella n.d. + + 
Flagellin protein flaA ag00177_900 Structural protein of flagella n.d. + + 
Phasin ag00010_1723 Sugar-binding lectin ++ +++ + 
Bacteriocin ag00046_2472 Peptide antibiotic + + + 
PhzF ag00079_3421 Phenazine biosynthesis protein + n.d. + 
Streptomyces cyclase ag00067_2825 Streptomycin biosynth. enzyme + + + 
 

Relative abundances are displayed with +, ++, and +++, based on the number of spectral counts. n.d. = not 
detected. 
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Fig. 4.3. (A) Snapshots of axenic and Sphingomonas-inoculated A. thaliana plants at 21 dpi. Sphingomonas sp. Fr1 
cells were applied by seed inoculation. Plants were treated either by applying ddH2O (mock treatment), sugar 
solution, or leaf extract. (B) Pathogen population of individual plants (log-transformed colony-forming units per 
gram leaf fresh weight) at 28 dpi. Mean and statistical significant differences are indicated (ns = not significant, **P 
< 0.01). 

 

Competition for nutrients 

The BIOLOG substrate utilization profiles shown in chapter 3 indicate that carbon partitioning 

might play an important role in plant protection by Sphingomonas spp. However, 

experimental evidence in planta is needed to verify this hypothesis. A way to show that 

nutrient competition between Sphingomonas spp. and Pst takes place in the phyllosphere is 

applying the limiting substrates together with Pst to the plant leaves. Pst would not have to 

compete anymore with Sphingomonas, could replicate to high cell numbers, and cause 

disease. Here, such an experiment was performed with two different substrate solutions: the 

first one consisted of six sugars and succinate (40 mg/l), all found to be used as growth 

substrate by beneficial Sphingomonas strains and Pst (BIOLOG data) and known to be present 

on leaf surfaces (Mercier and Lindow 2000, Tukey 1970). The second solution consisted of 

concentrated A. thaliana leaf extract (see Materials and Methods for details). Applying the 

sugar solution at four different time points after Pst infection did not affect disease incidence 

of Sphingomonas-inoculated A. thaliana plants (Fig. 4.3A). In contrast, the treatment with leaf 

extract resulted in plants with necrotic lesions, which were clearly visible at 21 dpi (Fig. 4.3A). 

Disease development was also reflected in terms of pathogen cell numbers at 28 dpi: while 

Pst population size of sugar-treated plants was significantly reduced by Sphingomonas sp. Fr1, 

Pst cell numbers of plants treated with leaf extract were similar, regardless whether 
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Sphingomonas cells were present or not (Fig. 4.3B). However, the mock-treated control plants 

did not show the expected reduced Pst population size on Sphingomonas-inoculated plants 

(Fig. 4.3B). This was confirmed by repeating the experiment independently. It was shown by 

Marcell and Beattie (2002) that the mechanical introduction of gaps among wax crystals on 

maize leaves resulted in larger Pantoea agglomerans populations. The mock-treatment, 

consisting of rubbing the leaves with moistened cotton swabs, could also have changed the 

phyllosphere micro-environment, e.g. humidity, and thereby stimulated pathogen 

proliferation. Since also the sugar-treatment consisted of rubbing the leaves with cotton 

swabs, it is not entirely clear, why the Pst population on Sphingomonas-inoculated plants is 

reduced only if sugar treated and not if mock-treated. However, the only treatment triggering 

disease on Sphingomonas-inoculated A. thaliana plants, was the application of leaf extract. 

 

 

 
 

Fig. 4.4. Perpendicular streak tests. (A) Sphingomonas sp. Fr1 streaks were applied to the upper part and 
Pseudomonas syringae, Bacillus subtilis, and Xanthomonas campestris streaks (from left to right, two streaks each) 
to the lower part of the petri dish. NB = nutrient broth medium, KB = King's B medium, LB = Luria Bertani medium, 
MM = minimal medium with glucose and casamino acids as carbon source. (B) Sphingomonas sp. Fr1 and 
Sphingomonas wittichii streaks were applied to the upper part and Sphingomonas roseiflava (1), Sphingobium 
rhizovicinum (2), Novosphingobium rosa (3), Sphingomonas sp. Fr1 (4), Sphingomonas phyllosphaerae (5), 
Sphingomonas azotifigens (6), Sphingomonas wittichii (7), and Sphingomonas mali (8) to the lower part of the NB 
square plate. Details on the different strains are given in chapter 3. 
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Production of antimicrobial compounds 

To test whether the plant-protective effect of Sphingomonas spp. could rely on the 

production and secretion of antimicrobial compounds, a series of in vitro inhibition 

experiments was carried out. At first, agar-diffusion assays as described by Völksch et al. 

(1996) were performed. However, Pst growth was not inhibited, neither by Sphingomonas sp. 

Fr1 nor by its spent medium (100-fold concentrated or not). Thus, an alternative assay 

consisting of perpendicular streaks on agar plates was tested and, indeed, Sphingomonas sp. 

Fr1 inhibited the growth of various bacterial strains (Fig. 4.4). However, inhibition was strongly 

medium and strain dependent. While the plant pathogens Pst and Xcc were inhibited by 

Sphingomonas sp. Fr1 on complex media, no effect was observed on minimal medium (Fig. 

4.4A). In contrast, the Gram-positive representative B. subtilis was inhibited by Sphingomonas 

sp. Fr1 on LB only. It is known that in vitro antagonism in iron-limiting media can be mediated 

by siderophore production (Cabrefiga et al. 2007). Therefore, the streak test on KB was 

repeated by adding FeCl3 to the medium: the inhibitory effect was the same as on KB plates 

without additional iron. Sphingomonas sp. Fr1 inhibited also the growth of other 

Sphingomonas strains streaked on NB plates, including itself (Fig. 4.4B). When the non-

protective water isolate S. wittichii was used as antagonist, the same inhibition pattern as 

with Sphingomonas sp. Fr1 was observed (Fig. 4.4B). The application of 25-fold concentrated 

Sphingomonas sp. Fr1 spent medium (NB, KB, LB) instead of bacterial streaks did not inhibit 

the growth of Pst and Xcc on agar plates. 

 In a second step, inhibition assays with spent media of Sphingomonas sp. Fr1 and 

S. wittichii in shake flasks were performed. The results were similar as on agar plates: growth 

of Pst was strongly reduced in complex spent media, but not in minimal spent medium (Fig. 

4.5A). This was true for spent media from both strains, the plant-beneficial and the non-

beneficial Sphingomonas. When the LB spent medium of Sphingomonas sp. Fr1 was filtrated 

through a 3 kDa cut-off filter or treated with proteinase, Pst was still inhibited (Fig. 4.5B). 

 

 
 

Fig. 4.5. Inhibition assays in liquid spent media. (A) Pst growth (based on OD600) after 20 h in spent medium of 
Sphingomonas sp. Fr1 (dark grey columns) and Sphingomonas wittichii (light grey columns) in relation to growth in 
fresh medium (100%, black columns). The experiment was carried out without replicates. NB = nutrient broth 
medium, KB = King's B medium, LB = Luria Bertani medium, MM = minimal medium with glucose and casamino 
acids as carbon source. (B) Pst growth after 20 h in fresh LB medium and differently treated LB spent medium of 
Sphingomonas sp. Fr1. The mean (±SD) was calculated from three independent experiments, proteinase treatment 
was done only once. 
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Fig. 4.6. Snapshots of axenic and Sphingomonas-inoculated A. thaliana plants at 19 dpi. Inoculation with 
Sphingomonas sp. Fr1 and infection with Pseudomonas syringae pv. tomato DC3000 (Pst) took place 
simultaneously when plants were three weeks old. The plot shows the pathogen population of individual plants 
(log-transformed colony-forming units per gram leaf fresh weight). Mean and statistical significant difference are 
indicated (***P < 0.001). 

 

Plant-mediated resistance 

To test whether a systemic plant response is responsible for the plant-protective effect caused 

by the presence of Sphingomonas, a series of different in planta experiments were carried 

out. In the first experiment, A. thaliana plants were simultaneously inoculated with 

Sphingomonas sp. Fr1 and infected with Pst. Plant protection still took place since inoculated 

plants developed less severe disease symptoms and Pst cell numbers were significantly 

reduced at 19 dpi compared to axenic plants (Fig. 4.6). However, the plant-protective effect 

was less pronounced as shown in chapter 3 for pre-inoculated plants. 

 

 
 

Fig. 4.7. Snapshots of axenic and Sphingomonas-inoculated A. thaliana plants at 21 dpi. Wild type and mutants 
lacking the fls2 or ost1 gene (Ler background) are depicted in panel A, wild type and mutants lacking the npr1 or 
aos gene (Col-0 background) in panel B. Sphingomonas sp. Fr1 was applied by leaf-inoculation one week before 
infection with Pseudomonas syringae pv. tomato DC3000 (Pst). The plots show the pathogen population of 
individual plants (log-transformed colony-forming units per gram leaf fresh weight). Mean and statistical significant 
differences are indicated (ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001). 
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 In a second step, four different A. thaliana mutants were inoculated with 

Sphingomonas sp. Fr1 and challenged with Pst according to the standard protocol. The four 

mutants fls2, ost1, npr1, and aos have a defect in known microbial defense response 

pathways, namely flagellin recognition, stomatal closing, salicylate and jasmonate signaling, 

respectively. The experiment revealed that the effect on mutant plants was similar as 

previously shown for wild type Arabidopsis: only axenic plants and not Sphingomonas-

inoculated plants developed severe disease symptoms (Fig. 4.7). In terms of pathogen 

population, the Sphingomonas-inoculated fls2 and npr1 plants harbored significantly less cells 

at 21 dpi, while ost1 and aos plants did not show a statistically significant difference relative 

to axenic plants. While the non-significant difference of the pathogen population size on aos 

plants (P = 0.6) was due to a single outlier, the Pst population on ost1 plants did not differ 

between the two treatments (see plot in Fig. 4.7). It seems that A. thaliana plants with a 

defect in stomatal closing allowed the pathogen to enter the apoplast, where it replicated to 

high cell numbers, but did not cause disease. 

 In the third experiment aiming towards detecting ISR as a mode of action, only one 

A. thaliana leaf per plant was inoculated with Sphingomonas sp. Fr1. In case Sphingomonas 

induces resistance, the whole plant should be protected from Pst infection. However, these 

plants developed the same severe disease symptoms as axenic plants (Fig. 4.8). In addition, 

the capability of Sphingomonas sp. Fr1 to spread from the inoculated leaf to the non-

inoculated leaves of the same plant was tested. Washing off and dilution-series plating of cells 

from individual leaves revealed that the bacterial cells did not move from the inoculated leaf 

to the others within 7 d. This points towards an impaired motility of Sphingomonas sp. Fr1 in 

planta, although relative humidity in microboxes is as high as 80%, which usually favors 

motility of flagellated bacteria. Considering that flagellin was detected only in the proteome of 

in vitro and not of in planta grown Sphingomonas sp. Fr1 cells, this finding is of interest and 

will be discussed below. 

 

 
 

Fig. 4.8. Snapshots of axenic and Sphingomonas-inoculated A. thaliana plants at 21 dpi. Sphingomonas sp. Fr1 cells 
were applied by leaf inoculation 5 d before infection with Pseudomonas syringae pv. tomato DC3000 (Pst). Either 
the whole plant or one leaf per plant only were inoculated. The experiment was repeated with plants grown in MS 
medium with 1% sucrose (right side). 
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 Since the aim of this study was to identify the mode of action behind the plant-

protective effect of Sphingomonas sp. Fr1 and the here presented data do not indicate the 

involvement of plant-mediated resistance in plant protection, these experiments were not 

repeated. Therefore, they represent a preliminary dataset and have to be interpreted with 

caution. 

 

 

Discussion 

In the previous chapter it was demonstrated that under controlled conditions Sphingomonas 

spp. protect A. thaliana plants against the two foliar pathogens Pseudomonas syringae and 

Xanthomonas campestris. This posed the question on the underlying mechanism(s) of 

antagonism and systematic investigations were started. Sphingomonas sp. Fr1 was selected as 

antagonistic model strain, because it has been isolated from the phyllosphere (Fruit) of a field-

grown Arabidopsis thaliana plant and showed a striking plant-protective effect when tested 

on the same plant species. Where needed, additional Sphingomonas strains with or without a 

plant-beneficial effect were included in the experimentation. 

 It is well-known that a spatial niche overlap between beneficial and pathogenic 

bacteria is important in determining bacteria-bacteria antagonism in the phyllosphere (e.g. 

Giddens et al. 2003). Here, scanning electron microscopy was used to localize the cells of 

different Sphingomonas strains on the surface of A. thaliana leaves. The application of a 

standard protocol for chemical fixation was successful in recording high-resolution 

micrographs. The predominance of Sphingomonas cell aggregates in grooves between 

adjacent epidermal plant cells underlines the fact that these are the preferred sites of bacteria 

on leaves (compare Kutschera 2002, Sy et al. 2005) and that cells are not evenly distributed 

over the leaf surface (Monier and Lindow 2003, Monier and Lindow 2004). Thus, indigenous 

Sphingomonas cells share the same spatial niches as many epiphytic plant colonizers, most 

probably also as Pst in its epiphytic growth phase. Moreover, these are the locations, where 

growth substrates can be expected to be most abundant (Lindow and Brandl 2003). However, 

detailed investigations about the spatial distribution of Sphingomonas and Pst cells in 

phyllosphere and endosphere are needed. Fluorescence microscopy of differently labeled 

Sphingomonas and Pseudomonas cells could facilitate the localization of beneficial and 

pathogenic bacteria throughout the infection process. 

 It can only be speculated about the reason for the lack of non-protective 

Sphingomonas cells. S. wittichii was isolated from water, S. aerolata from the air. Most 

probably, these two strains do not exhibit the traits of typical plant-colonizing bacteria, such 

as enhanced adhesion on hydrophobic surfaces. Therefore, they might have been lost during 

the chemical fixation steps, because they lack the ability to strongly attach to leaf surfaces. 

They could miss filaments or adhesive molecules on their cell surface, which distinguishes 

naturally leaf-associated bacteria. However, why do they reach a similar cell density as 

phyllosphere isolates on A. thaliana plants? It was shown by O'Brien and Lindow (1989) that 

relative humidity affects proliferation of E. coli cells on plant leaves: if humidity is high they 

replicate to high cell numbers, if humidity is low they die whereas typical plant colonizers such 

as P. syringae still persist. This could be true also for S. wittichii and S. aerolata, since the 

relative humidity in microboxes was 80%. 
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 Proteome analysis of Sphingomonas sp. Fr1 cells grown on A. thaliana plants and on 

agar plates revealed the prominent expression of nutrient acquisition proteins and confirmed 

thereby findings of chapter 2. Considering as well that Sphingomonas sp. Fr1 shows a 

nutritional niche overlap with Pst (see BIOLOG data in chapter 3), successful competition for 

growth substrates in the phyllosphere can be expected. The appearance of necrotic lesions on 

Sphingomonas-inoculated plants treated with leaf extract is another indication, that the 

availability of nutrients on leaf surfaces is crucial for Pst to cause disease. It can be assumed 

that the applied concentrated leaf extract contained high amounts of carbohydrates normally 

present on A. thaliana leaves. Therefore, these additionally-applied carbohydrates became 

also available for the pathogen, which then could replicate to high cell numbers and caused 

disease. The failure to detect disease symptoms on sugar-treated plants might be because the 

concentration of 40 mg/l in the applied solution was too low. Although based on the amount 

of total sugars found to be present on healthy bean leaves (Mercier and Lindow 2000), 

probably not enough additional substrate for Pst was applied to overcome the limitations in 

competition with Sphingomonas. The application of more concentrated sugars could lead to a 

similar phenotype as with leaf extract and – at the same time – make it easier to narrow down 

the list of growth-limiting substrates.  

 Inhibition assays on agar plates revealed that various bacterial strains are inhibited by 

Sphingomonas sp. Fr1 when grown in complex media. Similarly, also the non-protective strain 

S. wittichii showed inhibitory effects. This suggests that – depending on the available growth 

substrate – Sphingomonads produce and excrete compounds, which are effective against a 

wide range of bacteria. It is known that in vitro inhibition assays are heavily biased and do not 

necessarily correlate with in planta antagonistic effects (Andrews 1985, Jacobsen 2006). Braun 

and colleagues (2010), for example, showed recently that in vitro antibiosis of Pseudomonas 

syringae pv. syringae 22d does not affect its biocontrol activity in planta. Although proteome 

analysis revealed the presence of the proteinaceous antimicrobial compound bacteriocin in 

Sphingomonas sp. Fr1, inhibition assays with differently-treated spent media showed that it 

does not account for the antagonistic effect in shake flasks. However, an inhibitory effect in 

planta cannot be excluded. 

 To find evidence for systemic resistance to be induced by Sphingomonas spp., a series 

of in planta experiments was carried out. None of the results was convincing enough to regard 

ISR to play a major role in plant protection against Pst. In the co-inoculation experiment, 

where Sphingomonas sp. Fr1 and Pst were applied simultaneously, plant protection still took 

place. This indicates that an early presence on the leaf surface – to give the plant enough time 

for switching to the primed state – is not mandatory for Sphingomonas. Also a defense 

response caused by the presence of Sphingomonas and involving flagellin recognition, 

stomata closing, or plant hormone signaling is not likely to be responsible for the observed 

biocontrol activity. The activation of a plant immune response by beneficial microbes is 

considered to be relatively mild (Van Wees et al. 2008) and was probably – if taking place at 

all – not strong enough to affect disease outbreak in this assay. Moreover, it is known that 

often multiple MAMPs are involved in the activation of the plant's immune system (Bakker et 

al. 2007, Meziane et al. 2005). The lack of significantly different Pst cell numbers on ost1 

mutant plants was an interesting observation. Because these plants are impaired in closing 

the stomata upon pathogen perception, Pst cells might easily enter the leaf apoplast and 

replicate to high cell numbers. However, it is not clear why the disease incidence was not 
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affected. One explanation could be that Sphingomonas has an effect on the virulence of Pst, 

e.g. by inhibiting the expression of the hrp gene cluster, which codes for the type III secretion 

system (TTSS) of pathogenic bacteria. Further investigations, e.g. the analysis of bacterial gene 

expression profiles or tiling arrays of A. thaliana plants, could reveal more details on this 

phenomenon. 

 Another interesting aspect I want to discuss here is the motility of Sphingomonas in 

planta. Experiments where only one leaf was inoculated with Sphingomonas sp. Fr1 showed, 

that the bacteria have not spread to the neighboring, axenic leaves of the same plant after 7 

d. Despite the high humidity conditions prevalent in microboxes, motility of Sphingomonas 

cells seemed to be impaired. Motility of bacteria relies mainly on the presence of flagella and 

according to genome data and swarming motility assays in soft agar (data not shown), 

Sphingomonas sp. Fr1 is flagellated as most of the Gram-negative bacteria are. Interestingly, 

the proteome analysis of strain Fr1 as well as the metaproteomics data presented in chapter 2 

revealed, that flagellin is not among the detected proteins of Sphingomonas in planta. 

Assuming that Sphingomonads shut down their flagella biosynthesis, also the plant-mediated 

immune response could be affected, since in many cases bacteria are perceived by flagellin 

recognition (Melotto et al. 2006, Zipfel et al. 2004). However, flagellin is not the only bacterial 

elicitor, which is recognized by plants (e.g. Kunze et al. 2004). 

 In conclusion, nutrient competition can still be considered as an important factor in 

plant protection by Sphingomonas. However, further experiments are needed to find 

evidence for supporting this hypothesis or to identify other mechanisms involved. 
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A forward genetic in planta screen to elucidate plant-

protective traits of Sphingomonas sp. Fr1 
 

 

 

Abstract 

Sphingomonas sp. Fr1 was shown to protect Arabidopsis thaliana plants grown under 

controlled conditions against bacterial pathogens. The underlying mechanism of antagonism 

was previously investigated by applying a series of targeted approaches. Here, the 

development of a forward genetic in planta screen to identify plant protection-deficient 

Sphingomonas mutants is presented. The genome-sequenced strain Sphingomonas sp. Fr1 

was randomly mutagenized by insertion of a mini-Tn5 transposon into the genome and a 

library consisting of a limited number of mutants constructed. In order to find a suitable 

screening procedure, different experimental setups were tested. It was found that an assay, 

where A. thaliana plants were grown in 24-well plates and infected with a lux-tagged 

derivative of Pseudomonas syringae pv. tomato DC3000, is well-suited for large-scale 

screening. The number of photon counts at five days post infection was used as read-out for 

loss of disease suppression and was shown to correlate with pathogen population size. A first 

screening of 1,500 mutants resulted in the identification of three mutants impaired in the 

protection of A. thaliana plants; however, a high plant-to-plant variation was observed for one 

of the mutants during validation. Moreover, a preliminary evaluation in the microbox assay 

did not confirm the plant protection-deficient phenotype for all of the three mutants. 

Identification of the transposon insertion site for one mutant by arbitrary primed PCR 

revealed a defect in the biosynthesis of (p)ppGpp, a well-known global transcriptional 

regulator. Despite some drawbacks regarding the robustness of the assay, it could be shown 

that the here presented in planta screening procedure allows the detection and identification 

of Sphingomonas mutants with a defect in plant protection. Large-scale application of the 

here described method is possible and screening of additional Sphingomonas mutants could 

reveal interesting candidates to uncover more details about this particular plant-microbe-

microbe interaction. 

 

 

Introduction 

Among other bacteria, members of the genus Sphingomonas are frequently found in the 

phyllosphere of different plants (Lambais et al. 2006, Kim et al. 1998, chapter 2). As shown in 

chapter 3, various Sphingomonas strains protect the model plant Arabidopsis thaliana against 

bacterial pathogens. Furthermore, a series of experiments aiming towards the identification 

of the mechanism of antagonism was carried out (chapter 3 and 4). Substrate utilization 

profiling in vitro and leaf extract feeding in planta gave a first indication that nutrient 

competition in the phyllosphere might be important in determining the antagonistic effect of 

Sphingomonas spp. However, already Kempf and Wolf (1989) admitted that it is difficult to 

clearly demonstrate competition as a mechanism of biological control. With the exception of 
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an inhibitory effect in vitro, the data presented in chapter 4 did not indicate, that another 

mode of action is involved in plant protection by Sphingomonas. However, additional 

mechanisms cannot be excluded at this time. 

 Bottom-up approaches represent an alternative strategy to reveal details about the 

mode of action behind plant-protective effects of beneficial bacteria. Forward genetics, where 

randomly generated mutants are screened for loss-of-function mutations, is a commonly 

applied method in plant microbiology and was used, for example, to identify virulence-

defective mutants in Pseudomonas syringae (Cuppels 1986) or antibiosis-negative mutants in 

Erwinia herbicola (Kempf and Wolf 1989). Similarly, Bonaldi et al. (2010) screened for 

Bradyrhizobium sp. ORS278 mutants with a defect in root symbiosis. Transposon mutagenesis 

is the method of choice to generate large mutant libraries, whereby the transposon-bearing 

plasmid is often transferred by biparental mating to the recipient cells (Woodall 2003). The 

most widely used systems are suicide vectors carrying a Tn5 transposon with antibiotic 

resistance genes as markers (Alexeyev et al. 1995, Cuppels 1986). 

 Screenings of Tn5 mutants to identify specific loss-of-function mutations have been 

realized primarily by cultivating bacteria on agar plates (e.g. Kempf and Wolf 1989). However, 

it is well-known that these plant-protective phenotypes (e.g. antibiosis) do not necessarily 

correlate with in planta phenotypes (Andrews 1985, Jacobsen 2006). To facilitate a high-

throughput forward genetic screen in planta, sophisticated procedures are needed. The 

assessment of beneficial effects caused by plant-colonizing bacteria usually requires long-term 

monitoring of plant growth and disease development in combination with quantification of 

bacterial populations (e.g. Bashan and de-Bashan 2002, Braun et al. 2010). Most of the 

methods used for quantification of plant-associated microbial populations are time-

consuming and invasive, thereby heavily restricting dynamic observations or high-throughput 

applications (see Katagiri et al. 2002). A straight-forward method to determine bacterial 

growth on leaf surfaces is the use of bioluminescent reporter strains. Gau and co-workers 

(2002), for example, tagged epiphytic Pseudomonas strains with luxAB, the genes coding for 

luciferase, and placed them onto apple seedlings. They observed the establishment and 

distribution of bacterial populations in planta by detecting the photons emitted by the 

labelled bacteria. Fan and colleagues (2008) constructed a bioluminescent Pseudomonas 

syringae strain chromosomally tagged with luxCDABE and demonstrated that quantification of 

P. syringae cells on A. thaliana leaves is possible. 

 The goal of this study was to develop a forward genetic in planta screen for the 

identification of Sphingomonas mutants with a defect in plant protection in the previously 

established model system with A. thaliana as host plant and a bioluminescent P. syringae 

strain as pathogen. 

 

 

Materials and Methods 

Bacterial strains and growth conditions 

The plant-protective strain Sphingomonas sp. Fr1 was routinely grown on nutrient broth (NB) 

without NaCl at 28°C. Escherichia coli S17-1 (λpir) carrying the suicide vector pAG408 with the 

mini-Tn5 transposon delivery system for conjugation (Suarez et al. 1997) was cultivated on LB 

medium supplemented with kanamycin (25 µg/ml) at 37°C. Transconjugants were selected on 
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mineral salt medium (MM, Peyraud et al. 2009) containing glucose (0.5%) as carbon source, 

and kanamycin (200 µg/ml) and colistin (10 µg/ml) as selective antibiotics. E. coli S17-1 

pAG408 was kindly provided by Stephane Vuilleumier from the University of Strassbourg, 

France. The plant pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) and its 

bioluminescent derivative (Pst-lux) were used to infect A. thaliana plants. The reporter strain 

Pst-lux carries the luxCDABE operon from Photorhabdus luminescens under the control of a 

constitutive promotor (Fan et al. 2008) and was kindly provided by Jun Fan from John Innes 

Centre in Norwich, UK. Wild type and lux-tagged Pst were cultivated on King's B medium (KB, 

King et al. 1954) at 28°C. The growth of Tn5 mutants with a defect in plant protection was 

tested on NB, KB, LB, and MM with glucose (0.5%), casamino acids (0.1%), and tryptophan (20 

µg/ml) as carbon sources. Perpendicular streak tests were performed on LB and KB agar plates 

with Xanthomonas campestris pv. campestris (Xcc) and Pst as indicator strains. 

 

Mini-Tn5 transposon mutagenesis 

Transposon mutagenesis was performed via biparental mating of the E. coli S17-1 donor strain 

and the Sphingomonas sp. Fr1 recipient strain as described by Hourcade (2007) with minor 

modifications: both strains were grown in 15 ml of the respective medium to a final OD600 of 

1. Cells were centrifuged, washed in 0.9% NaCl, and resuspended in 0.4 ml 0.9% NaCl. 

Suspensions were mixed at a 1:1 ratio, vortexed, and three 100-µl drops were pipetted onto 

agar plates containing mineral salt medium without any carbon source. After incubation O/N 

at 28°C, bacteria were scraped off the plates, resuspended in 0.9% NaCl, and serial dilutions 

plated onto selective mineral salt agar plates. Single colonies were picked after 5 – 7 d, re-

streaked onto fresh plates containing kanamycin (50 µg/ml), and after incubation for another 

2 d, the Tn5 mutants were transferred to 96-well microtiter plates by resupending the colony 

material in 10 mM MgCl2 (resulting in an OD600 of ca. 0.5). To screen for mutants with a defect 

in plant protection, 4-µl aliquots were used for inoculation of A. thaliana seeds in 24-well 

plates (see below). The whole mutant library was retained at -80°C after adding glycerol (final 

concentration 20%) to each well. 

 

Setup of the screen in 24-well plates 

Arabidopsis thaliana Col-0 seeds were surface-sterilized as described in chapter 3 and 

individually placed into 24-well plates (1 seed/well) containing 1.5 ml of solidified MS nutrient 

medium (Murashige and Skoog 1962) including vitamins (Duchefa, Haarlem, The Netherlands) 

and 3% sucrose per well. Each seed was inoculated with 4 µl bacterial suspension from a 

different Sphingomonas sp. Fr1 mutant generated by transposon mutagenesis (see above). 

The 24-well plates were sealed with parafilm and placed into a standard growth chamber. 

Plants were grown for one week at long-day conditions (16-h photoperiod) followed by short-

day conditions (9-h photoperiod) at constant 22°C. Relative humidity is a crucial factor in 

obtaining comparable results when performing infection assays. Therefore, the distance from 

24-well plates to the light source was adjusted to 30 cm in order to avoid the condensation of 

water on the inner lid surface. The day before infection, the parafilm was removed to bring 

the relative humidity to a similar value in all 24-well plates. Ten-day-old plants were infected 

with Pst-lux by pipetting 20 µl of cell suspension onto the leaves and the center of each single 

A. thaliana plantlet. Cell suspension was prepared as described previously (Tornero and Dangl 

2001) but without Silwet L-77 and OD600 was adjusted to 0.000003 (initially to 0.3 and then 
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diluted) in order to place approximately 20 – 30 cells onto one plant. Bioluminescence was 

recorded for each well at 5 dpi (days post infection) with a Victor3 plate reader (Perkin Elmer, 

Waltham, USA). A Tn5 mutant was considered as putative candidate with a defect in plant 

protection when the photon counts per second (cps) exceeded a threshold level of 600 – 2000 

cps (set differently in each screening round depending on the background level). For each 

candidate, the epiphytic Sphingomonas population was determined as described in the 

supplement of chapter 3 and only mutants with a colonization density comparable to the wild 

type were considered for validation. The non- or poorly-colonizing mutants were kept 

separately for eventual analysis at a later time point. The validation of the well-colonizing, 

putatively plant protection-deficient mutants consisted of the same 24-well assay as used for 

screening, but was repeated with 12 plants inoculated with the same candidate mutant 

(distributed over three plates). In addition to the cps readout at 5 dpi, bacterial cell numbers 

of both Sphingomonas sp. Fr1 and Pst-lux were determined at 7 dpi (experimental procedures 

described in chapter 3). The remaining plants were placed back into the growth chamber and 

their disease phenotypes observed at 21 dpi. A mutant was considered to carry a mutation 

leading to an impaired plant protection, if bioluminescence, pathogen population size, and 

disease incidence were different from the control plants inoculated with the wild type strain. 

 

The microbox in planta assay 

Mutants with a defect in plant protection and positively validated in 24-well plates were 

evaluated on plants grown in microboxes (see chapter 3). Briefly, axenic and Sphingomonas-

inoculated A. thaliana plants were grown in Full-gas Microboxes (Combiness, Nazareth, 

Belgium) and after three weeks infected by spraying lux-tagged Pst cells to the plant leaves. 

Due to the photons emitted by Pst-lux it was possible to compare pathogen proliferation non-

invasively shortly after infection. The IVIS Spectrum imaging system (Caliper Life Sciences, 

Hopkinton, USA) was used to (qualitatively) detect the bioluminescent signal from Pst-lux cells 

that have been sprayed to the plants in the microboxes. The insertion of a 500 nm emission 

filter (20 nm bandwidth) in front of the CCD camera made sure that photons emitted by the 

phosphorescent chlorophyll in the plant leaves were blocked and only light from the luciferase 

reaction peaking at 490 nm was detected. Moreover, the population size of Sphingomonas sp. 

Fr1 and Pst-lux was determined at 0 and 21 dpi as reported in chapter 3. 

 

Identification of the transposon insertion site 

Arbitrary primed PCR (AP-PCR) was used to identify the insertion site of the Tn5 mini-

transposon in the genome of one of the validated Sphingomonas sp. Fr1 mutants. This nested 

PCR approach employs a semi-degenerated (arbitrary) primer to amplify DNA fragments 

flanking the transposon (Das et al. 2005). Genomic DNA was extracted from fresh-grown 

bacterial plate culture using the WaterMaster DNA Purification kit (Epicentre, Madison, USA) 

and 100 ng were used as template in the first-round PCR, where the transposon-specific 

primers Iseq (inner end) or Oseq (outer end) were paired either with the arbitrary primers 

Arb2 or Arb3. The different primer combinations were used to increase the chance of 

successful DNA amplification. PCR products were purified using the NucleoSpin Extract II kit 

(Machery-Nagel, Düren, Germany) and one-tenth was used as template for the second-round 

PCR employing the primer PCR2 paired with pagI (inner end) or pagO (outer end). Primer 

concentrations and PCR conditions were used as described by Das et al. (2005). Primer 



Chapter 5 

 

97 | P a g e  

sequences are listed in Table 5.1. Finally, the PCR products were checked on 1.5% agarose 

gels. From the reaction, which yielded a single band on the agarose gel, the product was 

purified and sent for sequencing. To identify the transposon insertion site, DNA sequences 

were compared using BLAST (Altschul et al. 1990) to the automatically annotated draft 

genome sequence of strain Fr1. 

 
Table 5.1. Oligonucleotide primers used for arbitrary primed PCR (AP-PCR) to identify the transposon insertion site 
 

Name Sequence 5'-3' Reference 

Iseq TACGTGCAAGCAGATTACGG Hourcade 2007 
Oseq TTGTGCCCATTAACA TCACC Hourcade 2007 
pagI CAATTCGTTCAAGCCGAGAT Hourcade 2007 
pagO TGGGACAACTCCAGTGAAAA Hourcade 2007 
Arb2 GGCCACGCGTCGACTAGTCANNNNNNNNNNGACTC* This study 
Arb3 GGCCACGCGTCGACTAGTCANNNNNNNNNNGATAC* This study 
PCR2 GGCCACGCGTCGACTAGTCA Das et al. 2005 
 

* After Das et al. (2005), but with a modified 3' pentamer varying in GC content. N = ATCG 

 

In vitro inhibition assays 

Sphingomonas sp. Fr1 mutant GI1 was tested for loss of antagonistic activity in vitro as 

described in chapter 4 by assessing inhibition of plant pathogens on agar plates and in shake 

flasks with Sphingomonas spent media. In addition to undiluted, also 2-, 5-, and 10-fold 

diluted spent media were inoculated with Pst an growth was monitored. 

 

 

Results 

Establishment of the screening procedure 

For the realization of a large-scale forward genetic screen in planta, medium to high-

throughput procedures are needed. Automatic annotation of the draft genome sequence of 

Sphingomonas sp. Fr1 revealed the presence of 3,539 genes. Applying the formula used by 

Hourcade (2007) to the genome of strain Fr1, screening of 10,600 mutants is necessary to 

statistically knock out each gene at least once. The bioluminescent Pst DC3000 (Pst-lux) was 

tested as reporter strain to quickly assess disease susceptibility of a large number of 

A. thaliana plants. Fan and colleagues (2008) have demonstrated that light intensity and 

populations size of Pst-lux in planta are positively correlated. Additionally, the data presented 

in chapter 3 show a positive correlation between pathogen cell numbers on A. thaliana plants 

and disease incidence. In particular during the first days after infection, Pst population is 

significantly higher on non-protected plants compared to protected plants. Assuming that a 

Sphingomonas mutant impaired in plant protection does not reduce pathogen proliferation as 

the wild type does, bioluminescence is expected to be a suitable read-out to determine loss of 

plant protection during high-throughput screening in planta. 

 In a preliminary experiment, Pst-lux was used to infect axenic and Sphingomonas-

inoculated A. thaliana plants grown in microboxes. Imaging these plants with the IVIS 

Spectrum revealed more photons on axenic than on inoculated plants. Two examples are 

depicted in Fig. 5.1A: with the exception of signals originating from a single necrotic lesion, no 

lux signals were detected on the Sphingomonas-inoculated plant. In contrast, big parts of the 
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axenic plant showed signals deriving from Pst-lux. Thus, the discrimination between protected 

and non-protected plants based on bioluminescence is possible. 

 After a series of tests with different experimental setups including 24-well plates, 96-

well plates, 20×20 cm square plates, and by varying the method and time point of infection, a 

screening procedure with 24-well plates was found to be best-suited for (i) easy detection and 

quantification of lux signals and (ii) enabling a large-scale screening. As a proof of concept, all 

seeds except five in a 24-well plate were inoculated with Sphingomonas sp. Fr1 wild type. 

After two weeks, plants were infected with Pst-lux by pipetting small droplets of infection 

suspension onto their surface. Plates were imaged daily from 1 – 10 dpi with the IVIS 

Spectrum and bioluminescence intensity in each well was measured with the microplate 

reader. As an example, Fig. 5.1B shows a photograph, an IVIS Spectrum image, and the Victor 

microplate reader photon counts of the 24-well plate at 3 dpi. It is evident that the photon 

counts from axenic plants were higher than from Sphingomonas-inoculated plants. This was 

also true at 4, 5, and 6 dpi, while at 1 and 2 dpi bioluminescence intensity was still too low for 

detection. When photon counts (cps) per well were quantified in the IVIS Spectrum images (by 

applying the ROI tool implemented in the IVIS control software) and compared with the values 

from microplate reader, a highly positive correlation was found (R = 0.99, P < 0.001). Thus, the 

quantification of photons emitted by Pst-lux at 3 – 6 dpi allowed to discriminate between 

axenic and Sphingomonas-inoculated plants. Assuming that the pathogen population will be 

higher on plants inoculated with a protection-deficient mutant than with the wild type, it 

should be possible to use bioluminescence intensity as readout in a large-scale screening 

procedure. However, the colonization capability of the respective Sphingomonas mutant has 

still to be checked by dislodging the bacterial cells from plant leaves and by dilution series 

plating. 

 

 
 

Fig. 5.1. Detection of photons emitted by the lux-tagged Pst DC3000 on axenic and Sphingomonas-inoculated 
plants. (A) IVIS Spectrum overlay of photograph and photon counts from a Sphingomonas sp. Fr1-inoculated and an 
axenic A. thaliana plant at 18 dpi. The roots from the microbox-grown plants were removed and the remaining 
above-ground plant parts placed on a petri dish for imaging. (B) Photograph, IVIS Spectrum image, and Victor 
microplate reader photon counts of a 24-well plate with A. thaliana plants at 3 dpi. The photon counts (cps) 
measured with the microplate reader were converted to a color image, where red indicates high values and purple 
low values. Plants were seed-inoculated with wild type Sphingomonas sp. Fr1 (unmarked) or kept axenically 
(marked with a circle on the photograph). 
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Realization of a screen with 1,500 Tn5 mutants 

In a first step, the procedure for generating the Sphingomonas sp. Fr1 transposon mutants 

was established. The transposon-carrying plasmid was transferred to the recipient cells by 

conjugation, yielding transconjugants at a frequency of 10-3 – 10-4 per recipient cell indicating 

that the conjugative transfer and insertion of the here used mini-Tn5 element into the 

Sphingomonas sp. Fr1 chromosome was very effective. Bünz and colleagues (1999), for 

example, generated Tn5 mutants of Sphingomonas wittichii RW1 and recovered 

transconjugants only at frequencies below 10-7 per recipient cell. The high kanamycin 

concentration (200 µg/ml) used to select for transconjugants was necessary to effectively 

suppress growth of cells that somehow acquired a weak KanR but did not insert the 

transposon into the chromosome. 

 

 
 

Fig. 5.2. The validation screen in 24-well plates. A. thaliana plants were seed-inoculated with the wild type strain of 
Sphingomonas sp. Fr1 (wt), the plant protection-deficient mutants GI1, CM1, JE1, or were kept axenically. Except of 
column 5 (control), 10-d-old plants were infected with Pst-lux. (A) Photon counts at 5 dpi (n = 24, log-scale). (B) 
Phyllosphere population of Sphingomonas at 7 dpi (n = 8). (C) Phyllosphere population of Pst-lux at 7 dpi (n = 8). 
Plots B – C show the log-transformed cfu per gram leaf fresh weight of individual plants. (D) Photographs of three 
replicate plates at 21 dpi. 

 

 Between 400 and 800 Sphingomonas sp. Fr1 Tn5 mutants were processed at a time. 

The relative humidity in 24-well plates was found to be a crucial factor for pathogen 

proliferation and photon detection early after infection. Removing the parafilm the day before 
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infection helped in adjusting the humidity to a similar level in all plates upon infection. 

However, a certain variation from plate to plate and screening round to screening round was 

not avoidable and the cps threshold value had to be re-adjusted every time. 

 So far, 1,500 mutants were screened. This number is still far away from covering the 

whole genome, as pointed out above. Nevertheless, they represent a first set of mutants that 

were screened by applying the here described methods. Out of these, 48 mutants were 

selected for validation and for three of them (GI1, CM1, and JE1) a plant protection-defective 

phenotype could be confirmed. A validation screen with the confirmed Tn5 mutants and with 

control treatments was performed exemplarily for illustration purposes (Fig. 5.2). The plots 

show photon counts (5 dpi) and bacterial cell numbers (7 dpi) from axenic and inoculated 

plants. The pictures show photographs of three replicate plates taken at 21 dpi. Wild type, 

mutant, and axenic plants were infected with Pst-lux, while plants in column five were not 

infected (control). A positive correlation between photon counts, pathogen population, and 

disease incidence was evident. Interestingly, the photon counts from non-infected plants 

were in the same range as of wild type-inoculated plants. This indicates that the wild type 

Sphingomonas kept pathogen growth low enough not to exceed the background 

luminescence of non-infected plants. Visually, a high variation between the plants inoculated 

with cells of mutant GI1 was observed (Fig. 5.2D). This is also reflected in terms of photon 

counts at 5 dpi (Fig. 5.2A). 

 

Evaluation of Tn5 mutants in the microbox in planta assay 

In order to determine whether a phenotype could be observed with A. thaliana plants grown 

in microboxes, the three Tn5 mutants were evaluated with the assay described in chapter 3. 

Plants were monitored over time not only by visual inspection but also by measuring 

bioluminescence at 2, 5, 8, 15, and 21 dpi. In contrast to the 24-well assay, where photon 

counts at around 4 – 5 dpi were assessed, here, the most pronounced difference between 

wild type and mutants was observed at 8 dpi. However, while boxes containing plants 

inoculated with the CM1 or JE1 mutant showed enhanced bioluminescence, the plants 

inoculated with the GI1 mutant appeared as the plants inoculated with the wild type 

Sphingomonas (Fig. 5.3A). As already observed in 24-well plates imaged with the IVIS 

Spectrum (see Fig. 5.1B), the photons originated not only from bacteria growing in the 

phyllosphere, but also from bacteria growing on roots and the agar surface. This shows that 

Pst-lux is spreading all over the microbox when fully-protective Sphingomonas cells are 

absent. Regarding the visual appearance of the differently-treated plants at 21 dpi, plant 

health was affected most when mutant JE1 was applied (Fig. 5.3A). This was related strongly 

to the Sphingomonas population size. In contrast to the 24-well assay, mutant JE1 did not 

colonize A. thaliana plants as efficiently as the wild type did, neither before infection with Pst-

lux (0 dpi) nor at 21 dpi (Fig. 5.3B-C). Interestingly, the Sphingomonas cell numbers of both 

CM1 and JE1 mutant dropped down three weeks after the application of the pathogen. This 

suggests, that these two mutants lost their ability to successfully compete with Pst in the 

phyllosphere. 

 As speculated in the previous chapters, plant protection by Sphingomonas might rely 

on nutrient competition. Therefore, the growth behavior was tested by streaking cultures of 

the three Tn5 mutants across agar plates containing different media (NB, KB, LB, and MM). 

While the growth of mutant GI1 was comparable to the wild type, mutants CM1 and JE1 
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showed a reduced growth phenotype on complex media (Fig. 5.4E). Although the Pst-lux 

population sizes on the differently-treated plants showed a high degree of variation, a trend 

to higher pathogen cell numbers on plants inoculated with the Sphingomonas mutants was 

evident (Fig. 5.3D). However, the data presented here are preliminary and the whole 

experiment has to be repeated with a higher number of samples to draw final conclusions. 

 

 
 

Fig. 5.3. Evaluation of the three promising Tn5 mutants in microboxes and on agar plates. A. thaliana plants grown 
in microboxes were seed-inoculated, infected with Pst-lux when three weeks old, and monitored over time. (A) IVIS 
Spectrum overlay images at 8 dpi and photographs at 21 dpi. (B) Sphingomonas population before infection (0 dpi). 
(C) Sphingomonas population at 21 dpi. (D) Pst-lux population at 21 dpi. Plots B – D show the log-transformed cfu 
per gram leaf fresh weight of individual plants. (E) Growth of wt and mutants on four different media (NB, KB, LB, 
and MM with glucose, casamino acids and tryptophan as carbon source). 

 

Identification of the transposon insertion site in mutant GI1 

To demonstrate the applicability of AP-PCR to amplify transposon-flanking regions in 

Sphingomonas sp. Fr1, the insertion site of one of the three validated mutants (GI1) was 

identified. The primer combination Iseq/Arb3 yielded the PCR product, which was finally sent 

for sequencing. Comparing the obtained sequence to the automatically annotated draft 

genome sequence revealed that the transposon was inserted into a gene showing high 

homology to spoT. SpoT is coding for the GTP pyrophosphokinase, an enzyme catalyzing the 
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reaction from GDP (guanosine diphosphate) and GTP (guanosine triphosphate) to ppGpp 

(guanosine 3',5'-bipyrophosphate) and pppGpp (guanosine 3'-diphosphate 5'-triphosphate), 

respectively. These molecules are global transcriptional regulators well-known to be involved 

in a phenomenon which is called the stringent response (e.g. reviewed by Chatterji and Ojha 

2001). It was shown, for example, that (p)ppGpp accumulates in E. coli cells in response to 

starvation (Cashel and Gallant 1969) or regulates the biosynthesis of antibiotics in 

Streptomyces coelicolor (Chakraburtty and Bibb 1997). However, also a number of other 

cellular processes are known so far to be regulated by (p)ppGpp (Braeken et al. 2006). 

 

In vitro inhibition assays 

Growth inhibition of plant pathogens by Sphingomonas sp. Fr1 in vitro (chapter 4) and the 

identification of a stringent response-deficient mutant stimulated us to do inhibition assays 

also with mutant spoT::Tn5. Perpendicular streak tests on LB and KB agar plates revealed a 

slightly decreased inhibitory effect against Pst and Xcc for the mutant relative to the wt (Fig. 

5.4B). This could be confirmed with inhibition assays in LB spent media. While Pst growth in 

undiluted spent medium was not affected, growth was less inhibited in 1:2 re-diluted spent 

medium of the mutant strain than the wild type (Fig. 5.4B). This indicates that (p)ppGpp 

positively regulates the production and secretion of a putative Pst-inhibiting compound. 

However, experiments with A. thaliana plants grown in microboxes and inoculated with GI1 

mutant cells suggest that such a compound might not play a major role in plant protection by 

Sphingomonas sp. Fr1. 

 

 
 

Fig. 5.4. In vitro inhibition of pathogen growth by Sphingomonas sp. Fr1 wild type and mutant GI1 (spoT::Tn5). (A) 
Perpendicular streak test with X. campestris and Pst (two streaks each) as indicator strains on LB (upper plates) and 
KB agar plates (lower plates). (B) Pst growth after 24 h in 1:2 re-diluted LB fresh (control) and spent media. Mean 
and SD are indicated (n=3). Comparable results were obtained when the experiment was repeated independently. 

 

 

Discussion 

For leaf-colonizing bacteria with biocontrol activity, different mechanisms of antagonism have 

been identified. Plant-mediated resistance, production of antibiotics, competition for space 

and limited resources, or even a combination thereof can determine plant-protective traits of 

beneficial bacteria (Jacobsen 2006, Kempf and Wolf 1989). To uncover the mode of action 

behind members of the genus Sphingomonas that were found to protect the model plant 
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A. thaliana against bacterial pathogens, different targeted approaches were applied so far 

(see chapter 3 and 4). Here, a totally different approach, namely a forward genetic screen was 

applied. The advantages of screening a mutant library in planta are (i) the unbiased way that 

does not exclude certain putative mechanisms and (ii) the fact that the underlying molecular 

basis is uncovered. The here presented screening procedure employs similar methods of 

cultivation, inoculation, and infection as used for A. thaliana plants grown in microboxes, but 

in a miniaturized setup. Additionally, the use of bioluminescence as read-out for loss of plant 

protection increased the throughput rate significantly. 

 The large plant-to-plant variation (see mutant GI1, Fig. 5.2) and the sensitivity of Pst 

towards small changes in relative humidity are drawbacks of the assay. To run the screen with 

replicates in the first round could reduce the probability to miss a promising mutant, however, 

this would simultaneously increase the work load. Furthermore, the photons detected were 

not only emitted by leaf-colonizing Pst-lux cells, but also by root- and agar-surface colonizing 

bacteria. This was particularly evident in microboxes. The lux signal originating from Pst cells 

in the phyllosphere was overexposed by the much higher signal originating from Pst cells 

present elsewhere. Nevertheless, if protective Sphingomonas cells were present, Pst-lux did 

not multiply to high cell numbers, neither on plant leaves nor on the agar surface. 

 The 1,500 Tn5 mutants of Sphingomonas sp. Fr1 screened so far represent only a 

small fraction of mutants needed to statistically cover the whole genome. Bonaldi and 

colleagues (2010), for example, have screened nearly 16,000 Tn5 mutants of a nitrogen-fixing 

Bradyrhizobium strain in planta. However, screening of only a limited number of 

Sphingomonas mutants revealed already three promising candidates. This shows that the here 

developed screening procedure is suited for the identification of Sphingomonas mutants with 

a defect in plant protection. Further screening could close the gap and will most probably lead 

to the identification of additional mutants. 

 The results in 24-well plates have not necessarily to correlate with the results in 

microboxes (compare Fig. 5.2 with Fig. 5.3). Although the 24-well assay represents virtually a 

miniaturized microbox assay, small differences – e.g. in relative humidity, plant age, available 

space, gas exchange, etc. – may affect the performance of one or more of the three partners 

(Sphingomonas, Pseudomonas, Arabidopsis) and therefore change the result. For example, a 

plant protection-deficient phenotype of mutant GI1 was not observed when A. thaliana plants 

were grown in microboxes. Nevertheless, Pst cell numbers at 21 dpi were on average higher 

than on wild type-inoculated plants. The phenomenon, that increased Pst populations in 

planta do not necessarily correlate with severe disease symptoms, was already observed in 

chapter 4: Sphingomonas-inoculated A. thaliana mutant plants with a defect in stomata 

closing or wild type plants rubbed with cotton swaps harbored the same Pst population as 

axenic plants. This could indicate that the mutation affects the capability of GI1 to inhibit Pst, 

however, it does not lead to full loss of plant protection. This hypothesis was substantiated 

with inhibition assays in vitro, where mutant GI1 showed a decrease in the antagonistic 

activity against Pst. Considering the fact, that mutant GI1 is impaired in (p)ppGpp signaling 

and the stringent response is known to be involved in the synthesis of secondary metabolites 

(e.g. Chakraburtty and Bibb 1997), it can be speculated that an antibiotic effective against Pst 

is being produced by Sphingomonas sp. Fr1. 

 This rises the question whether a single mutation is enough to generate a non-

beneficial Sphingomonas sp. Fr1. It is well-known that multiple modes of action can be 
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involved in the biocontrol activity of bacterial strains (e.g. Iavicoli et al. 2003, Kempf and Wolf 

1989). Thus, all kinds of intermediate phenotypes, which are not easy to detect, can be 

expected to occur. Moreover, gene duplicates may exist and functions might be replaced by 

other proteins. This could result as well in overlooking interesting candidates during the 

screening procedure. 

 Finally, the identification of mutants CM1 and JE1 together with repeating the 

microbox in planta assay with a deeper sampling regime at different days post infection could 

reveal more details on the plant-protective effect of Sphingomonas sp. Fr1. The growth defect 

of these two mutants on complex media looks already promising. Moreover, a detailed 

analysis of the affected gene and its gene product is needed in order to understand the 

impact of the mutation on the whole organism. To further clearly demonstrate that a specific 

functional gene product is necessary to maintain the plant-beneficial effect, a deletion mutant 

and a complemented strain have to be constructed. This refers not only to the plant 

protective-deficient mutants identified so far, but also to mutants possibly selected during 

additional screenings. 

 In conclusion, the screening procedure presented here provides a valuable tool for the 

identification of plant-protective traits in Sphingomonas spp. and, in a long term perspective, 

could be applied also to other beneficial bacteria and other pathosystems. 
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General Discussion 
 

 

Community composition and physiology of phyllosphere bacteria 

Compared to other environments such as soil and water, relatively little is known about 

bacteria living in the phyllosphere of healthy plants. Furthermore, the knowledge we have is 

largely based on cultivation-dependent studies, although various novel molecular tools 

including "omics" approaches have emerged recently to study microbial communities 

(Kowalchuk et al. 2010, Tringe et al. 2005, Ram et al. 2005). However, the complexity of the 

investigated community is a crucial factor for the applicability of such approaches and 

appropriate bioinformatics tools are necessary to analyze the big datasets (MacLean and 

Studholme 2009). 

 The results of cultivation-dependent studies suggested, that the phyllosphere is 

dominated by a few bacterial genera (Corpe and Rheem 1989, Ercolani 1991, Thompson et al. 

1993). Furthermore, functional studies are largely based on the investigation of 

representative bacterial isolates (Lindow and Leveau 2002). The few reports based on 

cultivation-independent methods indicated, that the microbial community present on leaf 

surfaces is more complex than previously thought (Yang et al. 2001, Lambais et al. 2006, 

Redford and Fierer 2009). The here presented study, which is based on molecular tools 

ranging from 16S rRNA gene-based methods to metaproteomics, represents an approach 

where structure and function of phyllosphere bacteria were investigated at the same time. 

The data revealed a high consistency of the bacterial community with respect to different 

plant species, space, and time. The predominance of a few alphaproteobacterial genera as 

well as the detection of gene and protein sequences of so far undescribed species are in-line 

with the above mentioned reports on the complexity of leaf-associated microbial 

communities. Also in terms of bacterial physiology, similar patterns between the different 

plant species were observed. However, the quantitative interpretation of data that were 

generated by DNA amplification has to be done carefully, because it is well-known that biases 

are introduced by choosing the one or the other primer pair. 

 Methylobacterium and Sphingomonas spp. dominated the microbiota on the three 

analyzed plant species soybean, clover, and Arabidopsis thaliana. These bacterial genera were 

also previously found in association with plants by applying either cultivation-dependent 

(Hirano and Upper 1991, Kim et al. 1998) or cultivation-independent methods (Knief et al. 

2010b, Lambais et al. 2006). However, other studies revealed a high abundance of the 

gammaproteobacterial genera Pseudomonas and Xanthomonas on leaf surfaces (e.g. Ercolani 

1991, Hirano and Upper 1991, Thompson et al. 1993). In the here presented survey, these 

taxa represented only a minor fraction of the bacterial community, except in one of the five 

analyzed samples, where Pseudomonas was detected more frequently. Interestingly, most of 

the Pseudomonas 16S rRNA gene sequences were identical with the sequence of a soybean 

pathogen, suggesting that these plants were infested with plant-pathogenic bacteria. This 

hypothesis was substantiated by metaproteome analysis, which revealed the expression of 

stress-related proteins, possibly reflecting a plant-defense response, that was triggered by the 

pathogen. Moreover, a significant over-representation of flagellin, an important epiphytic 

fitness factor (Haefele and Lindow 1987), was observed in Pseudomonas relative to the other 
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abundant leaf colonizers such as Sphingomonas. Proteome analysis of the representative, 

plant-protective Sphingomonas strain Fr1, which was isolated from the phyllosphere of a 

naturally-grown Arabidopsis plant, confirmed the absence of flagellin in planta. This leads to 

the question, whether there is a correlation between pathogenicity and motility. Many plant 

responses rely on the recognition of MAMPs, such as flagellin (Boller and He 2009). The failure 

to detect flagella in leaf-colonizing non-pathogenic Sphingomonas cells by proteomics could 

indicate, that they adapted to a non-motile lifestyle being of advantage in the phyllosphere 

environment. 

 According to the metaproteomics data, Methylobacteria adopted a specialist, 

Sphingomonads a generalist lifestyle: many proteins assigned to Methylobacterium were 

related to one-carbon metabolism, while the conspicuous expression of TonB-dependent 

receptors in Sphingomonas pointed towards a particularly large substrate spectrum. It was 

shown recently, that one of the 72 TonB-dependent receptors in Xanthomonas campestris is a 

high-affinity sucrose transporter (Blanvillain et al. 2007). The metaproteomics data of chapter 

2 suggest the presence of a similarly specific receptor also in leaf-colonizing Sphingomonads. 

This was further substantiated by substrate utilization profiling: plant-protective 

Sphingomonas strains and Pseudomonas syringae used sucrose and a variety of other 

carbohydrates as carbon source while Methylobacteria as well as Sphingomonads isolated 

from air or water did not use any of the tested sugars. A nutritional niche overlap between 

plant pathogens and indigenous phyllosphere Sphingomonas but not Methylobacterium 

strains was evident. In contrast and based on microscopic observations of leaf surfaces, a 

spatial niche overlap can be assumed to be true between all three groups of indigenous plant 

colonizers: Pseudomonas, Methylobacterium, and Sphingomonas spp. (Monier and Lindow 

2004, Sy et al. 2005, and electron microscopy in chapter 4, respectively). 

 

 

Plant-protective bacteria 

The predominance of the alphaproteobacterial genera Methylobacterium and Sphingomonas 

in the samples analyzed in the study of chapter 2 provoked the question about their role in 

the phyllosphere ecosystem. Many bacteria are thought to have adopted a lifestyle, which is 

neither harmful nor beneficial to the host plant. Such commensal microbes are present on 

many biological surfaces such as the human skin or in gut ecosystems. However, it is also 

known that some of these microorganisms confer a benefit to their hosts (e.g. Fukuda et al. 

2011) and they are termed, in particular in the human gut, probiotics. Following the 

statement by the American biologist Daniel H. Janzen "Plants wear their guts on the outside" 

(1985), it can be assumed, that also plants harbor an indigenous beneficial bacterial 

community on their leaf surfaces. Here, a gnotobiotic in planta assay with A. thaliana as 

model plant and P. syringae as model pathogen was applied and a striking plant-protecting 

effect of Sphingomonas strains observed. Biocontrol activities are known for various bacteria 

living in association with plants (Compant et al. 2005, Jacobsen 2006). However, the discovery 

of an antagonistic effect for almost all Sphingomonas plant isolates tested, but not for air- and 

waterborne isolates, is of interest and underlines the general character of plant protection by 

Sphingomonas. Additionally, the fact that also strains isolated from the rhizosphere protected 

A. thaliana plants against P. syringae, indicates a certain niche overlap between both habitats. 
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 Plant protection is apparently a trait of plant-associated Sphingomonas but not 

Methylobacterium strains. The above mentioned nutritional niche overlap might explain the 

way, how beneficial Sphingomonas spp. act against foliar plant pathogens. This hypothesis 

was supported by in planta feeding experiments. However, it is well-known that antagonistic 

activities can be based on multiple mechanisms of antagonism and thus, another mode of 

action might be important as well. For example, the antagonistic properties of strain 

Pseudomonas fluorescence CHA0 rely on the production of antibiotics and the induction of 

systemic resistance (Iavicoli et al. 2003). 

 To identify the molecular basis behind plant-protective Sphingomonads, a forward 

genetic screen was developed. During the implementation of the in planta screen, we had to 

face a couple of problems regarding the robustness of the assay. It was found, that the 

relative humidity around the gnotobiotically-grown A. thaliana plants is crucial, because 

already small differences affected multiplication of P. syringae and therefore the detection of 

an interesting mutant. However, the screening of a first set of 1,500 Tn5 mutants revealed 

three candidates putatively impaired in plant protection, demonstrating the potential of this 

method to uncover further details about the mechanism of antagonism. 

 

 

Future perspectives 

The overall goal of this thesis was to identify common phyllosphere colonizers and to 

investigate their role in plant protection. The gnotobiotic in planta assay facilitated the 

detection of an antagonistic effect of plant-associated Sphingomonas spp. The results are 

pointing towards the presence of an abundant beneficial microbiota in the phyllosphere of 

many plant species. However, it still remains to be shown, whether this trait is of significant 

relevance also under natural conditions. Only then, further steps towards the development of 

a biological control agent are reasonable. Future studies might also reveal a plant-protective 

effect of other common plant colonizers or, vice versa, extend the list of pathogens, which are 

affected by Sphingomonas. Considering the threat of fungal infections in agriculture, the 

potential of Sphingomonas in inhibiting the growth of plant pathogenic fungi has to be 

assessed. 

 Regarding the mode of action, further screening of Tn5 mutants has the potential to 

identify additional Sphingomonas mutants impaired in plant protection. Downstream 

investigations at the molecular level might reveal the detailed function of the affected gene, 

respective, gene product. However, it is very likely that multiple genes determine the plant-

protective effect and intermediate phenotypes can be expected. 

 Imaging techniques such as in planta confocal laser scanning microscopy in 

combination with differently-tagged fluorescent bacteria could be very useful for the 

localization of pathogen and antagonist at a high temporal and spatial resolution. Together 

with transcriptomics or proteomics approaches at the level of the host plant and/or the 

bacterial players, these techniques might lead to novel insights into the interaction between 

bacteria and plants. 
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