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1 Introduction 

1.1 POPULUS AS A MODEL SYSTEM PLANT 

Published molecular data (116, 173) estimated the age of the angiosperms as 200 -

420 mya years. Bell et al. (16) established new gene analysis and discovered that the 

angiosperms have their origins in the early Jurassic to early Cretaceous time 

(139  mya). Angiosperms can be found in any terrestrial ecosystem. They have 

colonized both fresh- and saltwater habitats over the last thousand years. The 

understanding of the major branching patterns and clades within the angiosperms 

has been based on analyses of multiple genes sampled from multiple genomes, 

analyses of morphology and duplicated genes (16). Once a full genome has been 

assembled, the main challenge lies in its annotation, the identification of the protein-

coding genes and other functional units that are encoded in the genome (134). 

Based on the fact that woody plants are one of the largest and oldest living 

organisms, they are inimitably objects for biological studies (111). After the genus 

Pinus (Gymnospermae), Populus (Angiospermae) has been the second most studied 

tree in biotechnology and the most in genetic modification so far (108). The 

completion of the genome sequence (208) of Populus trichocarpa now offers various 

genetic, genomic and biochemical tools for researchers to understand tree 

physiology and apply this knowledge also in biotechnology as poplar is a major 

energy crop (101, 235). 

Poplar belongs to the genus of the Salicaceae and is located over the northern 

hemisphere but there are differences in ecological requirements at species level. It 

has emerged about 40 - 65 million years ago (101). Beside the presence of naturally 

occurring hybrids, poplar can be organized into nearly 75 species (38, 52, 166). 

These species are arranged into six sections based on morphological and ecological 

characteristics (174). Among these sections, there are balsam poplars, black poplars, 

aspen and white poplars which have increasing importance for plant breeding, 

especially for the current biomass production in temperate climates (123). Populus 

tremuloides is the most widespread tree species in North America. Its rapid growth 

originates the most woodïbased biomass out of any other plant species (38). Poplar 

is widely used for timber, pulp and paper (167). Because of the initiating adventitious 
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roots of poplar stem cuttings, they have been established by large-scale propagation 

of hardwood cuttings (85).  

Down to the present day the demand for forest products increased dramatically and 

the high energy prices lead to reconsider in providing wood as a source of biofuel 

(203). Resultant to this the forest industry cannot continue to rely on the depletion of 

natural forests. It is crucial to find another way to replace the natural population of 

trees with cultivated varieties (149). Concerning the new energy sources genetic 

improvements in poplar species has been studied in China over the past 10 years 

(126). For Italian farmers the short rotation forests (SRF) plantations of hybrid poplars 

are very attractive because of the producing wood chips for energy production. In 

2003 a field experiment was conducted across northern Italy with new clones for SRF 

on 3 different soils. Preliminary results showed that in all sites, survival was high for 

almost all clones (165). Wood boilers for homeowners or business are already in use. 

In longer term, wood can serve as a source of lignocellulose to produce bioethanol 

and proposed for the production of biofuel (203). In addition to the ethanol production 

there are hybrid poplars which are chosen for plantation because they are very fast 

growing trees (63). Bioenergy or biofuel crops are annual or perennial plants which 

are cultivated to produce liquid, solid or gaseous forms of energy. Poplar is a 

bioenergy crop which is already used worldwide. It can be cultivated on low quality 

soils, including contaminated soils, floodplain habitats as well as nutrient poor and 

saline habitats (224).  

1.2 POLYPLOIDY IN PLANTS 

Polyploidy is the heritable condition of possessing more than two complete sets of 

chromosomes (Fig. 1). Polyploids are common among plants, as well as some 

groups of amphibians and fish. Recent findings in genome research indicate that 

many species, that are currently diploid, evolved from polyploidy ancestors (228). 

These species are then called paleopolyploids. The highest incidence of polyploidy 

known can be found in Hawaiian flora, and most Hawaiian species are 

paleopolyoploid, which have evolved polyploidy prior to the dispersal of their 

ancestors to Hawaii (27). Polyploidy in particular has become a major focus of 

biosystematic research and has already been long recognized as an inseparable part 

of angiosperm biology (130, 204). It is a main factor in higher plant evolution leading 

to the formation of new species (3). Polyploidy can show new phenotypes, new niche 
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invasion and ecological diversification. Polyploidy have a state of fixed heterocygosity 

that raise a big reservoir of new alleles for mutation, selection and gene evolution (4).  

Out of evolutionary sight polyploidy is a major feature of many plants, at temporal 

scales ranging from ancient to contemporary and with profound effects at scales 

ranging from molecular to ecological (5). Comparative and genome sequence 

analyses show, that some plant species e.g. Poplar or Arabidopsis thaliana are 

recent diploidized polyploids (23). Polyploid genomes may undergo changes in 

genome structure through genetic and epigenetic changes, so that over the time 

polyploids have become diploidizes. This means that they react like diploids in 

cytogenetically and genetically manner (33). The cell volume is proportional to the 

amount of DNA which can be found in the nucleus of the cell. If there is a doubling of 

the cell´s genome there is a 1.6 fold increase in the surface area of the nuclear 

envelope (144). This fact can disrupt the positioning of telomeric and centromeric 

heterochromatin and so disturb the mediate interaction between the chromosomes 

and nuclear components (69). In the 1930´s it has become a new breeding aim to 

produce triploid trees out of tetraploide explants. They showed a high growth 

performance and resistance traits (121, 157, 161). To become a triploid plant there 

are different methods but the method with suitable results is the colchicine treatment 

(62). Colchicine is a mitotic poison which inhibits microtubule polymerization and so 

disturbs the chromosome segregation during meiosis. Polyploidy arises through 

mitotic or meiotic misdivisions and unreduced gametes by nondisjunction of 

chromosomes in the germ line (120) whereby the entire chromosome set is 

multiplied. This genomic plasticity has a gradient effect on the proteome and the 

metabolome (32).  

 

 

Figure 1: Number of chromosomes in nucleus. (A) Haploid = N. (B) Diploid = 2N. (C) Tetraploid = 4N. 
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1.3 ENDOPHYTES AND THEIR HOSTS 

In the last years the interest studying bacterial population structure in soil, 

rhizosphere has increased because of the positive response of many plants to 

inoculation with suitable plant growth promoting bacterial strains (180). Organisms 

with photosynthetic activity evolved symbioses with a wide range of microorganisms 

(88). About 300 000 higher plant species existing on earth has at least one individual 

host living endophyte. Only a handful has ever been fully studied of their endophytic 

biology (209, 239). Endophytic bacteria were also detected in trees like elm, pine, 

oak, citrus, coffee (8, 18, 73, 153, 231) and poplar and not only in horticultural plant 

(109, 122) species where the focus of interest had turned. 

Endophytic bacteria are bacteria that reside in the living cells of the host plant without 

causing any harm (79, 82, 99, 139, 150, 197). It has been shown that they have 

several mechanisms by which they can support plant growth by providing 

phytohormones, lowïmolecular compounds or enzymes (70, 80, 115). They can also 

improve plant growth via the fixation of nitrogen (diazotroph) (46, 223, 229). Plant 

growth promoting mechanisms, which comes directly from the endophytic bacteria 

may involve the production of growth regulators, nitrogen fixation and the production 

of sugar sensing mechanisms in plants (10, 19, 72, 195). Many well-known plant 

pathogens had been identified to be typical endophytic bacteria that cause no 

disease symptoms, but could become pathogenic under certain conditions or within 

different host genotypes (150). Some endophytes can be more aggressive colonizers 

than others in the host plant and as a result they can displace others. Sessitsch et al. 

investigated that potato plants suffering from light deficiency compared to healthy 

robust plants show similar endophytic populations. Nevertheless is the diversity of 

endophytes significantly higher in healthy plants then in stressed plants (196).  

Beside, as a bioenergy resource, poplar became interesting for phytoremediation 

purposes and a target species for genetic transformations (227). Inoculation species 

used for bioenergy are therefore an attractive option to increase productivity of 

biofuel feedstocks. Rogers et al. investigated the effect of inoculating hard wood 

cuttings of Populus deltoides Bart. x Populus nigra L. clone OP367 with Enterobacter 

sp. 638 (178). They could show that after 17 weeks inoculated plants had a greater, 

55% in total, biomass than non-inoculated control plants.  
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The bacteria enter the plants via germination radicles (71), stomatas (179) at sites of 

the epidermal / exodermal damage, that naturally occurs due to development of 

lateral roots, through for e.g. root hairs (206). It is believed that root adhesion of plant 

associated bacteria occurs in different steps since the end of the roots are the 

primary target for endophytic invasion of plants. Inside the plant the endophytes 

colonize the plant systematically by allocating through the vascular system or the 

apoplast (95, 100, 172, 181). The endophytic populations in the inside of the host 

have been observed to grow between 2.0 and 7.0 log10 cells per gram of fresh tissue 

(74). The maximum bacterial population is near the root surface or in the root interior 

and decrease from the roots to the stem and the leaves where bacterial density is 

lowest (83, 114, 124, 135, 156, 171). After the bacteria have entered the plant, they 

have to establish themselves, so that they can produce several plant regulating 

compounds (9, 112, 184). The variety of bacteria that has been reported as 

endophytes includes genera of Alpha-, Beta- and Gammaproteobacteria, 

Actinobacteria, Firmicutes and Bacteriodetes (13, 57, 103, 129, 151, 219). Scientists 

at the U. S. Brookhaven National Laboratory have decoded the genome of a plant-

dwelling microbe which could increase plant growth by 40 percent (217). It is believed 

that root adhesion of plant associated bacteria occurs in different steps because the 

end of the roots, are the primary target for endophytic invasion of plants. True 

endophytes may also be identified by their capacity to reinifect disinfected seedlings 

(181). Several genes were detected from Enterobacter sp. 638 which are encoding 

proteins involved in the putative adhesion to the root (218). 

Growth promoting bacteria (GPB) are frequently artificially applied on seeds. It is not 

known precisely whether the applied microorganisms stay on the seed surface or 

reside the inner seed tissue (83). The isolation can be done by surface disinfection or 

internal plant tissue extraction (226).  

Tissue culture has been used to reduce or to eliminate endophytes in their host for a 

re-inoculation. Inoculants seem to be successful in micropropagated plants, if there 

are few or no other microorganisms inside. There could be and there already are 

plantlets which are inoculated, so they are more vigorous and have increased 

drought-resistance and increased resistance to pathogens, less transplanting shock 

and lower mortality (15, 136, 185).  

 



15 

 

It is assumed that long living plants like trees create their own kind of endophytic 

spectra accordingly to the environmental condition which leads to a higher effectivity 

of the phenotypic plasticity in bad environmental situations (114, 156, 171). These 

plant-microbe interactions have already been main subjects of different studies (30, 

183, 200). Seeds from Norway spruce had been collected to detect the presence of 

endophytes. This was carried out with culturing methods and direct amplification of 

the 16S rDNA gene. Pseudomonas and Rhanella bacteria, knowing plant-associated 

bacteria with growth promoting potential, were located in Norway spruce seeds. It is 

possible that the plant seeds could serve as a vector for transmission of beneficial 

bacteria (26). First in the late 1980´s evidence has been found that some Brazilian 

varieties of sugarcane are able to be long term cultivated with low N-fertilizers inputs 

because of N2-fixing bacteria which are associated with the plants (21). In sweet 

potato plants have been several tests on identifying bacteria with different abilities for 

e.g. fixing nitrogen, producing indole-acetic-acid and exhibit stress tolerance. They 

found different bacteria and could distinguish whether they are able to fix nitrogen or 

produce IAA: They tested them on potato cuttings and these studies indicated that 

endophytes of sweet potato plants are beneficial to plant growth (107). Some species 

of the genus Paenibacillus are known plant hormone producers such as auxins and 

cytokinins. They can also produce peptide antibiotics as well as different hydrolyzing 

enzymes (189). Auxin is a known plant hormone and synthesized by all higher plants 

(128). The predominant form of auxin in plants is indole-3-acetic-acid (IAA). Many 

plant-associated soil bacteria are known to synthesize auxin, especially IAA which 

leads to the suggestion that this could be part of a strategy to manipulate the growth 

of host plants (205). Some bacteria probably use the exuded tryptophane from the 

plants as a precursor for auxin synthesis (106). There is evidence that auxin 

synthesis by bacteria influence root architecture in non-nodulating plants (140). For 

example, endophytic bacteria of red clover seem to be responsible for the allelopathic 

effects over maize, causing reduced plant emergence and plant height (210).  
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1.4 NITROGEN ASSIMILATION, THE NITROGEN CYCLE AND NITROGEN USE 

EFFICIENCY (NUE)  

Nitrogen gas comprises about 78% of the earth´s atmosphere. Plants must absorb 

nitrogen in form of ammonium ions and nitrate ions to build amino acids and building 

blocks of proteins. Each nitrogen molecule has strong triple bond holding the two 

atoms together and this bond is very hard to break. Breaking this atmospheric 

nitrogen is only possible at high temperatures or by bacteria in the soil. But plants 

and animals need a continual supply of nitrogen since this is an essential 

macronutrient. Since nitrogenase is very oxygen-sensitive it is obvious that some 

endophytes need a microaerobic environment for an efficient nitrogen fixation. Doty 

et al. have shown that some endophytes need an association with the plant before 

nitrogen fixation occurs (49). Ammonium and Nitrate are absorbed active into root 

cells through some high-affinity transport systems for NO3
- and NH4

+ (78). Millard et 

al. (148) suppose that the N acquisition from the soil by tree roots is regulated to the 

current nitrogen demand of the plant which is needed for growth and development. 

As well as the nitrogen storage the whole plant requires. Internal factors (201) such 

as leaf and root development, senescence and external factors, like heat, drought, 

salinity (77) and atmospheric CO2 and O3 concentrations (190) determine these 

requirements. Storage and re-mobilization of nitrogen during the growing season is 

both in annual and perennial plants possible (174). 

The plant life cycle with attention to nitrogen can be roughly divided into two main 

phases which can overlap in some species. The vegetative phase where the leave 

and root development occurs and they behave like sink organs for assimilation of 

inorganic nitrogen and the synthesis of amino acids (87). A later stage of plant 

development, generally starting after flowering, the remobilization of the nitrogen 

accumulated by the plant takes place (137) which also can occur before flowering for 

the synthesis of new proteins in developing organs (118). The assimilatory phase 

where the ammonium incorporated into free amino acids has to be immediately re-

assimilated into glutamine and glutamate (162). In trees, nitrogen can be stored in 

form of proteins like vegetative storage proteins (37) and amino acids such as 

arginine, glutamine and asparagine, which are of particular significances soluble 

storage amino compounds. Plants are able to use chemical nitrogen in different 

forms like simple inorganic compounds or polymeric N forms (159). 
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The doubling of agricultural food production over the last decades has multiplied the 

increase in the use of nitrogen fertilizers. This has a tremendous impact on the 

diversity and functioning of the on-agricultural neighboring bacterial, animal and plant 

ecosystem (86). The highest impacts are the eutrophication of marine (146) and 

freshwater ecosystems (76) when the nitrogen fertilizers are leaching into the water. 

Therefore it is of major importance to identify the critical steps to control plant 

nitrogen use efficiency (NUE). To maximize the nitrogen use efficiency and to prevent 

the loss of nitrogen to the environment it is essential to understand the nitrogen 

release from fertilizers relative to plant growth (Fig. 2).  

 

 

Figure 2: Nitrogen cycle 

 

In 1982 Moll et al. (155) defined NUE as being the benefit of grain per unit of 

available nitrogen in the soil, including the N present in soil and the fertilizers (Gw/Ns).  

NUE = Gw/Ns 
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This NUE consists of two steps: the uptake efficiency, which is the ability of the plant 

to take up the nitrogen from the soil and the utilize efficiency which is the ability to 

use the nitrogen for biomass production. Still this way of calculating the NUE is 

difficult because of several factors. All applied fertilizers N are not available to the 

plant and additional to the applied fertilizer N there is the N from the soil. For 

calculating the NUE of a crop it should be considered as a function of climate 

conditions, soil texture, interactions between soil and bacterial processes (25) and 

the nature of organic or inorganic nitrogen sources (192). Huggins et al. (93) modified 

the formula of NUE of Moll. They added the term Nav to represent plant available 

nitrogen as the difference between N supply and N losses associated with 

volatilization, de-nitrification, leaching and immobilization. The N supply is the 

available N to plants that season (Nav/Ns).  

N = Nav/Ns 

If there is a higher N uptake in plants, there is less soluble N in the soil that could be 

immobilized or lost (64). Therefore in field experiments the plant available N may be 

calculated as the total N in plant tissues plus the remaining inorganic soil nitrogen 

within the root zone NUE (Gw/Nav) without N losses. 

Gw/Nav=Nav/Ns  

There is also a possibility of measuring the grain nitrogen accumulation efficiency 

(GNACE), which is the amount of N in the grain divided by the N supply (Ng/Ns).  

GNACE = Ng/Ns 

Another important factor is the nitrogen harvest index, which is the ratio of N present 

in grain to total plant N content (Ng/Nt). This is analogue to the harvest index (HI), the 

ration of grain to total biomass. This is a measurement of N placing efficiency. The 

main components to contribute the overall NUE are N uptake efficiency and N 

utilization efficiency (40). The N release from such fertilizers depends on the 

microbial processes of N mineralization and nitrification, which on the other hand are 

influenced by the environmental conditions, soil properties, C/N ratio of the fertilizer 

and the lignin content of the plant itself. The common method is the measuring of the 

net change in nitrate and nitrite concentrations. But it does not account for the 

inorganic N immobilized in microbial biomass or lost through denitrification during soil 
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incubation (132). There are some grass species which appear to be able to obtain 

fixed nitrogen through symbiotic relations with bacteria. This way of nitrogen fixation 

is a characteristic in plants which can be found on infertile soils that have less 

available nitrogen. This host-bacteria association is best studied in dune grass 

(Ammophilla arenaria and the bacteria Gluconoacetobacter). A 15N isotope dilution 

experiment indicated that up to 80% of the plant´s nitrogen was supplied by nitrogen 

fixation from the endophyte (39). Renneberg et al. (174) published that poplar plants 

reduced total biomass when they were treated with a medium containing ammonium 

as a nitrogen source.  

 

1.5 SALT-STRESS 

One major environmental factor which is limiting plant growth and productivity is 

salinity (164) which is visible in molecular, biochemical and physiological level in 

plants (45, 56, 84). A high salt-stress can disrupt homeostasis in water potential and 

ion distribution in plants. To define the term `stress` in plants it is safe to say that salt 

is provided in any external factor that influences plant growth, productivity, 

reproducable capacity and survival negatively. These factors can be divided into two 

main categories: abiotic or environmental stress factors and biotic or biological stress 

factors (176). Abiotic stress such drought, salinity and temperature are the most 

affected stress terms in plant growth and productivity, while drought the major 

limitation to plant growth has (96). The plant responses to different stresses can be 

found in cellular, physiological and on transcriptome levels (12). Analyses of gene 

expression has indicated that salt can stimulate the expression of nitrate transporters 

(168). Currently because of the high interest of plant stress response there are used 

large-scale genomics approaches to identify which genes are involved in different 

regulating processes (2). There have been some transgenic strategies to avoid these 

problems with reactive oxygen species (ROS) or osmolytes (241). Elthing et al. (55) 

tested the interaction of nitrogen nutrition and salinity in grey poplar and discovered 

that the N nutrition dependent effects of salt exposure were more intensive in leaves 

and roots. So they suppose that poplar plantations which were nitrate fertilized 

should grow on saline soil. High salinity concentration can also trigger an increase 

the level of plant hormones such as ABA and cytokines (220).  
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1.6 AIMS OF THE PHD THESIS 

Poplar is an important energy crop and currently one of the most investigated model 

systems for tree biology. Furthermore, poplar plants have been used as a model 

system for tree-endophyte-interaction studies with the purpose to understand 

mechanisms of bacterial plant-growth-promotion. As already mentioned endophytic 

bacteria colonize the internal tissue of their host plants and are able to build root 

nodules in some legumes. They have been detected in nearly all plants studied 

under field conditions as well as in many tissue cultures without showing any signs of 

pathogen infection. The function and effects of endophytes on host plants are 

manifold, including plant growth promoting effects, capacity of controlling pathogens 

and increased stress resistance. The mechanism of poplar-endophyte-interaction 

was investigated by studying a recently isolated poplar-specific endophyte, 

Paenibacillus sp. P22. Scherling et al. (188) have published that Paenibacillus sp. 

P22 has a beneficial effect on the growth of a poplar hybrid 741 (ǀ[Populus alba x (P. 

davidiana + P. simonii) x P. tomentosa]) grown under in-vitro conditions.  

The aim of the thesis is to understand the molecular mechanisms of these growth 

promoting effects in more detail by sequencing the genome of this endophyte. 

Furthermore the effect of Paenibacillus sp. P22 on the growth and anatomical 

parameter of different poplar hybrids (AF2, AF8, Monviso) cuttings is studied. 

Additional studies on poplar as an important energy crop are conducted on the 

effects of polyploidy on the proteome level. Furthermore Medicago truncatula and 

Chlamydomonas reinhardtii are investigated with respect to abiotic stress conditions. 
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2 Material and Methods 

2.1 THE ENDOPHYTES PAENIBACILLUS SP. P22 AND PAENIBACILLUS 

DURUS 

Molecular biological methods have suggested that the genus Bacillus is a 

phylogenetically heterogenous taxon (6). Until it was reclassified into a separate 

genus in 1993 by Ash et al. on basis of the analysis of the 16S rRNA gene 

sequences of group 3 bacilli, Paeanibacillus belonged to the genus Bacillus (11). The 

rod-shaped cells are motile, have peritrichous flagella and show a negative gram 

straining and are forming ellipsoidal endospores (230). In in-vitro some of these 

species of Peanibacillus show a great ability to fix atmospheric nitrogen. Nearly all of 

the described nitrogen-fixing Paenibacillus species were isolated from the 

rhizosphere or roots of Graminaeceos plants (134).  

The strain Paenibacillus which was used for these different experimental set-ups was 

Paenibacillus sp. P22. It had been isolated from the aspen hybrid 741 and received 

from Dr. Dietrich Ewald from the Institute for Genetic Forestry in Waldsieversdorf, 

Germany. The phylogenetic analyses of P22 were based on 16S rDNA sequencing 

and described by Ulrich et al. (225). The 16S rRNA gene sequences obtained in this 

study was deposited in the EMBL nucleotide sequence database under the 

Accession No. AM906085 or on NCBI following link: 

http://www.ncbi.nlm.nih.gov/nuccore/160858168.  

Paenibacillus sp. P22 shows a strong similarity to Paenibacillus humicus (Fig. 3) 

(99.5%) (225). It is a gram-negative, facultative anaerobic and endospore-forming 

bacterium that can be found in a variety of environments. Former Experiments have 

shown that in-vitro grown explants of poplar hybrid 741 inoculated with the bacterial 

strain Paenibacillus sp. 22 show a significant increase in biomass compared to non 

inoculated explants (225).  

http://www.ncbi.nlm.nih.gov/nuccore/160858168.%20Paenibacillus%20sp.%20P22
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Figure 3: Phylogenetic tree based on 16S rRNA gene sequences of Paenibacillus isolates. Yellow marked isolate 
is Paenibacillus sp. P22 that was used in these experimental studies (225).  

 

The other bacterial strain which had been used in these experiments was 

Paenibacillus durus ATCC 35681 which had been received from DSMZ (DSMZ-

German Collection of Microorganisms and Cell Cultures, Leibniz Institute). 

Paenibacillus durus has been isolated from the rhizospere, soils and plant roots and 

had only been found in Brazilian and Hawaiian soils (20). It is a gram-positive, 

facultative anaerobic diazotroph that falls into the broad cluster of nitrogen fixers (36). 

Paenibacillus durus (syn., azotofixans) ATCC 35681 is able to fix atmospheric 

dinitrogen with high efficiency which is not affected by the presence of nitrate. There 

are three DNA regions containing genes involved in nitrogen fixation. 
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 CULTURING PAENIBACILLUS SP. P22 AND PAENIBACILLUS DURUS 2.1.1

Both Paenibacillus strains were cultured on different media, liquid and solid. For 

500  ml solid medium, which has also been used as the storage method of the 

bacterial strains at 4°C, following materials were used:  tryptone (8 g), yeast extract 

(1 g), agar-agar (4 g) and sodium-chloride (0.5 g). The other storage method was 

done by preparing three different freezing media. Freezing medium 1 comprised 

(double conc.): K2HPO4 (12.6 g), Na-Citrate (0.9 g), MgSO4*7 H20 (0.18 g), (NH4)2 

SO4 (1.80 g), KH2PO4 (3.6 g) and glycerol (88.0 g). All substances were filled up to 

71 ml and mixed in a ratio of 1:1 with bacteria in log-phase. The culture was directly 

plunged into liquid nitrogen and frozen at ï 80°C. Freezing medium 2 had a mixture 

of 25% glycerol and TSB-medium (Fluka Analytik, 22092) and was also stored at 

minus 80°C. The third freezing medium included 50% glycerol and TSB-medium.  

For different growth analyses under various temperature conditions, Paenibacillus sp. 

P22 and P. durus were grown in 50 ml TY-solution: tryptone (8 g), yeast extract (1 g), 

NaCl (0.5 g) and glucose (4 M) in the Innova 44 incubator shaker (New Brunswick). 

For one experiment both Paenibacillus strains were grown under nitrogen starvation 

and for the other experiment acetate was added to the growth medium. 

 MICROSCOPIC ANALYSES OF PAENIBACILLUS SP. P22 AND PAENIBACILLUS 2.1.2

DURUS 

For the transmission electron microscopic analysis the bacteria were grown on tryptic 

soy agar plates: peptone (16 g/l), yeast extract (2 g/l), NaCl (5.6 g), glucose (1 g/l) 

and agarose (8 g/l). Three days after inoculation a colony of bacteria was placed with 

a sterile spatula into a small amount of 1% low melting agarose. After hardening of 

the agarose the sample was placed  into the fixation solution I (sodium-cacodylat-

buffer 0.2 M, glutaraldehyde 25%), for 3 hours and afterwards washed gently 3 times 

for 15 minutes with a washing solution (sodium-cacodylatbuffer : aquabidest; v / v). 

Afterwards the samples were transferred into fixation solution II (osmium solution 1%) 

for 3 - 4 hours. Again they were washed 3 times for 15 minutes with the washing 

solution. The dehydration of the object started with a 30% EtOH for 15 minutes and 

had been continued up to 50%, 70%, 80%, 90% and 100% EtOH.  
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A constant transfer of the objects into EtOH in acetonitrile (1 : 1) for 10 minutes and 

further into 100% pure acetonitrile was carried out. The objects were placed in a hard 

agar low viscosity resin and polymerized at 60°C. The polymerized blocks were cut 

on the Reichert Ultracut S with a diamond knife from DIATOME (45°). The ultra-thin 

sections with a thickness of 70 nm were put on a 200 Mesh Hexagonal copper grid 

from Agar Scientific. Subsequent the samples were investigated with the Zeiss EM 

902.  

 GENOME ANNOTATION OF PAENIBACILLUS SP. P22 2.1.3

Paenibacillus sp. P22 was grown under aerobic conditions on tryptic soy broth agar 

plates. The DNA extraction was performed with a DNA GeneJETTM Gel Extraction 

Kit: agarose (0.4 g), H2O (45 ml), sodium-tetraborate buffer (5 ml). The gel slice was 

excised containing the DNA fragment by adding 1:1 volume of binding buffer to the 

gel slice. The gel slice was dissolved at 50 - 60°C for about 10 minutes with 800 µl of 

the solubilized gel solution and transferred to the Gene Jettm purification column and 

centrifuged for 1 minute. The flow-through was discarded and the column was placed 

into the same collection tube. 700 µl of wash buffer was added to the Gene Jet 

purification column and centrifuged for 1 minute. Again the flow-through was 

discarded and placed into the column and centrifuged for 1 minute. The flow-through 

was discarded the column was again placed back into the same collection tube. The 

empty gene Jet tm purification column for an additional was centrifuged for 1 min. to 

remove residual wash buffer completely. The Gene jet purification column was 

transferred into a clean 1.5 ml microcentrifuge tube. 50 µl of elution buffer was added 

to the center of the purification column membrane and centrifuged for 1 minute. 

The DNA content was measured with the Spectrophotometer ND-1000 Nanodrop. 

The genome sequencing was conducted with the 454® and Ion TorrentÊ PGM 

technologies. Coding sequences (CDS) were predicted based on a house-internal 

workflow that integrates a initio predictions from Glimmer (41), Genemark (133), 

Prodigal (97) and Critica (14) with homology information derived from a BLAST 

search against NCBI NR (186). Noncoding RNAs were identified by tRNAscanSE 

(131), RNAmmer (113), and Infernal (81). Predicted CDS were compared to the 

databases InterPro (94), Swissprot (22) and trEMBL (22) for functional annotation 

and mapped to KEGG pathways.  
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2.2 BIOMASS PRODUCTION WITH POPLAR HYBRID AF2, AF8 AND 

MONVISO 

For field condition experiments, shoot cuttings of poplar clones named AF8, AF2 and 

Monviso, received from Josef Schweinberger of Saatzucht Probstdorf, Austria were 

used (1, 25.2.2012) (2, 162, 161). The origin of these clones is the Alasia New 

Clones Company in Italy. This company deals with the marketing of clones produced 

by Alasia Franco Vivai and the creation of agroenergetic chain on an international 

level (7) (25.2.2012). 

 

The clone AF2 was chosen by Alasia Franco. It belongs to the species Populus x 

canadensis. It was constituted in 1994 and is a male plant. The mother plant is 

Populus deltoides 145 - 86 from Illinios ï USA and the father plant Populus nigra 40 

from Piemonte ï Italia. Its appearance is linear, with a cylindrical shoot and 

continuous branches with an outstanding dominant to the top. The start of vegetation 

is around the 5th of April and the senescence of the leaves about the 2nd of 

December. The biological nutrient media can be from sand to clays with a good water 

supply. It has a high tolerance over some special pathogens and wind. The adversity 

tolerance against following pathogens is high: Ventura sp., Melampsora sp., 

Marssonina sp., Dothichiza populea, Phleomyzus passerinii and very high against the 

poplar mosaic virus. The gravity is about 0.28 g/cm3 and it is used for biomass for 

energy, chipboards, paper industry- and pellets.  

 

The clone AF8 was chosen by Alasia Franco. It belongs to the species (Populus 

generosa) x Populus trichocarpa and was invented in 1993 and is a female 

specimen. The mother plant is P. x generosa 103-86 [P. deltoides 583 (Iowa - USA) x 

P. trichocarpa 196 (Oregon -U.S.A.)] and the father plant P. trichocarpa PEE 

(Washington - USA). The tolerance against Venturia sp., Poplar mosaic virus and 

wind is very high and high against Melampsora sp., Marssonina sp., Dothichiza 

populea, Phleomyzus passerinii high. The gravity is 0.28 g/cm3 and it is used as 

biomass for energy, chipboards, paper industry- and pellets. It´s habit is a linear 

shoot with half open leaves. Start of vegetation is around the 13th of April the end is 

around the 30th of November.  
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Monviso was chosen by Alasia Franco and is a species of Populus x generosa x 

Populus nigra. It is female and was bred in 1991. The mother plant is P. x generosa 

103-86 [P. deltoides 583 (Iowa - USA) x P. trichocarpa 196 (Oregon -U.S.A.)] and the 

father plant P. nigra 715 - 86 [P. nigra 12 (Piemonte -Italia-) x P. nigra 7 (Umbria ï 

Italia)]. It´s habit is a little circular shoot with a lot of branches. The vegetation starts 

on the 11th of April and ends around the 25th of November. It shows no tolerance for 

different water levels but shows a very high tolerance for Venturia sp., Melampsora 

sp., Marssonina sp., Dothichiza populea, Poplar mosaic virus as well as sufficient 

tolerance against Phleomyzus passerinii and wind. The gravity is about 0.31 g/cm3 

and it is used as biomass for energy, chipboards, paper industry- and pellets.  

Filat et al. (66) tested four Italian clones from Alasia relative to their biomass in short 

rotation coppiced (SRC) in five different experimental cultures and locations. They 

have found significant differences of plants survival and height. Furthermore, different 

diameters have been calculated among the clones (variants). Site conditions and 

culture techniques have produce large variation among the plantations.  

 

For all three experiments 10 explants of each clone excluding the negative control 

were used. (In the results only 9 of the replicas are shown). Field grown explants of 

poplar clones AF8, AF2 and Monviso had been harvested in November and cut into 

approximately 20 - 25 cm length and directly stored at 4°C in a climate chamber 

under dark conditions. The biomass experiment started with three different 

experimental designs. One design for hydroponic culture and the other for direct field 

condition experiments inoculated with Paenibacillus sp. P22 and Paenibacillus durus. 

The plants were placed in one selected section of the greenhouse at the biocenter in 

Vienna. The ericarium which is one out of four sections of the greenhouse that has a 

temperate, frost-protected zone with temperatures from 7 ï 25C° and a relative air 

humidity of > 30%.  

 EXPERIMENT ON HYDROPONICS 2.2.1

2.2.1.1 CULTIVATION AND INOCULATION  

The shoot cuttings for the hydroponics were placed into 1000 ml beakers (Fig. 4 A) 

containing 500 ml of a half-strength  Hoagland´s nutrient solution which was 

refreshed every 3rd day and prepared as followed: HOAGLAND solution, 
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Ca(NO3)2*4H2O (236.1 g/l), KNO3 (101.1 g/l), KH2PO4 (136.1 g/l), MgSO4*7H2O 

(246.5 g/l), trace elements: H3BO3 (2.8 g/l), MnCl2*4H2O (1.8 g/l), ZnSO4*5H2O (0.1 

g/l), NaMoO4 (0.025 g/l), FeEDTA (367.1 g/l) (90, 198). The shoots were watered 

with a ½-strength Hoagland solution with 210 ppm nitrogen content in 1 l solution. 

The cuttings stayed for about 4 weeks in the beakers until the roots had a length of  

5 - 10 cm. After reaching the required root length the shoot cuttings were inoculated 

for 3 days with 25 ml of the inoculum solution with either Paenibacillus sp. P22 or 

Paenibacillus durus. This solution was prepared by growing the different bacterial 

strains in 250 ml TY-solution until the concentration reached an OD of 1.109 CFU/ml 

measured at 660 nm. Then the samples were centrifuged and washed twice in a 10 

mM MgSO4 solution and re-suspended in 1/10 volume (25 ml) 10 mM MgSO4. The 

resulted concentration of inoculum was 1.108 - 1.1010 CFU/ml and again washed 

three times in ½-strength S&H-medium (Hildebrandt-Schenk medium: KNO3 (2500 

mg/l), CaCl2*2H2O (200 mg/l), NH4H2PO (300 mg/l), MgSO4*7H2O (400 mg/l), 

FeNaEDTA (19.8 mg/l), H3BO3 (5.0 mg/l), MnSO4*H2O (10 mg/l), ZnSO4*7H2O (1.0 

mg/l), KJ (1.0 mg/l), Na2MoO4 (0.1 mg/l), CuSO4*5H2O (0.2 mg/l), CoCl2*6H2O (0.1 

mg/l), myo-inositol (100 0mg/l), thiamin-HCl (5.0 mg/l), nicotin-acid (5.0 mg/l), 

pyridoxin-HCl (0.5 mg/l) with pH 5.7) (187). Due to ermerging nutrition deficits 6 

weeks after the experiment had started, the Hoagland solution was raised from a ½-

strenght- to a ¾-strength composition (Fig. 4 B). 

 

Figure 4: (A) Initiation of hydroponic culture of shoot cuttings placed in 500 ml beakers. (B) 4 weeks old shoot 
cuttings of Monviso placed in 500 ml beakers. Method of experiment described in chapter 2.2.1. 
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 EXPERIMENT ON VERMICULITE /  PERLITE 2.2.2

2.2.2.1 INOCULATION AFTER ROOTING  

The first experiment started with weighting the shoot cuttings and placing them into 

18 d pot filled with a vermiculite / perlite mixture and directly watered with normal 

water (Fig. 5 A). After 2 weeks of growth they were tested for root growth. After the 

root growth had started the shoot cuttings were inoculated with 15 ml of the 

inoculation solution of Paenibacillus sp. P22 or Paenibacillus durus which had been 

prepared as described in chapter 2.2.1.1. 

2.2.2.2 DIRECT INOCULATION  

Inoculation of the cuttings started with the preparation of the inoculation solution 

(Paenibacillus sp. P22 / Paenibacillus durus) which was a mixture with ½-strength 

Hoagland solution and the bacterial inoculums to a concentration of 1.108-1.1010 

CFU/ml. After 3 days of incubation the shoot cuttings were weight and planted in non-

sterile vermiculite / perlite (8:2) 2 l (18 Ø) pots. The pots were placed in the 

greenhouse at a constant temperature of 22°C and 14 h light and 10 h dark with a 

photosynthetic active radiation of 165 mmol/m2s (Fig. 5 A and B). Pictures were 

taken every four days and the plants harvested after 10 weeks to weight their total 

biomass (217).  

 

 

Figure 5: (A) Initiation of greenhouse experiment of poplar shoot cuttings placed in vermiculite / perlite mixture. 
(B) Picture taken couple of weeks after pique. Method of experiment described in chapter 2.2.2. 
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2.3 DIFFERENT EXPERIMENTS ON IN-VITRO CULTURED POPLAR HYBRIDS 

The used plant material for in-vitro experiments was poplar hybrid 741 received from 

Dr. Dietrich Ewald of the Institute for Genetic Forestry in Waldsieversdorf, Germany 

(Fig. 6 A and B). Poplar 741 is a hybrid of (ǀ[Populus alba x (P. davidiana + 

P.  simonii) x P. tomentosa]) and was originally invented in China (211). This hybrid is 

able to develop female blossoms with a reduced amount of seeds. Furthermore, it is 

a perfect model organism and has been tested for transgenic experiments, for insect-

resistant and insectial protein expression in Bt genes (Bacillus thuringiensis) (211, 

234). 

 

 

Figure 6: (A) Shown on the left side the sterile blossom of poplar hybrid 741 compared to the fertile blossom of 
P. tomentosa on the right side. (B) This image shows a 23 year old poplar hybrid 741. Both pictures were 

received from Ulrich K. Institute for Genetic Forestry and taken from Prof. M. S. YANG, College of Forestry, 
Agricultural University of Hebei, Baoding, China. 

 

To see differences in the species-species interaction between bacterial endophytes 

and their host plants, two bacterial strains were used for the inoculation experiment of 

the described poplar hybrids. The selected strains are described in chapter 2.1. 

 CULTURING OF POPLAR HYBRID 741 UNDER IN-VITRO CONDITIONS 2.3.1

Explants of polar explants inoculated with endophytes and some free from cultivable 

endophytes via root meristematic micropropagation by Kristina Ulrich (225), had been 

micropropagated in in-vitro cultures. The inoculation of the plants had been done via 

two different methods. The first method consisted of applying the inoculation solution 

on the fresh cut poplar shoot. The other method was by putting the new built root 

system into this bacterial solution for approximately 20 minutes. 
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Cuttings of poplar 741 with and without cultivable endophytes were precultured in 

test tubes including 13.5 ml of a ½-strength Linsmayer and Skoog medium (127) 

without growth promoting hormones for about 4 weeks in a diurnal cycle 12 h dark 

and 12 h light. 

This medium was prepared as followed: L&S-medium (Duchefa Biochemie 

L0230.0005) (2.2 g/l), sucrose (20 g/l), gelrite (4.3 g/l), with pH 5.7.  

The bacterial strain Paenibacillus sp. P22 was cultivated on a minimal-medium 

consisted of: sucrose (20 g/l), K2HPO4 (0.1 g/l), KH2PO4 (0.4 g/l), MgSO4*7H2O (0.2 

g/l), NaCl (0.1 g/l), FeCl3 (0.01 g/l) and Na2MoO4 (0.002 g/l) (92).  

 BACTERIAL INOCULATION OF POPLAR HYBRID 741 WITH PAENIBACILLUS SP. 2.3.2

P22 

For one inoculation method via the roots, half of the grown explants was transferred 

into test tubes containing 13.5 ml of ½-strenght solid woody plant medium which was 

prepared as followed: NH4NO3 (400 mg/l), CaCl2*2H2O (96 mg/l), Ca(NO3)2 

(386  mg/l), MgSO4*7H2O (370 mg/l), KH2PO4 (170 mg/l), K2SO4 (990 mg/l), 

Na2EDTA (37.3 mg/l), FeSO4*7H2O (85 mg/), H3BO3 (6.2 mg/l), MnSO4*H2O (22.3 

mg/l), ZnSO4*7H2O (8.6 mg/l), Na2MoO4*2H2O (0.25 mg/l), KI (0.83 mg/l), CuSO4 

(0.25 mg/l), myo-Inosit (100 mg/l), thiamine-HCl (1.0 mg/l), nicotin-acid (0.5 mg/l), 

pyridoxin-HCl (0.5 mg/l), glycine (2.0 mg/l), sucrose (20 g/l), 0.1 M IBA, (0.1 mg/l), 

0.1  M NAA (0.01 mg/l) and gelrite (4.3 g/l) with pH set to 5.7 (141), for about 2 

weeks until first roots (approximately 1 cm length) were visible. 

The other half was used for the inoculation method with the direct application of the 

bacteria on the stem. 

For the inoculation of the root system a liquid medium of a 1/8 concentrated 

Murashige and Skoog solution was used and prepared as followed: KNO3 (190 g/l), 

CaCl2*2H2O (44 g/l), NH4NO3 (165 g/l), MgSO4*7H2O (37 g/l), KH2PO4 (17 g/l), 

Na2EDTA (3.7 g/l), FeSO4*7H2O (2.78 g/l), H3BO3 (6.2 g/l), MnSO4*H2O (16.9 g/l), 

ZnSO4*7H2O (8.6 g/), KJ (0.83 g/l), Na2MoO4*2H2O (0.25 g/l), CuSO4*5H2O 

(0.025  g/l), CoC2*6H2O (0.025 g/l), thiamine-HCl (10 mg per 0.5 l), nicotin-acid 

(5.0  mg per 0.5 l), pyridoxine-HCl (50 mg per 0.5 l), glycine (200 mg per 0.5 l), myo-

inositol (100 mg/l) and sucrose (30 g/l) with pH set to 5.7 (158), where the roots were 

kept for about 20 minutes.  
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Rooted poplar explants as well as shoot cuttings were placed on Hildebrandt-Schenk 

medium which was prepared as followed: KNO3 (250 mg/l), CaCl2*2H2O (200 mg/l), 

NH4H2PO (300 mg/l), MgSO4*7H2O (400 mg/l), FeNaEDTA (19.8 mg/l), H3BO3 

(5.0  mg/l), MnSO4*H2O (10 mg/l), ZnSO4*7H2O (1.0 mg/l), KJ (1.0 mg/l), Na2MoO4 

(0.1 mg/l), CuSO4*5H2O (0.2 mg/l), CoCl2*6H2O (0.1 mg/l), myo-inositol (100 mg/l), 

thiamin-HCl (5.0 mg/l), nicotin-acid (5.0 mg/l), pyridoxin-HCl (0.5 mg/l) and gelrite 

(4.4 g/l), with a pH set to 5.7 and including glas perls for a stabilization of the plant 

(187). 

20 rooted poplar explants were inoculated and placed in test tubes including 13.5 ml 

of liquid ½-strenght S&H-medium including glass pearls. Another 6 rooted poplar 

explants were not inoculated and placed in a ½-strength S&H-medium as a control. 

20 fresh cut and inoculated explants from poplar L741 were placed in half-strength 

solid S&H-medium and another 6 non inoculated explants were placed in test tubes 

including 13.5 ml of solid a ½-strenght S&H-medium as a control. Every 3rd to 4th day 

pictures were taken of the samples. The data collection from the test tubes of both 

inoculation methods last about 6 weeks. 

 ALLOCATION OF BACTERIA USING DIFFERENT MICROSCOPIC TECHNIQUES 2.3.3

The appearance and the allocation of the bacteria in poplar 741 were investigated at 

cell level by using different microscopic techniques.  

Some explants of poplar were inoculated with endophytes and some were free of 

endophytes via root meristematic micropropagation. The inoculation of the plants was 

done by direct application of the bacterial solution on the fresh shoot cutting and by 

putting the new built root system into a bacterial solution. 

2.3.3.1 REM /  TEM /  ESEM /  TISH 

The allocation of bacteria in the tissue and outside of the epidermis was investigated 

with the REM Philips XL 30 ESEM. Fresh poplar cuttings were carefully placed on 

already prepared small stubs with cole sticker and immediately analyzed.  

The transmission electron microscopic (TEM) analysis was done with the TEM ZEISS 

902. The sampling started with the control at 0 h then every 6 hours for 1 day, 

followed by one sampling once a week over a period of 4 weeks. The plants were 

harvested and cut in small pieces of approximately 3 mm length.  
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To prevent the cellular sap from leaking the bacteria were put into the nearly solid 

agar and and directly in a fixation solution I (0.2 M sodium-cacodylat-buffer, 25% 

glutaraldehyde) for 3 hours and afterwards they were washed gently 3 times for 15 

minutes with a washing solution (sodium-cacodylatbuffer:aquabidest; v/v). The 

objects were transferred into fixation solution II (1% osmium solution) for 3 - 4 hours. 

Again they were washed 3 times for 15 minutes with the washing solution. The 

dehydration of the object started with a 30% EtOH for 15 minutes and was continued 

up with 50%, 70%, 80%, 90% and 100% EtOH. The objects were transferred 

constantly into EtOH /acetonitrile (1:1) for 10 minutes and further into 100% pure 

acetonitrile. For the direct direct dehydration step the objects were placed into a hard 

agar low viscosity resin and polymerized at 60°C. The polymerized blocks were cut 

on the microtome ultra S with a diamond knife from DIATOME and the ultra-thin 

section with a thickness of 70 nm will be put on a 200 Mesh Hexagonal copper grid 

from Agar Scientific.  

For tissue in-situ hybridization the procedure started with placing the plant pieces in a 

1% low melting agarose and cutting them into small pieces. Directly after hardening 

they were fixed for 10 minutes in 70% EtOH. The samples were fixed in EtOH 

because of they were gram-positive bacteria. Afterwards the samples were 

transferred into 90% EtOH for another 10 minutes and then directly transferred into a 

100% EtOH. There they were fixed for 30 minutes and the EtOH was refreshed 3 

times. After the last step of 100% EtOH the samples were transferred in new 

Eppendorf tubes filled with LR-White with no accelerator (Gröpl R1291). The LR-

White was renewed 8 times every 60 minutes. After the 8th change the samples were 

placed in new test tubes and stored overnight for approximately 12 h at room 

temperature. After this time the samples were placed in gelatin capsules filled with 

fresh LR-White (Gröpl, G292-03, G292-08) and polymerized in a heating chamber 

(Heraeus) for 2 days. The vacuum oven had a temperature of about 46°C. Higher 

temperatures would cause the ribosomes to denature. After the polymerization the 

capsules were opened and the samples were cut with an ultra-microtome (Ultracut 

S). The semi-thin sections were about 100 µm thick and were placed on Silane-Prep-

Slides (Sigma-Aldrich S4651-72EA) and Poly-Prep Slides (PO425-72EA). Four 

sections per drop of double distilled water were mounted on the slide and then air 

dried. After drying the square was labeled by drawing a ring with a PAP-pen (Sigma-

Aldrich Z67258-1EA).  
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 MEDIA SCREENING OF POPLAR HYBRID 741, POPLAR HYBRID ESCH 5 2N, 2.3.4

4N AND 2N4N 

Poplar hybrid 741, diploid Esch 5, tetraploid Esch 5 and mixoploid Esch 5 were 

cultivated on different growth media to test the different growth behavior. Following 

media were tested: 

¶ Full-strength L&S-medium with growth promoting hormones: L&S-medium 

(4.4  g/l), glucose (20 g/l), 6-benzylamonipurine (5 ml/l) (stock solution 10 mg 

per 100 ml), 1-naphtalene acetic acid (0.5 ml/l) (stock solution 10 mg per 100 

ml), kinetin (0.1 ml/l) (stock solution 10 mg per 100 ml). 

¶ Half-strength L&S-medium with growth promoting hormones: L&S-medium 

(2.2 g/l), glucose (20 g/l). 

¶ Half-strength L&S-medium without growth promoting hormones 

 IN-VITRO CULTURING OF POPLAR CLONES AF2, AF8 AND MONVISO  2.3.5

Field grown plants are typically more contaminant than those grown in a greenhouse 

or even sterile in a growth chamber. Additionally splashing soils during watering will 

increase the contamination of the plants. Sometimes it is advisable to treat the plants 

with fungicides or bactericides to avoid these contaminations. 

2.3.5.1 SURFACE STERILIZATION AND MICROPROPAGATION 

The surface sterilization of 10 fresh and young, non-woody, shoot pieces with an 

approximate length of 2 cm were taken from each clone. The shoots were rinsed with 

10% EtOH. The surface sterilization was done by stirring the explants for 15 minutes 

in a 10% sodium-hypochlorite solution, which is the most frequent choice for surface 

sterilization. Because of phytotoxicity the concentration and time have to be 

determined empirically for each type of explants. For this reason it is important to 

determine the concentration of the sodium-hypochlorite solution. The bleach was 

decanted and the shoots were directly washed with sterile water which also was 

decanted immediately. Then the shoots were washed with sterile water 3 times for 10 

minutes each. All these steps were done under the lamina. Directly after the last step 

of washing the shoot cuttings were placed in a Hipp glass with full-strength L&S-

medium. This full-strength medium was changed into a ½-strength medium because 

of visible aggravation of the cuttings.  
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2.4 ACCLIMATIZATION OF DIFFERENT POPLAR CLONES 

The successful acclimatization of in-vitro grown plants heavily depends on the ability 

to transfer the plants out of the culture on a large scale. During the transfer from in-

vitro to ex-vitro plantlets do not have any defense mechanism against microbes in the 

soil or can cope with the environmental conditions (29). During the in-vitro culture, 

plantlets grow under controlled conditions e.g. the air humidity is higher than in 

conventional culture. Furthermore, while growing in-vitro the plantlets show abnormal 

morphology, anatomy and physiologic signs because the plantlets are usually 

supplied with large doses of growth regulators (110). For example the stomata on 

leaves and stem do not have any mechanism of opening or closing and little 

epicuticular and cuticular wax, resulting in excess evapotranspiration after 

micropropagation. Fila et al. discovered that the hydraulic conductivity at both root 

and shoot-root connection levels was low in micropropagated plantlets (65). These 

abnormalities have to be corrected by placing the plants into a climate chamber for a 

period of time where the hair humidity is lower and the irradiance is much higher 

(169). For further field experiments the poplar clones 741 with Paenibacillus sp. P22 

and Paenibacillus durus, poplar hybrid L447 (diploid, tetraploid and mixoploid) were 

acclimatized. This was performed by piquing sterile explants of poplar clones with 

and without roots (with callus) into pots filled with a mixture of peat and perlite. Then 

they were placed thoroughly in the Heraeus acclimatization chamber. They were 

watered with 0.1% Pervicur which is a fungicide to avoid any pathogens on the 

plants. At the beginning air humidity was at 85% for 2 weeks, then it was 

continuously decreased every 2nd day. After 2 weeks in the climate chamber they 

were transferred into the greenhouse with a light cycle of 16 hours of light and 8 

hours of darkness. The temperature was constant at about 22°C with a 

photosynthetic active radiation of 165 mmol/m2s. 
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2.5 DIFFERENT EXPERIMENTS WITH POPLAR HYBRID OF VARIOUS PLOIDY 

LEVELS 

 FLOW CYTOMETRIC MEASUREMENTS AND MICROSCOPIC ANALYSIS 2.5.1

The flow cytometric analyses of diploid, tetraploid and mixoploid fresh poplar leaves 

was estimated using the CyFlow® Ploidy Analyser (Partec, Germany) equipped with a 

365 nm LED. The flow cytometer measures emerging light from cells or particles 

which pass through a laser beam. This data is captured and measured statistically. 

The samples were prepared using DAPI (4ô-6-diamidino-2-phenylindole) which 

served as DNA-selective stain. Only histograms with coefficients of variation (CVs) 

<  5% for the G0/G1 peak of the analyzed sample were allowed (47). 

For the microscopic analysis 15 fresh leave samples were taken from three 2 year 

old poplar trees (2N, 4N, 2N4N) and placed into a square of polystyrol. After correct 

adjustment of the sample in the Neapler-crank, it was cut with a C-knife positioned in 

a microtome from Reichert with a thickness of about 40 µm. After cutting the sections 

the leaves were placed on a glas-slide and investigated under the light microscope.  

 PROTEOMIC PROFILING USING LTQ-ORBITRAP MS/MS SHOTGUN  2.5.2

2.5.2.1 PROTEIN EXTRACTION 

A pool of young and old diploid, tetraploid and mixoploid lyophilized poplar leaves 

were prepared for proteomic analyzes. Three biological replicates were taken from 

each sample and extracted as followed. The freeze dried material was grinded with 

the retsch mill (MM400, RETSCH) until it was completely homogenized. An 

integrative protein and metabolite extraction protocol was used as previously 

described experiment. 7.5 mg of dry weight was homogenized with 1 ml of extraction 

buffer (methanol/chloroform/water, 2.5:1:0.5 [v/v/v]) and incubated for 8 minutes on 

ice. After 4 minutes of centrifugation at 4°C with 14.000 g the supernatant was 

transferred into new tubes for later metabolite extraction. Another 400 µl of the 

extraction buffer was added to the protein containing pellet and incubated for another 

8 minutes to wash remaining metabolites off the protein pellet. After centrifugation the 

second supernatant was added to the first for metabolomic analysis and the resulted 
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white pellet was taken for further protein extraction.The pellet was diluted in 1.5 ml 

urea buffer (50 mM HEPES, 8 M urea, pH 7.8) and centrifuged at 10.000 g for 10 

minutes at 4°C. The supernatant was transferred into new tubes and mixed with 

precooled (- 20ÁC) precipitation buffer (acetone containing 0.5% ɓ-mercaptoethanol) 

and stored over night at - 20°C. After centrifugation with 4.000 g at 4°C for 15 

minutes the protein-pellet was washed once in 2 ml ice-cold methanol (- 20°C) and 

again centrifuged (4.000 g, 4°C, 10 min.). The resulted pellet was air dried at room 

temperature. 

2.5.2.2 PROTEIN DIGESTION AND DESALTING 

The air dried protein pellets were dissolved in 8 M urea buffer (50 mM Hepes, 

pH  8.0). To determine the protein content a coomassie blue colorimetric method 

using BSA as standard was conducted. Protein samples (100 µg) were digested with 

1 µl of the sequencing grade endoproteinase Lys-C (1:100, v/w µg prot) Roche, 

Mannheim, Germany) for 5 h at 37°C to cut the peptide bonds C-terminally at lysine. 

For the second digestion trypsin buffer (10% ACN, 2 mM CaCl2, 50 mM AmBic) was 

added to obtain a final urea concentration of 2 M. The protein samples were placed 

in the hybridization oven over night at 37°C with porozyme immobilized trypsin beads 

(1:10, v/w, Applied Biosystems, Darmstadt). The digested proteins were desalted 

with the C18-SPEC 96-well plates (Varian, Darmstadt, Germany) following the 

manufacturer´s manual. Afterwards the peptides were eluted with methanol, and split 

into two technical replicates and vacuum dried (Scanvac). 

2.5.2.3 LTQ-ORBITRAP MS/MS SHOTGUN PROTEOMICS 

The complete vacuum dried peptides were dissolved in 5% acetonitrile and 0.1% 

formic acid resulting in a final concentration of 0.1 Õl. A total of 0.5 ɛg proteins of 

each sample were randomly loaded on an RP column (ascentis HTC PAL, CTC 

Analytics) and separated during a 90 min. gradient from 80% solvent A (0.1% formic 

acid) to 90% of solvent B (80 % acetonitrile). Mass spectral analysis was performed 

on an LTQ Orbitrap (Thermo Scientific Fisher) in an acquisition cycle of 9 scan 

events: the full range scan (Orbitrap) was from 350 to 1800 m/z followed by 8 

dependent MS2 scans in the (linear ion trap) of the most abundant m/z in the full 

scan. An exclusion mass list was set to 500 to an exclusion time of 60 s and a width 

of 10 ppm. The repeat count was set to 1 with the duration of 20 s. The Minimum 
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signal threshold counts were set to 1000 and the charge state screening was 

enabled with rejection of +1 and unassigned charge states. 

2.5.2.4  DATA MINING 

The mass spectral analysis was done by using the SEQUEST search-algorithm 

combined with Proteome Discoverer (v 1.4, Thermo Fisher Scientific Inc.) to search 

MS data against a fasta file. The UniProt-Knowledgebase (http://www.uniprot.org/) 

contained about 43.000 sequences in April 2013 was used. In-silico peptide lists 

were compiled with trypsin as digestion enzyme, methionine oxidation and 

acetylation as dynamic modification and a maximum of 2 missed cleavages. The 

tolerance for mass was set to 5 ppm for precursor ions and for fragment ions 0.8 Da. 

To exclude false positive matches the quality of protein identifications was assessed 

by a search against a decoy database which contains reverse sequences. Only 

peptides with a FDR of high confidence (Ò 0.01%) identification and a minimum Xcorr 

of 2.2 and proteins with at least two different peptides were considered valid. 

Addintionally a mass accuracy precursor alignment (MAPA) approach (91) using the 

software ProtMAX (53) was conducted. A data conversion of .raw to .mzXML files 

was performed and a target list, containing the m/z values of the peptides and the 

retention time (RT) was obtained by the previous database dependent approach. The 

resulted data were used as a search filter to analyze peptide abundance in precursor 

scans. The intensity of the threshold was set to percentages.  

2.5.2.5 STATISTICAL ANALYSIS 

The identified proteins were assembled to a database depended matrix including the 

spectral counts of each sample. For quantitative analysis only those proteins were 

used, identified at least 4 out of 6 replicates. Remaining missing values were 

replaced with 0.1 and log2-transformation. A principal component analysis (PCA) was 

conducted with the COVAIN toolbox, which was designed for uni-and multivariate 

statistics (213). A t-test with a p-value Ò 0.05 was performed shown in the results. 

The PCA transforms a d-dimensional sample vector to a vector of lower 

dimensionality where the first two principal components comprise a two-dimensional 

subspace explaining the highest variance of the data set. Furthermore, the 

information about the contribution of the original variable to a corresponding PC are 

given by the loadings or weight which are the elements of the transformation vector 

(191).  
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Fold-change was calculated as relative changes in protein abundance compared to 

young and old leaves. The log2-transformation was performed simply to obtain 

symmetric values around zero instead of asymmetric values (< 0.5 and > 2). 

2.6 CHLAMYDOMONAS REINHARDTII CC503 CW92 MT+ 

Algae are one of the most important biofactories on earth based on their 

photosynthesis and CO2-fixation capacity (237). Green algae are capable of 

accumulating large amounts of lipid droplets as a source of biodiesel (glycerides and 

fatty acids) and can grow rapidly under modest culture conditions. Chlamydomonas 

reinhardtii is a biflagellate, photosynthetic unicellular organism with an easily 

cultivated haploid vegetative stage. It is the first algae subject to a full scale genome 

project and has been the object of numerous other morphological, physiological, and 

genetic studies (170). Many microalgae accumulate oils, special under growth limiting 

conditions and thus have gained renewed attention as a potentially sustainable 

feedstock for biofuel production (154). In 2007 the genome of Chlamydomonas 

reinhardtii was published. It developed into a model organism for plant systems 

biology and was called from now on ñthe green yeastò (145). In the last years there 

has started to be great interest in the development of technologies to harvest lipids 

from microalgae and convert them into diesel fuel (35, 51, 177). When 

Chlamydomonas is growing under nitrogen deprivation after entering the stationary 

phase, it is producing lipid bodies, as well as abundant starch. 

 CULTURING C. REINHARDTII 2.6.1

Chlamydomonas reinhardtii CC503 cw93 mt+ was received by www.chlamy.org and 

had to be precultured before starting the experiment. The medium for 

Chlamydomonas reinhardtii was prepared as followed: K2HPO4*3H2O (288 g/l), 

KH2PO4 (144 g/l), NH4Cl (15 g/l), MgSO4*7H2O (4 g/l), CaCl2*2H2O (2 g/l). The 

Hutner`s trace-medium was prepared by mixing ZnSO4*7H2O (22 g per 100 ml), 

MnCl2*4H2O (5.06 g per 50 ml), CuSO4*5H2O (1.61 g per 50 ml), 

(NH4)6Mo7O24*4H2O (1.1 g per 50 ml), H3BO3 (11.4 g per 200 ml), CoCl2*6H2O (1.61 

g per 50 ml) and at last FeSO4*7H2O (4.99 g per 50 ml) together. 50 g of EDTA 

disodium salt was dissolved in 250 ml water under high temperature separately. The 

first solution was brought to boil and the EDTA was added to it. The mixture turned 

http://www.chlamy.org/
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green immediately. After dissolving all substances the solution had to be cooled 

down to 70°C and a pH of 6.7 had to be adjusted with about 80 - 90 ml of 20% KOH.  

The final solution was finally filed up to 1 l. The flask was closed with a cotton plug 

and stored for 1 - 2 weeks and shook once a day. The solution should eventually turn 

purple and can precipitate a rust-brown substance, which can be removed by filtering 

through two layers of Whatman #1 filter paper. Aliquots of the Hutner trace solution 

had been stored at - 20°C. 

300 ml of the final medium had been inoculated with cell cultures with a size of 6 - 8 

mm Ø of Chlamydomonas reinhardtii. The cell cultures were incubated in an Innova 

44 incubator shaker (New Brunswick) at 110 rpm with a light intensity of 110 µE/m2s 

After approximately 2 days densitiy of the culture constituted about 5 x 106 cells/ml. 

200 ml of fresh medium was inoculated with 75 ml of the new grown Chlamydomonas 

culture. Liquid solutions as well as a solid solution were prepared. The nutrients for 

liquid media are suitable for plate cultures with addition of 1.5% agar and for slants in 

test tubes with 1.5% or 2.0% agar. Cells were suspended by mixing them softly in 

2.5  - 4.0 ml of melted soft agar (0.7% agar) at 45°C and immediately poured onto 

the surface of previously prepared plates.  

 LIPID STAINING  2.6.2

As Chlamydomonas reinhardtii is known for an increase of lipid production under 

nitrogen starvation a monitoring of the lipid accumulation inside the cells via 

fluorescence microscopy was used. The lipid staining of C. reinhardtii cells was done 

by mixing 100 µl of cell culture with 2 µl Nile red (10 mg Nile red in 0.01% acetone) in 

an Eppendorf tube. Directly after staining the cells were investigated with a Nikon 

Microphot-SA. The starch staining was done by mixing 10 µl of Chlamydomonas 

reinhardtii cell culture with 10 µl lugol solution (10 times diluted stock solution) with 

immediately investigating the sample under bright field.  
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2.7  MEDICAGO TRUNCATULA ̀ JEMALONG A17 ̀

Beside poplar as a woody plant for bioenergy, Medicago truncatula as a Legume 

plays a central role in the development of agriculture and civilization and is also a 

system model plant. Nowadays this Legume counts for approximately 1/3 of the 

world´s primary crop production (17). Plants are able to adapt to environmental 

changes of their habitat. However, perturbations may result in a physiologically 

and/or anatomically visible reaction. Medicago truncatula is an annual forage plant in 

the Mediterranean area, autogamous self-fertile with a small diploid genome and a 

short life cycle (42). Medicago truncatula can establish symbiosis with the bacteria 

Sinorhizobium meliloti. These bacteria colonize the meristematic tissue of the root tip, 

whereby nodule development is induced. This bacteroidïplant interaction plays a key 

role enabling nitrogen fixation of the plant. The total number of formed nodules 

depends upon the size and degree of consequence of the root system at the time of 

inoculation (58). The symbiosis between the legumes and the rhizobia is initiated by 

the exchange of signal molecules, like flavonoid compounds, between the plant and 

the microbe (222). 

 CULTIVATION OF MEDICAGO TRUNCATULA AND SINORHIZOBIUM MELILOTI 2.7.1

The seed germination was conducted by scarification of the seeds with soaking them 

into 5 volumes of conc. H2SO4 for 5 - 10 minutes with continuous vortexing. The next 

step was the 4 time rinse with milli-Q before the surface sterilization. This was done 

by leaving the seeds in 5 volumes of 5% sodium-hypochlorite for 3 minutes. The 

seeds were decanted and washed 8 times with sterile water under the laminar and 

placed in 4°C for 36 h in about 3 volumes of sterile water. The last step was the 

germination where the seeds were washed about 6 - 8 times with sterile water and 

placed on petri dishes with wet filter paper closed with foil and placed into a dark 

place at room temperature. The germination took about 20 h. The seedlings were 

placed in pots filled with a vermiculite/perlite mixture (2 : 5) and placed in a climate 

chamber with a 14 h day and 10 h night rhythm (Fig. 7). The light intensity was by 

600 µmol m-2s-1, temperature day 22°C / night 16°C and the relative humidity was at 

70-60%. 3 weeks after pique of Medicago truncatula some plants were inoculated 

with Sinorhizobium meliloti while the control pants were not inoculated. 7 weeks after 

piquing the results of the experiment were estimated. The plants were watered with 
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EVANS solution (60) consisting of following elements: MgSO2*H2O (0.493 g/l), K2SO4 

(0.279 g/l), KH2PO4 (0.023 g/l), CaCl2 (0.056 g/l), EDTA-Fe (0.017 g/l), K2HPO4 

(0.145 g/l), MnSO4*H2O (0.77 mg/l), H3BO3 (1.43 mg/l), ZnSO4*7H2O (0.22 mg/l), 

CuSO4*5H2O (0.08 mg/l), CoCl2*6H2O (0.117 g/l), NaMoO4*2H2O (0.05 mg/l) and 

CaSO4 (1.033 g/l). Inoculated explants were watered without nitrogen while the 

control plants were watered with a solution including 0.5 mM NH4NO3 for three weeks 

which afterwards was decreased to 2.5 mM.  

Salt treated plants were watered with Evans solution added with 100 mM NaCl.  

For both experiments the time table was set to day 0 which was the day before 

stress, sample 3 was the 3rd day of drought- or salt-stress, day 6 was the 6th day of 

drought- or salt-stress and day 8 was the 2nd day of re-watering. 

 

  

Figure 7: Drouhgt-stress experiment of Medicago truncatula growing in a climate chamber. Left side nitrogen 
fixing M. truncatula explants compared to the nitrogen assimilating plants to the right. The method and the results 
for this experiment are shown in chapter 2.7 and 3.8. 

 MICROSCOPIC ANALYSIS OF SHOOT, ROOT AND LEAVES UNDER DIFFERENT 2.7.2

GROWTH CONDITIONS 

For microscopic analysis the harvested samples were placed in a FAA solution even 

though it is a very harsh fixative. The used FAA solution consisted of EtOH (50 ml), 

glacial acetic-acid (5 ml), formaldehyde 37 - 40% (10 ml) and distilled H2O (35 ml) 

which was mixed up to 100 ml. The leaves were fixed for about 6 h while the root, 

stem and nodules were fixed for 12 - 24 h. Directly after the first fixation step the next 

steps was the fixation in Technovit 7100 which is a cold-polymerizing resin for 

embedding. The pre-infiltration was done by mixing in equal ratio parts 96% EtOH 

with Technovit 7100 and placing the plant samples in small glass vials with the 

solution for about 1 - 2 hours, according to the size of the explants. The infiltration of 
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the samples was done by preparing infiltration solution which consists of 1 g 

hardener dissolved in 100 ml base liquid. The specimens were placed in the 

infiltration solution for about 12 hours until the color of the samples disappeared 

completely. The last step was to put the plant tissue in a polymerizing solution. 1 ml 

of the hardener was added with 15 ml of the preparation solution and stirred for some 

seconds. 1 - 3 ml of the solution was poured into histoforms and the plant specimens 

were placed in to the form and positioned as required. The time of workability at room 

temperature was about 2 - 5 minutes. The samples hardened after max. 2 hours. 

After polymerization the samples were taken out with special Histosec blocks which 

were also the attachment for the microtome. After cutting with the microtome (Polycut 

S) the slides were stained with safranine and astrablue. The objects were prepared in 

5 - 10 µm slices and investigated with the microscope Nikon Eclipse 55i.  

The counting of stomata was done by following steps: The single leaves were 

sampled and immediately pressed on a drop of cellulose-di-acetate which had been 

put on a polymethyl-metacrylate slide (143). After removing the leaf from the slide the 

stomata imprint was investigated with a microscope from Reichert Austria Nr. 255 

625. An area of 0.049 mm2 was counted and the average was calculated out of four 

different places of the leaf.  
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3 Results 

3.1  PAENIBACILLUS SP. P22 AND PAENIBACILLUS DURUS UNDER 

DIFFERENT CULTUR CONDITIONS 

Figures 8 to 14 show the endophytes Paenibacillus sp. P22 and Paenibacillus durus, 

grown under different conditions of cultivation.  

Images (A) and (B) of figure 8 show solid cultures of Paenibacillus sp. P22 and 

Paeanibacillus durus grown on TY agar plates over a period of 4 days at a 

temperature of 28°C. The isolate Paenibacillus sp. P22 evolves flat, white, opaque, 

smooth and entire colonies on the agar plate. Contrary to P22, Paenibacillus durus 

also evolves flat, but yellow colored, smooth, entire and single colonies on spread 

over the agar plate. 

 

Figure 8: (A) Solid culture of Paenibacillus sp. P22 inoculated on a TY agar plate growing over a period of 4 days 
at 28°C. (B) Solid culture of Paenibacillus durus inoculated on a TY agar plate growing over a period of 4 days at 
28°C. Method of experiment described in chapter 2.1.1. 

 

Figure 9 (A) shows a liquid culture of Paenibacillus sp. P22 and (B) a culture of 

Paenibacillus durus grown in a liquid medium including glucose and sodium-chloride. 

The visible difference can be determined in the color which is much lighter in the P22 

culture then in the liquid culture of P. durus. Additional to that, P. durus develops 

solid colonies at the bezel (red circle). The added growth curve was measured with 

the Multiskan Spectrum Reader (Thermo Scientific) with an intensity of 660 nm. It 
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shows that Paenibacillus durus growth starts 13 h and P22´s 15 h after inoculation of 

the growth-medium. Both strains show a significant growth between 20 h and 50 h 

after inoculation. Furthermore, in both strains the stationary phase start at about 50 h 

after inoculation and the phase of cell dying is about 65 h after inoculation. 

Figure 9: (A) Liquid culture of Paenibacillus sp. P22 grown in a liquid TY-medium including NaCl and glucose over 
a period of 4 days. (B) Liquid culture of Paeanibacillus durus grown in a liquid TY- medium including NaCl and 
glucose over a period of 4 days. The growth curve of P22 (orange) and Paenibacillus durus (brown) is described 
in chapter 2.1.1. 

 

In figure 10 (A) and (B) both strains were grown in liquid medium without glucose and 

without sodium-chloride. Again the difference between both strains can be seen in 

their color. Without any sugar, the color of both strains is darker than those grown 
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including sugar and sodium-chloride. P. durus growth starts 13 h after inoculation and 

P22 approximately 22 h after inoculation with the liquid medium. Both strains have a 

stable phase of about 4 h. After this stable phase the growth starts again with an 

exponential phase. After 53 h after inoculation Paenibacillus durus stops growing 

while Paenibacillus sp. P22 still kept on growing for about 8 h and then it stops and 

the dying phase of the bacterial cultures starts.  

Figure 10: (A) Liquid culture of Paenibacillus sp. P22 grown in a liquid TY-medium without NaCl and glucose over 
a period of 4 days. (B) Liquid culture of Paenibacillus durus grown in a liquid TY-medium without NaCl and 
glucose over period of 4 days. The growth curve of P22 (orange) and Paenibacillus durus (brown) is described in 
chapter 2.1.1.  
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The growth of Paenibacillus sp. P22 was tested under different temperature 

conditions over a period of 3 days. Figure 11 (A) shows that P22 was not able to 

grow at 4°C, while a growth at 37°C could still be estimated (B). The best growth can 

be observed at 27°C (C) which has already been investigated in former experiments. 

The image (D) shows an agar plate inoculated with P22 grown at 50°C where no 

growth could be distinguished as well at 70°C, where no data are shown.  

 

Figure 11: Testing of bacterial growth under different temperature conditions. (A) At 4°C no growth can be 
observed. (B) At 37°C a minimal growth can be observed. (C) 27°C a good growth of P22 can be estimated. (D) 
At 50°C Paenibacillus sp. P22 is not able to grow. Method of experiment described in chapter 2.1.1. 

 

In figure 12 (A) Paenibacillus sp. P22 was grown on a nitrogen free-medium and 

successfully reinoculated into a liquid TY-medium. In figure 11 (B), P22 was grown 

on TSB-medium and re-inoculated in TY-medium. The difference is strongly visible in 

the density of the cultures of Paenibacillus sp. P22. But in both methods the bacteria 

started to grow very well. 
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Figure 12: (A) Paenibacillus sp. P22 pre-cultivated on solid nitrogen free-medium (not shown) and re-inoculated 
into liquid TSB-medium. (B) Paenibacillus sp. P22 pre-cultivated on solid TY-medium (not shown) and re-
inoculated into liquid TSB-medium. Method of re-inoculation described in chapter 2.1.1. 

 

The results for freezing-medium 1 are not shown because no Paenibacillus cultures 

are grown. Freezing-medium 2 (Fig. 13 and 14) with 25% glycerol shows a growth of 

bacteria cultures after 2 days of incubation on TY agar plates. The medium including 

50% glycerol shows a growth of P22 three days after inoculation. 

 

Figure 13: Paenibacillus sp. P22 cultures grown 3 days on TY agar plates after the bacteria had been stored at     
- 80°C. (A) P22 growing on TY agar plates after the storage in a freezing-medium including 25% Glycerol. (B) P22 
growing on TY agar plates after the storage in a freezing-medium including 50% Glycerol. Method of experiment 
described in chapter 2.1.1. 
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Figure 14: Paenibacillus durus cultures grown 3 days on TY agar plates after the bacteria had been stored at        
- 80°C. (A) Paenibacillus durus growing on TY agar plate after the storage in a freezing-medium including 
25%  Glycerol. (B) Paenibacillus durus growing on TY agar plate after the storage in a freezing-medium including 
50% Glycerol. Method of experiment described in chapter 2.1.1. 

 

In all the liquid cultures the pH-values did not vary a lot even between the different 

colored cultures. The pH of Paenibacillus durus was at 6.62 while the pH of 

Paenibacillus sp. P22 was at about 7.07. 
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 MICROSCOPIC ANALYSES OF PAENIBACILLUS SP. P22 AND PAENIBACILLUS 3.1.1

DURUS 

Figure 15 shows different microscopic analyses of Paenibacillus sp. P22 and 

Paenibacillus durus. Picture (A) shows Paenibacillus sp. P22 in a 100 fold 

magnification pictured with light microscopy methods. The morphology of P22 shows 

the elongated bacteria with no flagella. In the red circle different stages of cleavage 

can be observed. The size of these bacteria is about 1 µm. Image (B) shows a 

longitudinal section of this gram-negative bacterium taken with a transmission 

electron microscope. The red rectangle marks the thick cell wall which is typical for 

this bacterium. The length of the bacteria is about 1.5 µm. Additional to this TEM 

image (C) shows a square section (~ 800 µm) of the endosporic form of P22 with 7 - 

8 spikes (red square) surrounded by a rests of the spore coat of its mother cell. 

Endospores are usually formed when a population of vegetative cells passes out of 

the exponential phase of growth. The mature spore is released by lysis of the mother 

cell in which it was formed. Picture (D) shows a confocal laser scan microscope 

picture of a pure bacteria culture of P22 which has been treated with TISH (tissue in-

situ hybridization) using the FISH probe EUB 338 green / red. Another method of 

investigating the bacterium Paenibacillus sp. P22 was chosen in image (E), the 

ESEM method (environmental laser scanning microscopy). A piece (4 mm) of root 

from poplar hybrid 741 grown in in-vitro tissue culture was placed on a stub and 

directly investigated with the ESEM. The red circles show the bacteria that resided on 

the root surface of these explants and in the growth media where the shoot cuttings 

were placed. Similar to (B) and (C), image (F) shows a TEM picture of Paenibacillus 

durus. Like Paenibacillus sp. P22 it is a gram-negative bacterium with a size of ~ 600 

µm in square section. P. durus does not have any flagella (not shown).  
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Figure 15: (A) 100 fold light microscopy of Paenibacillus sp. P22, cleavage of the cells is visible (red). (B) TEM 
shot of P22, red colored rectangle shows the cell wall of these gram-negative bacteria. (C) TEM picture of P22, 
endosporic form with 7 - 8 forming spikes. (D) Paenibacillus sp. P22 in the CLSM fluorescence method which let 
the bacteria shine blue, treated with the TISH-method. (E) Root of poplar 741 investigated in ESEM shows 
bacteria (red circles) located in the media at the root surface. (F) TEM image of Paenibacillus durus. 
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 GENOME ANNOTATION OF PAENIBACILLUS SP. P22 3.1.2

Application of the 454® sequencing technology resulted in 561.213 reads and 

61.143.112 nucleotides. In an Ion TorrentÊ PGM sequencing approach 1.978.332 

reads and 343.311.791 nucleotides were gathered. Consensus assembly using 

MIRA (34) yielded in 5.443.257 bp in 297 contigs ( < 300 bp) with an overall GC 

content of 58%. The genome of Paenibacillus sp. P22 contains 5.224 protein-coding 

genes, 65 tRNAs and 1 16S rRNA. Presence of tRNAs for all 20 proteinogenic amino 

acids as well as 31 out of 31 phylogenetic marker proteins (Software AMPHORA2 

(238)) that are essential in prokaryotes indicate an estimated completeness of the 

genome of about 99%.  

Further investigation of the metabolic capabilities of Paenibacillus sp. P22 yielded 

two particularly interesting elucidations. We found a gene encoding a nitrogenase 

[EC:1.19.6.1] for nitrogen fixation. This coincides with the observation that 

Paenibacillus sp. P22 is able to grow without nitrogen in the medium (189). 

Furthermore the metabolite profiles of the poplar plants which were inoculated with 

Paenibacillus sp. P22 showed a strongly altered C/N homeostasis directly pointing to 

a changed nitrogen assimilation pathway as a result of the endophyte-plant 

interaction (189). Further genes of nitrate assimilation in Paenibacillus sp. P22 were 

identified, e.g. a nitrate reductase [NAD(P)H] large subunit [EC:1.7.1.4]. Both 

enzymes the nitrogenase and the nitrate reductase were described also in 

Paeanibacillus polymyxa E681 (105) a nitrogen fixing bacterium 

(http://www.genome.jp/dbget-bin/www_bget?pathway+ppy01230). Furthermore, we 

were able to detect genes of the auxin-pathway, e.g. the tryptophane synthase beta 

chain [EC:4.2.1.20] suggesting growth-promoting effects by hormone secretion.  

The accession numbers CBRA010000001-CBRA010000571 which has been 

deposited in the 'European Nucleotide Archive` show the genome sequence of 

Paenibacillus sp. P22 detected with the Ion TorrentÊ PGM sequencing approach. A 

new number which compares the data of Ion TorrentÊ PGM sequencing and the 

454® sequencing technology will be available in January 2014. 

 

 

 

http://www.genome.jp/dbget-bin/www_bget?pathway+ppy01230
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3.2 EXPERIMENT OF BIOMASS WITH POPLAR HYBRID AF2, AF8 AND 

MONVISO 

All figures for this chapter are numbered as followed: (A) control (no inoculation), (B) 

inoculation with Paenibacillus sp. P22, (C) inoculation with Paenibacillus durus, 

1  number of replica, (a) 0 days, start of experiment, (b) day of inoculation, (c) 10 

days, 28 days, 70 days after inoculation. The t-test was set with two variances with a 

p-value Җ 0.05, hypothetic difference of mean value = 0. 

 HYDROPONIC CULTURE EXPERIMENT 3.2.1

3.2.1.1 POPLAR HYBRID AF2 

The hydroponic experimental setup did not show the results that have been 

expected. As shown in figure 16, poplar clone AF2 does not show any significance in 

biomass 10 days after inoculation neither with Paenibacillus sp. P22 nor inoculated 

with Paenibacillus durus compared to the control explants. In none of the shoots of 

the control and the shoots inoculated with Paenibacillus durus the rooting had 

started. Only the explants that were inoculated with Paenibacillus sp. P22 have a 

beginning root growth.  

28 days (Fig. 17) after inoculation the root growth has started of inoculated shoots 

with Paenibacillus durus and Paenibacillus sp. P22 while the control was still 

rootless. A difference of growth is visible but a control with the t-test could not 

measure any significance between all three experimental setups. 70 days after IO, 

shown in figure 18, 19 and 20 (A), the control does not grow well anymore which can 

be seen in the diagram. There has also been a drop out of one sample of the 

inoculated explants with P22. The comparison of the inoculated shoot to the control 

is difficult, nearly impossible. Already 6 weeks after planting a severe deficiency of 

macronutrients can be observed which was tried to be replaced by a change of the 

pouring solution. This deficit could be distinguished by the yellow colored leafs of the 

explants. 
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Figure 16: Harvest of poplar hybrid AF2 10 days after IO with Paenibacillus sp. P22 and Paenibacillus durus. (A) 
Control (1-3: number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (B) IO with Paenibacillus sp. 
P22 (1-3: number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (C) IO with Paenibacillus durus (1-
3: number of replica, a: day 0, b: day of inoculation, c: day 10 after IO).  

 

 

Figure 17: Harvest of poplar hybrid AF2 28 days after IO. (A) Control (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO). (C) IO with Paenibacillus durus (1-3: number of replica, a: day 0, b: day of 

inoculation, c: day 28 after IO).  



54 

 

 

Figure 18: Harvest of poplar hybrid AF2 70 days after IO. (A) Control (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 70 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 70 after IO). (C) IO with Paenibacillus durus (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 70 after IO). 

 

 

Figure 19: Schemata of all measured data of poplar hybrid AF2. (A) Harvest 10 days after IO. (B) Harvest 28 days 
after IO; e.g. the p-value of the stem weight between control and the explants inoculated with Paenibacillus sp. 
P22 was p Ò 0.0886 and the root weight between the control and inoculated with Paenibacillus durus p Ò 0.6733.  
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Figure 20: (A) Schemata of all measured data of poplar hybrid AF2, Harvest 70 days after IO; e.g. the p-value of 
the stem weight between control and the explants inoculated with Paenibacillus sp. P22 was p Ò 0.0886 and the 
root weight between control and inoculated with Paenibacillus durus p Ò 0.6733. (B) Leaf of a young poplar hybrid 
AF2. 

 

3.2.1.2 POPLAR HYBRID MONVISO 

The poplar clone Monviso had a much faster growth compared to AF2, and AF8. But 

still, no significance in biomass 10 days after inoculation could be measured. The 

same result could be estimated for the harvest 28 - and 70 days after inoculation with 

both bacterial strains (Figure 21, 22, 23, 24 and 25). There are no drop-outs for this 

clone in this experiment. A deficiency of some macromolecules can also be 

investigated in this hybrid.  

Figure 21: Harvest of Monviso 10 days after IO with Paenibacillus sp. P22 and Paenibacillus durus. (A) Control 
(1-3: number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (B) IO with Paenibacillus sp. P22 (1-3: 
number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (C) IO with Paenibacillus durus (1-3: number 
of replica, a: day 0, b: day of inoculation, c: day 10 after IO).  



56 

 

 

Figure 22: Harvest of poplar hybrid Monviso 28 days after IO. (A) Control (1-3: number of replica, a: day 0, b: day 
of inoculation, c: day 28 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO). (C) IO with Paenibacillus durus (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO).  

 

 

Figure 23: Harvest of poplar hybrid Monvsio 70 days after IO. (A) Control (1-3: number of replica, a: day 0, b: day 
of inoculation, c: day 70 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 70 after IO). (C) IO with Paenibacillus durus (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 70 after IO).  
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Figure 24: Schemata of all measured data of poplar hybrid Monviso. (A) Harvest 10 days after IO. (B) Harvest 28 
days after IO. Significances in stem weight of inoculated shoot cuttings with Paenibacillus durus compared to the 
control and the other inoculated shoot cuttings. 

 

 

Figure 25: (A) Schemata of all measured data of poplar hybrid Monviso, Harvest 70 days after IO; t-test done with 
the data 70 days after inoculation shows that the stem weight between control and IO with P22 was p Ò 0.2376 
and leaf weight between control and P. durus was p Ò 0.1329. (B) Leaf of poplar hybrid Monviso with nutrient 
starvation signs of infection. 

 

3.2.1.3 POPLAR HYBRID AF8 

The poplar clone AF8 does not show any significant differences in biomass 10 days 

(data not shown). 28 days (Fig. 26 and 28) after inoculation with the two different 

bacterial strains show minor growth promoting effects in root and stem weight in the 

explants inoculated with Paenibacillus durus. In figure 28 C, 70 days (Fig. 27) after 

inoculation, a difference in root weight and stem length of the shoot cuttings 

inoculated with Paenibacillus sp. P22 be distinguished. 



58 

 

 

Figure 26: Harvest of poplar hybrid AF8 28 days after IO. (A) Control (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 10 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 10 after IO). (C) IO with Paenibacillus durus (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 10 after IO). 

 

 

Figure 27: Harvest of poplar hybrid AF8 70 days after IO. (A) Control (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO). (C) IO with Paenibacillus durus (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO). 
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Figure 28: Schemata of all measured data of poplar hybrid AF8. (A) Harvest 10 days after IO. (B) Harvest 28 days 
after IO. (C) Harvest 70 days after IO. (D) Young leaf of poplar hybrid AF8 with signs of nutrient starvation. 
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 VERMICULITE /  PERLITE CULTURE WITH INOCULATION AFTER ROOTING 3.2.2

3.2.2.1 POPLAR HYBRID AF2 

Poplar hybrid AF2 shows a difference of root length 10 days after inoculation with 

Paenibacillus sp. P22 and P. durus (Fig. 29 and 31 A). The root length and the root 

weight show a significant growth rate 28 days after inoculation with Paenibacillus sp. 

P22 compared to the control. Also the stem weight, leaf weight and the area leaf 

index show positive results compared to the control plants (Fig. 30 and 32). 70 days 

(Fig. 33, 34 and 35) after inoculation the gain of biomass can be distinguished by the 

shoots inoculated with Paenibacillus durus as well.  

 

Figure 29: Harvest of AF2 10 days after IO with Paenibacillus sp. P22 and Paenibacillus durus. (A) Control (1-3: 
number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (B) IO with Paenibacillus sp. P22 (1-3: 
number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (C) IO with Paenibacillus durus (1-3: number 
of replica, a: day 0, b: day of inoculation, c: day 10 after IO).  
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Figure 30: Harvest of poplar hybrid AF2 28 days after IO. (A) Control (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO). (C) IO with Paenibacillus durus (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO).  

 

Figure 31: Schemata of different data of AF2. (A) Harvest 10 days after IO; no significance between the control 
and the inoculated explants. (B) Harvest 28 days after IO; significance in root weight between control and 
inoculated shoot with Paenibacillus sp. P22 but no significances between control and shoot inoculated with 
Paenibacillus durus. 
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Figure 32: Schemata of different data of AF2. (A) Root weight 28 days after inoculation; significance p Ò 
0.0122418 between control and IO P22. (B) Stem weight 28 days after IO; significance p Ò 0.048 between control 
and IO P22. (C) Leaf weight 28 days after IO, significance p Ò 0.030. (D) Area leaf index 28 days after IO, p-value 
Ò 0.0290 between control and IO P22. 

 

 

Figure 33: Schemata of different data of AF2. (A) Leaf weight 70 days after IO; for e.g. control / P. durus p Ò 
0.0030487. (B) Stem weight 70 days after IO. (C) Root length 70 days after IO. (D) Leaf area index 70 days after 
IO for e.g. significance between the control and P. durus inoculated stem p Ò 0.00037453. 
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Figure 34: Schemata of different data of AF2. (A) Gain of stem length 70 days after IO for e.g. between control 
and inoculation with Paenibacillus sp. P22 p Ò 0.00551081 and between control and P. durus inoculated plants p 
Ò 0.0079541. (B) All data in overview. 

 

 

 

Figure 35: Harvest of poplar hybrid AF2 70 days after IO. (A) Control (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 70 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 70 after IO). (C) IO with Paenibacillus durus 1-3: number of replica, a: day 0, b: day of 

inoculation, c: day 70 after IO). 
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3.2.2.2 POPLAR HYBRID  MONVISO 

Monviso has a minimal significance in biomass. There are no significances in the 

data 10 days (Fig. 36 and 37) and 28 days (Fig. 38 and 39) after inoculation with 

Paenibacillus sp. P22 and Paenibacillus durus. In figure 40 differences in biomass 70 

days after inoculation with the 2 different bacterial strains are shown. Significances in 

the area leaf index can be registered (Fig. 41) between the control and the inoculated 

explants.  

 

Figure 36: Harvest of Monviso 10 days after IO with Paenibacillus sp. P22 and Paenibacillus durus. (A) Control 
(1-3: number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (B) IO with Paenibacillus sp. P22 (1-3: 
number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (C) IO with Paenibacillus durus (1-3: number 
of replica, a: day 0, b: day of inoculation, c: day 10 after IO).  
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Figure 37: Schemata of all measured data of Monviso. (A) Harvest 10 days after IO.  

 

 

Figure 38: Harvest of poplar hybrid Monviso 28 days after IO. (A) Control 1-3: number of replica, a: day 0, b: day 
of inoculation, c: day 28 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO). (C) IO with Paenibacillus durus ((1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 28 after IO).  
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Figure 39: Schemata of all measured data of Monviso. (A) Harvest 28 days after IO. (B) Area leaf index 28 days 
after IO. 

 

 

Figure 40: Harvest of poplar hybrid Monviso 70 days after IO. (A) Control (1-3: number of replica, a: day 0, b: day 
of inoculation, c: day 70 after IO). (B) IO with Paenibacillus sp. P22 (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 70 after IO). (C) IO with Paenibacillus durus (1-3: number of replica, a: day 0, b: day of 
inoculation, c: day 70 after IO).  
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Figure 41: Schemata of all measured data of Monviso. (A) Stem length 70 days after IO; p Ò 0.02819775 between 
control and inoculated with Paenibacillus sp. P22. (B) Stem weight 70 days after IO; p Ò 0.01445703 between 
control and inoculated with Paenibacillus sp. P22. (C) Gain of stem length 70 days of IO. (D) Area leaf index 70 

days after IO; the significance in area leaf index could be calculated with p Ò 0.04723383. (E) Harvest 70 days 
after inoculation. 
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3.2.2.3 POPLAR HYBRID AF8 

Minor significances between the control and the inoculated shoot cuttings can be 

distinguished 10 days and 28 days after inoculation (Fig. 42, 43 and 44). Poplar 

hybrid AF8 shows significances in biomass 70 days after inoculation with 

Paenibacillus sp. P22 and Paenibacillus durus in the root length and the root weight 

compared to the control plants (Fig. 45 and 46).  

 

Figure 42: Harvest of AF8 10 days after IO with Paenibacillus sp. P22 and Paenibacillus durus. (A) Control (1-3: 
number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (B) IO with Paenibacillus sp. P22 (1-3: 
number of replica, a: day 0, b: day of inoculation, c: day 10 after IO). (C) IO with Paenibacillus durus (1-3: number 
of replica, a: day 0, b: day of inoculation, c: day 10 after IO).  






















































































































































































































































