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Abstract 

Bacteria have been found in the atmosphere and it has been speculated if they are active 

despite being subjected to various atmospheric stress factors. To survive in the atmosphere 

the bacteria must have evolved specific adaptations to deal with the stress factors when they 

are being aerosolized.  

In this study the adaptations of two Methylobacterium strains to simulated atmospheric stress 

factors have been investigated and their response evaluated in comparison with Escherichia 

coli. The atmospheric stress factors investigated were oxidative stress, UV stress, desiccation 

stress and the ability to utilize C-1 compounds as their sole carbon source. In addition the 

ability to resist various antibiotics were tested to show that the strains were able to survive the 

microbial competition in the phyllosphere. 

The results showed that the two strains were better adapted tolerate to UV stress and 

desiccation stress in the atmosphere in comparison to E. coli. The oxidative stress experiment 

showed that E. coli had a higher oxidative stress threshold in comparison with the two 

Methylobacterium strains. However, the two strains were able to tolerate oxidative stress 

similar to atmospheric levels. The two strains were also resistant to antibiotics produced by 

other bacteria and fungi, making them able to survive the microbial competition in the 

phyllosphere. 
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Resumé 

Bakterier er blevet fundet i atmosfæren og der er blevet spekuleret om de er aktive på trods af 

at de bliver udsat for forskellige atmosfæriske stress faktorer. For at kunne overleve i 

atmosfæren, er bakterierne nødt til at have udviklet specifikke tilpasninger for at kunne 

håndtere stress faktorerne, når de bliver aerosoliseret.  

I dette studie er tilpasningerne af to Methylobacterium stammer til simulerede atmosfæriske 

faktorer blevet undersøgt og deres respons evalueret i forhold til Escherichia coli. De 

undersøgte atmosfæriske stress faktorer var oxidativt stress, UV stress, udtørrings stress og 

evnen til at bruge C-1 karbon forbindelser som eneste karbon kilde. Endvidere blev evnen til 

at modstå forskellige antibiotika testet for at vise, at de to stammer var i stand til at overleve 

den mikrobielle konkurrence i phyllosfæren. 

Resultaterne viste at de to stammer, sammenlignet med E.coli, var bedre tilpasset til at 

tolerere UV stress og udtørrings stress i atmosfæren. Eksperimentet med oxidativt stress viste 

at E. coli havde en højere tolerance værdi for oxidativt stress i forhold til de to 

Methylobacterium stammer. De to stammer var dog i stand til at tolerere oxidativt stress 

svarende til atmosfæriske niveauer. De to stammer var også resistente overfor antibiotika 

produceret af andre bakterier og svampe, hvilket gør dem i stand til at overleve den 

mikrobielle konkurrence i phyllosfæren. 
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1. Introduction 

Bacteria have proven to be ubiquitous in nature as they inhabit both hot and cold marine 

sediments, with pressures so extreme that all living organisms, except bacteria, would be 

crushed (Kato, Sato et al. 1995, Li, Kato et al. 1999). Near the hydrothermal vents where 

temperatures can reach temperatures as high as 400°C (Haase, Petersen et al. 2007) a vast 

bacterial community has been found. This community is sustained by the high concentration 

of sulfur compounds (e.g. hydrogen sulfide) in the substances seeping up from the Earth’s 

mantle (Corliss, Dymond et al. 1979). Outside of the oceans bacteria have likewise been 

found everywhere from fresh water (Van der Gucht, Vandekerckhove et al. 2005), highly 

saline and alkaline lakes (Foti, Sorokin et al. 2007) to acidic drainage fluids from the mining 

industry (Wichlacz and Unz 1981). They are likewise found in forests, fields, plains and the 

like where many genera of bacteria have adapted to life in the phyllosphere, an environment 

more stressful than first assumed (Lindow and Brandl 2003). Here they are subjected to 

desiccation, UV induced stress etc.. Even in the mountains, where the UV induced stress 

factor is higher than closer to sea level, bacteria can be found (Zhang, Wang et al. 2009). 

Then there is the atmosphere, one of the most stressful environments on Earth due to several 

factors that would make life in the sky very challenging for microbes. Louis Pasteur was 

among the first to document microbes in the air, as part of his iconic “spontaneous generation” 

falsification experiments. He also observed that the concentration of bacteria depended on the 

air quality of the environment in which he carried out his investigations. E.g. he found that 

mountain air contained a lower concentration of microbes than the air in a city or other 

polluted environments.  

Bacteria in the atmosphere originate from other environments including plant surfaces, soil 

and aquatic habitats (Joly, Amato et al. 2015) and enter the atmosphere by aerosolization. 

Sattler, Puxbaum et al. (2001) showed, by measuring the uptake rates of 3H-thymidine and 

14C-Leucine and the carbon production of bacteria isolated from supercooled cloud water 

samples, that bacteria were actively growing and reproducing at temperatures both at and 

well below 0°C (-9°C). They concluded that bacteria in cloud water were not nutrient limited, 

as cloud water at the sample site contained rather high amounts of organic acids like acetate 

and formate (Brantner, Fierlinger et al. 1994) and also high concentrations of the long chain 

alcohols dodecanol, tetradecanol and hexadecanol (Limbeck and Puxbaum 2000). Bacteria 

aerosolized from plants are able to utilize formic and acetic acid in rainwater (Herlihy, 

Galloway et al. 1987), a nutrient source that has been increasing in relation to air pollution. 
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With the presence of this amount of nutrient sources in the atmosphere it has been concluded 

that nutrient availability was not a limiting factor for bacterial growth in the atmosphere 

(Sattler, Puxbaum et al. 2001). Some of the identified strains have shown enzymatic activity 

towards compounds like acetate, L- and D-lactate, formate, methanol and formaldehyde 

(Amato, Ménager et al. 2005).This evidence suggests that an active atmospheric microbial 

community and their role in chemical processes may have been underestimated (Delort, 

Vaïtilingom et al. 2010).  

Other properties of bacterial aerosols that have attracted increasing attention are the discovery 

that different types of bacteria in the atmosphere could undertake two important functions in 

the atmosphere: They could function as ice nuclei (IN) and also act as cloud condensation 

nuclei (CCN). That certain bacteria were able to function as IN was discovered in the 1970s 

when experiments with a strain (C-9) of Pseudomonas syringae showed that this strain 

produced IN that increased the ice nucleation temperature of water to around -2° (Maki, 

Galyan et al. 1974). 

It was later demonstrated that proteins were responsible for the cells ice nucleation property. 

The proteins were later termed ice-nucleation-active (INA) proteins. They are typically 

synthesized by the cell during starvation and exposure to low temperatures (Nemecek-

Marshall, Laduca et al. 1993). The INA proteins can be excreted by the cell as outer 

membrane vesicles (OMVs) (Phelps, Giddings et al. 1986). These vesicles can function as IN. 

Interestingly, these proteins share structural similarities with anti-freeze proteins that are 

found in fishes and insects and prevent body fluids from producing large tissue destructive 

ice crystals. However, Santl-Temkiv, Sahyoun et al. (2015) did not find any conclusive 

evidence for excretion of IN as OMVs, meaning that the mechanism of IN dispersal by INA 

bacteria has yet to be conclusively documented. The natural habitat of many cultured INA 

bacteria is plant surfaces, a habitat that is characterized by low amounts of nutrients (Mukerji 

and Subba Rao 1982). This observation lead to speculations whether the induced ice 

nucleation is an adaptation to starvation at low temperatures (Nemecek-Marshall, Laduca et 

al. 1993), and that ice formation through imposing injuries on plant tissue provides nutrients 

that can be utilized by the INA bacteria. 

A characterization of INA bacteria revealed that the largest fraction of known INA bacteria in 

the samples were Pseudomonas and Erwinia species and that the number of bacterial IN 

might be higher than the numbers implemented in earlier climate models (Santl-Temkiv, 

Sahyoun et al. 2015). Another characterization of an airborne microbial community have 

documented that the fraction of e.g. Pseudomonas species was very low and the dominating 
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fraction of IN bacteria were Psychrobacter species (Bowers, Lauber et al. 2009). This 

indicates that the fraction of IN bacteria is as variable as the overall microbial community in 

the atmosphere, since Psychobacter could easily substitute for Pseudomonas and Erwinia in 

areas with very low temperatures and sporadic vegetation.   

With a high content of the bacteria, in the atmosphere originating from the phyllosphere it is 

possible that different species from the phyllosphere can dominate this habitat, in different 

parts of the world. This could be possible as the composition of the bacterial community, 

originating from the phyllosphere, is determined by the vegetation in the area of an 

aerosolization event and which species is getting aerosolized most efficiently. This is very 

likely determined by the types of habitats that exist in an area during an aerosolizing event. 

Research is lacking into the aerosolizing potential of different types of bacteria so if some 

bacteria are aerosolized more efficiently than others it remains a subject to be investigated in 

the future. 

Bacteria from the phyllosphere such as Methylobacterium can account for a significant 

fraction of the bacterial community in the atmosphere (Šantl-Temkiv, Finster et al. 2013). 

When looking into the interactions with their plant hosts and their IN properties it becomes 

clear that members of the genus Methylobacterium and Pseudomonas have opposing 

functional properties with respect to ice formation. This becomes clear when bacteria 

belonging to the genus Pseudomonas injure their host to get access to nutrients while strains 

of the genus Methylobacterium produce cytokinin and/or auxin, growth promoting plant 

hormones, which are utilized by the plant while the bacteria utilize methanol emitted from the 

stomata of the plant (Lidstrom and Chistoserdova 2002, Abanda-Nkpwatt, Müsch et al. 2006). 

Abanda-Nkpwatt, Müsh et al. (2006) observed how the biomass accumulation of mustard, 

tomato and tobacco seedlings was enhanced when they were cultivated in the presence of M. 

extorquens ME4. This enhancement of biomass accumulation was promoted by the 

production of growth promoting compounds cytokinin and/or auxin by M. extorquens ME4. 

Furthermore, the tobacco seedlings produced ~0.4-0.7 ppbv (part per billion by volume) of 

methanol but this concentration dropped to 0.005-0.01 ppbv if they were grown in the 

presence of M. extorquens ME4 (Abanda-Nkpwatt, Müsch et al. 2006). It suggested that the 

bacteria can utilize the methanol produced by plant seedlings.  

Furthermore, it has been suggested that in direct contrast to the IN properties of the known 

INA-positive Pseudomonas species, such as Pseudomonas syringae, that can attenuate frost 

injuries to their host, strains of the genus Methylobacterium do not catalyze ice nucleation. So 

strains of Methylobacterium do not promote frost injury to their host plant and it has even 
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been proposed  some strains produce proteins that have some unidentified antifreeze effect 

(Romanovskaya, Stolyar et al. 2001). Consequently, on plants as well as in clouds, where 

strains of Pseudomonas and Methylobacterium may coexist, it could be possible that they 

would have an antagonistic relationship as Pseudomonas strains may produce IN while 

strains of the genus Methylobacterium may counteract this effect by producing antifreeze 

proteins.  

The other important function of bacteria in the atmosphere, as mentioned earlier, is to act as 

cloud condensation nuclei (CCN). CCN are required for the formation of clouds. The largest 

fraction of CCN consists of abiotic particles such as sea spray salts, airline exhaust gases, 

volcanic ash, and other pollutants. CCN are crucial for the formation of cloud droplets for the 

following reasons. Water vapor condenses on the surface of the aerosols leading to formation 

of water droplets, which are the “building blocks” of clouds and fog. However, the number of 

bacteria that are CCN active is orders of magnitude lower than the number of abiotic CNN in 

the atmosphere. Consequently, the contribution of bacterial cells to cloud formation is 

probably insignificant. However, the role of bacteria in the formation of ice crystals is an 

essential step in the formation of precipitation. It might even be much more important 

because of their strong IN potential (Bauer, Giebl et al. 2003). On large scales bacteria may, 

as a consequence, affect weather patterns and on long timescales even the climate.  

However, life in the atmosphere is demanding and stressful as aerosolized cells are subjected 

to a number of factors that have a severe impact on the viability of bacteria. So if bacteria  

play a role in the chemistry of the atmosphere they need to be adapted to the harsh 

environment where they are exposed to solar radiation, desiccation, free oxygen radicals, and 

nutrient limitation. These adaptations will thus relate to adaptations to stress factors of their 

ground-based environments e.g. the phyllosphere, soil, fresh and marine waters etc. In these 

environments resistance to these stress factors should be common as bacteria e.g. in the 

phyllopshere would be periodically exposed to UV radiation and desiccation. Hence it would 

not be surprising if bacteria originating in the phyllosphere have developed a remarkable 

resilience to these stressful conditions. It would be favorable when transferred to the 

atmosphere as the bacteria surviving these conditions would most likely have underwent a 

strong selection for adaptations to these various stress factors. 
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1.1 Adaptations to harmful atmospheric conditions: 

1.1.1 The consequences of oxidative damage 

The fact that molecular oxygen (O2) is toxic to obligate anaerobes and microaerophiles is 

obvious. These microorganisms cannot grow in oxygen-saturated medium. It is however 

surprising that also aerobic organisms, can be affected negatively by oxygen or even die 

when exposed to hyperoxia (Imlay 2003). Boehme, Vincent et al. (1976) have shown in 

experiments with E. coli that hyperbaric (4.2 atm) oxygen inhibited the synthesis of 

especially aromatic amino acids e.g. tyrosine and tryptophan. In addition, exposure of E. coli 

to hyperbaric oxygen resulted in rapid inactivation of the enzyme dihydroxyacid dehydratase 

(Brown and Yein 1978), which resulted in an inhibition of the synthesis of the amino acids 

valine and leucine (figure 1). 

 

Figure 1. Three of the reactions steps in the biosynthesis of valine and leucine. Reaction (c) is undertaken by the 

enzyme dihydroxyacid dehydratase and the resulting α-ketoisovalerate is converted into valine and lecuine. 

Dihydroxyacid dehydratase is inactivated if exposed to hyperbaric oxygen concentrations (Brown and Yein 

1978). 

 

Valine is described as being one of the most important amino acids for protection against 

oxygen poisoning (Boehme, Vincent et al. 1976). However, rather than having protective 

properties, valine is suggested to be important for growth. Brown and Yein (1978) observed 

that when the enzyme dihydroxyacid dehydratase was inactivated, and the synthesis of valine 

was inhibited, there was a significant drop in growth rate of E. coli and when 14C-valine was 

added it was incorporated into proteins and growth resumed. Flint, Smyk-Randall et al. 

(1993) observed how the inactivation of the dihydoxyacid dehytratase was caused by loss of 

the proteins Fe-S cluster (cluster destruction). However, they also observed that if the protein 

was exposed to ambient oxygen a new Fe-S cluster was synthesized and the protein 

reactivated (Flint, Smyk-Randall et al. 1993).  

Another protein that has been documented to be inactivated by hyperbaric oxygen is 

phosphoribosyl pyrophosphate synthetase (Brown and Yein 1979). Brown and Yein (1979) 

observed that when phosphoribosyl pyrophosphate synthetase, when exposed to hyperbaric 

oxygen for 1 hour, was more than 90% inactivated and like Flint, Smyk-Randall et al. (1993) 
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showed for dihydoxyacid dehytratase, regained 82% of its activity after exposure to ambient 

oxygen. Phosphoribosyl pyrophosphate synthetase like dihydoxyacid dehytratase is a protein 

involved in the biosynthesis of amino acids (tryptophan and histidine) but it is also involved 

in the biosynthesis of nucleotides (purines and pyrimidines) and cofactors NAD and NADP, 

making it essential for the cells (European Bioinformatics Institute (EMBL-EBI) 1961). 

Brown and Yein (1978 and 1979) suggested that the inactivation of dihydroxyacid 

dehydratase and phosphoribosyl pyrophosphate synthetase was a significant factor in oxygen 

poisoning in E. coli and probably also other prokaryotic organisms that depend on their own 

synthesis of these amino acids. It is however not only the role of valine as a building block of 

proteins that makes it important for growth. Without the biosynthesis of valine bacteria would 

not be able to synthesize pantothenate nor products that had pantothenate as precursor as is 

the case for coenzyme A (Boehme, Vincent et al. 1976). 

But O2 is not the only oxygen species that can harm microorganisms. During oxidative 

phosphorylation the bacterial cells produce a small amount of reactive oxygen species (ROS) 

(Table 1), which cause oxidative damage to DNA, proteins and lipids, all of which can have 

serious impact on the survival of the cells.   

 

Table 1. A list of reactive oxygen species (ROS).,The •OH radical has been listed as OH- (Rahman, Hosen et al. 

2012). 

 

H2O2 can react with metallic ions like Fe(III), Cu(II), Co(II) or Ni(II) (Fenton reaction) 

forming •OH which is highly reactive and due to this reactivity short lived (Dizdaroglu 1992, 

Imlay 2003). The high reactivity is responsible for its consumption at the site of formation 

and in eukaryotic cells this diffusion-limited reactivity decreases the possibility of damage to 

DNA when the hydroxyl radicals are formed in the cytoplasm and not the nucleus. However, 

H2O2 is able to cross membranes, including the nucleus membrane, where it reacts with 

transition metal ions, is reduced to •OH and can react with DNA forming modified base 

products, which can have mutagenic and/or carcinogenic effect (Dizdaroglu 1992). This 

suggests that in bacterial cells, where there is no membrane protecting the DNA, this type of 
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damage is more frequent. Other factors beside the cells own metabolism can also lead to the 

formation of •OH. These factors include ionizing and various chemical compounds, such as 

human manufactured drugs (e.g. doxorubicin (Dizdaroglu 1992)) and naturally occurring 

compounds like arsenic (Ding, Hudson et al. 2005), that all have the common trait that they 

can react with water and/or oxygen inside the cells producing ROS that can further react with 

DNA producing the modified base products. 

Proteins are susceptible to a variety ROS induced modifications, caused mainly by •OH and 

•OH +  (Davies 1987). These modifications include alterations of the amino acid 

chain, alteration of the molecular weight caused by aggregation or fragmentation, altered net 

electrical charge (+ or -), loss of tryptophan, and production of bityrosine (Davies 1987), 

Alteration of the amino acids would have severe consequences, as it would most likely affect 

the structure and function of the proteins. Both •OH or •OH +  are able to affect the 

primary structure of proteins, e.g. by oxidizing double bonds and breaking aromatic rings, 

and cause denaturation. However, the presence of •OH alone will cause protein aggregation 

by creation of covalent bonds (such as bityrosine) between proteins and will result in the 

formation of protein dimers, trimers and tetramers (Davies and Delsignore 1987). On the 

other hand the presence of  •OH +  will lead to protein fragmentation (Davies and 

Delsignore 1987).  

Tryptophan, tyrosine, histidine and cysteine appears to be the amino acids that are most 

sensitive to •OH and •OH +  (Davies, Delsignore et al. 1987). When bovine serum 

albumin (BSA) was exposed to •OH or •OH +  the fluorescence of BSA, that could mostly 

be attributed to tryptophane, was rapidly lost (Davies, Delsignore et al. 1987). Indications of 

oxidative attack on tryptophan, located in proteins, is first directed on the pyrrole ring and 

secondarily on the phenyl moiety (Simat and Steinhart 1998). 

This leads to the formation of N-formylkynurenine (NFK) and the two diastereomers 

oxindolylalanine and 2-hydroxytryptophan known as (Oia).  

Bityrosine is formed by the crosslinking of two tyrosine molecules after •OH attack or one-

electron oxidation of tyrosine and subsequent radical-radical dimerization (Davies and Dean 

1997). So when proteins are exposed to •OH the formation rate of bityrosine increases. 

The dimerization (formation of bityrosine) can take place between two tyrosine residues 

within the same protein (intramolecular binding) or in two different proteins (intermolecular 

bonding). The increasing formation of these bonds is very likely to contribute to the 

)O(O 22 


)O(O 22 


)O(O 22 


)O(O 22 
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aggregation of proteins (Davies and Delsignore 1987) together with other covalent bonds 

induced by •OH. As mentioned above the damage to proteins by ROS was mainly caused by 

•OH or •OH +  but other ROS can also affect proteins. H2O2 is able to cause damage to 

cysteine residues in proteins by oxidation of the sulfide group that leads to the formation of 

disulfide cross-links or, if they are further oxidized, lead to the formation of sulfinic acid 

moieties (Imlay 2003).•OH can also react with the lipids in the membrane of the bacteria. •OH 

can react with a lipid, mostly polyunsaturated, by oxidizing a methylene group separating two 

double bounds. This leads to the formation of a lipid radical (R•) that in turn can react with 

O2, that oxidize a methylene group, forming a lipid peroxyl radical (ROO•). The ROO• can 

then react with another lipid in the membrane forming another R• and a lipidperoxide. This 

starts a chain reaction where the newly formed R• then reacts with first O2 and then another 

lipids. This leads to the disruption of the lipid bilayer and consequently can change the 

properties of the membrane and disrupt membrane bound proteins (Kashmir and Mankr 

2014). 

Many bacteria contain the enzyme superoxide dismutase (SOD), which can convert 

superoxide into oxygen and hydrogen peroxide (H2O2):  

O�
� + O�

� + 2H� → O� + H�O� 

and the enzyme catalase that converts H2O2 into water and oxygen.  

2H�O� → 2H�O + O� 

SOD and catalase is however not the only line of the cell’s oxidative defense. Manganese has 

been documented to be able to protect bacteria that depend on neither SOD nor catalase 

(Culotta and Daly 2013). Culotta and Daly (2013) described how manganese was able to 

form complexes with phosphate, carbonate, organic acids, free amino acids, and peptides and 

that these complexes were very effective antioxidant and that they seemed responsible for the 

high resistance, of Deinococcus radiodurans, to radiation. 

These enzymes and Mn-antioxidants are responsible for the cells ability to protect themselves 

against oxidative damage that could be caused by free radicals if they were left unattended in 

the cytoplasm.   

Not only living cells produce ROS during respiration or oxygenic photosynthesis. In Earth’s 

atmosphere, which contains around 21% oxygen, ROS are also produced directly due to UV 

radiation converting the atmosphere’s O2 into ROS.  They can affect living cells that are 

present in the atmosphere e.g. as biological aerosols. In addition UV light will cause ROS 

formation in living cells in the atmosphere by reacting with intracellular O2. 


2O
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1.1.2 UV radiation induced DNA damage and repair mechanisms 

UV radiation can cause direct damage to bacterial DNA or may cause indirect damage by 

formation of ROS (Sinha and Häder 2002). Not all wavelengths of UV radiation reach the 

lower atmosphere and the ground. Thus UV-C radiation (100–280 nm) gets completely 

absorbed by the ozone layer while a fraction of UV-B (280 to 315 nm) and all the UV-A 

(315-400 nm) radiation penetrate Earth’s atmosphere. A typical chemical effect, including 

changes in the chemical composition/structure of DNA, caused by UV radiation is the 

formation of dimeric photoproducts that involves two adjacent pyrimidine bases (Ravanat, 

Douki et al. 2001)). These photoproducts are formed by dimerization of thymine and cytosine 

or between two identical pyrimidines (figure 2).   

 

Figure 2. Formation of cyclobutane-pyrimidine dimers by UV radiation. These dimers can be formed by two 

adjacent pyrimidines. On the right (A) thymine-thymine cyclobutane-pyrimidine dimer and (B) thymine-cytosine 

dimer and on the left their photoreactivation products made by the enzyme photolyase in the presence of light 

(Sinha and Häder 2002). 

 

The formations of these lesions distort the DNA helix by inducing a bend or a kink both of 

which affect the shape of the DNA helix. A bend is caused e.g. by disruption of the hydrogen 

bonds between several base pairs and affects the overall structure of the DNA helix by 

causing the backbone to bend (Sinha and Häder 2002). The degree of bending is determined 

by the number of affected base pairs. Kinks on the other hand are caused by local disruption 

of base pairs e.g. by formation of a dimeric photoproduct that creates a local distortion in the 

DNA helix backbone. These distortions in the DNA helix backbone can have an inhibitory 

effect on transcription of the affected genes and replication of the DNA, both of which can 

have fatal consequences for the cell. 
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The photoproducts formed by UV radiations interaction with DNA are as mentioned earlier 

cyclobutane pyrimidine dimers (CPDs) but also (6-4)photoproducts (6-4PPs) (Nelson, 

Lehninger et al. 2008) (figure 3).  

 

Figure 3. Formation of CPD and 6-4PPs by UV radiation (Nelson, Lehninger et al. 2008). 

 

CPDs are able to inhibit the replication progress of DNA polymerases in both bacteria and 

mammalian cells by inhibiting the RNA polymerase in bacterial cells (Donahue, Yin et al. 

1994) and RNA polymerase II in mammalian cells (Sinha and Häder 2002). When the RNA 

polymerase reaches a site on the DNA that contains a CPD and/or a (6-4)PP in mammalian 

cells it stalls and is unable to continue transcription. However, the stalling of the RNA 

polymerase is not the only problem caused by the photoproducts since the RNA polymerase 

remains attached to the site of inhibition and consequently shields the DNA lesion from 

repair (Donahue, Yin et al. 1994). As a consequence more and more RNA polymerases end 

up stalling and being attached to DNA lesions, in a situation with several DNA lesions, and 

the fraction of free RNA polymerases keeps dwindling which in turn reduces the transcription 

of other genes that do not contain any DNA lesion. Finally, transcription of any genes stops 

and the lesions can also end up disrupting DNA replication and lead to misreading of the 

genetic code, cause mutations and in the end leads to cell death (Sinha and Häder 2002).  

Many bacterial strains have the ability to produce enzymes such as photolyase and SP (spore 

photoproduct) lyase that can deal with damaged DNA caused by formation of photoproduct 

(Goosen and Moolenaar 2008).  The research into the reparation of UV induced damage has 

led to the discovery of two different types of the photolyase enzymes. One type called CPD 

photolyase that was isolated from E. coli (Sancar, Smith et al. 1984) binds specifically to 
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CPDs and the second type that was found in the insect genus Drosophila (Todo, Takemori et 

al. 1993) and is not present in bacteria called (6-4) photolyase binds specifically to (6-4)PPs. 

Both types of photolyase enzymes utilize energy derived from light to reverse the UV 

induced damage in a process called photoreactivation (figure 4). 

 

Figure 4. “Reaction mechanisms of CPD photolyase, (6-4)photolyase, and the blue-light photoreceptor 

(cryptochrome). (1) A blue-light photon is absorbed by the MTHF photoantenna. (2) The excitation energy is 

transferred to the active site flavin. (3) The excited flavin donates an electron to a CPD, a (6-4) photoproduct or 

an unknown downstream target. (4) Electronic rearrangement restores the DNA bases to normal, and the 

electron is transferred back to the ground-state flavin neutral radical. The nature of the electron acceptor (A) 

for the blue-light photoreceptor is not known” (Sancar 1996). 

 

In the absence of light, photolyase binds to the site of the UV induced lesions and stimulates 

the removal of the photoproduct by recruiting/stimulating the nucleotide excision repair 

system (NER) and in this way contribute to cellular defense even in the absence of light 

(Sancar and Smith 1989). Photolyase or homologues of photolyase have been found in many 

organisms ranging from bacteria including strains of the genus Methylobacterium (Universal 

Protein Resource (UniProt) 2009) to plants and animals. The enzymes are highly conserved 

as a human homolog shows 40% sequence identity to the Drosophila (6-4)photolyase. A (6-

4)photolyase has also been found in rattlesnakes further suggesting that the photolyase 
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enzymes are a widespread and efficient defense mechanism for counteracting UV induced 

damage (Sancar 1996).  

SP lyase has currently only been found in bacteria that form spores when exposed to 

unfavorable conditions. During prolonged periods of dormancy the spores can be subjected to 

varying amounts of UV radiation and photoproducts can accumulate. In spores the 

photoproducts that are formed are quite unusual being 5-thyminyl-5,6-dihydrothymine (spore 

photoproduct, SP) (Fajardo-Cavazos, Salazar et al. 1993). When conditions again become 

favorable and the spores begin to germinate the accumulated SP lesions are repaired by NER 

or by the SP lyase. The SP lyase is able to repair the SP lesions by monomerize dimers into 

two thymines during the germination of the spores (Fajardo-Cavazos, Salazar et al. 1993). 

Besides these specific enzymes prokaryotes and eukaryotes contains a DNA repair system 

that can repair DNA damage trough two different pathways. These pathways are: Nucleotide 

excision repair (NER) as was mentioned earlier and base excision repair (BER) (Goosen and 

Moolenaar 2008). Of the two, NER is the most important in relation to UV induced damage 

because the NER can remove the “bulky” dimers formed by removing a short section of the 

DNA strand that can then be replaced with new nucleotides (Goosen and Moolenaar 2008).  

 

1.1.3 Effects of desiccation on the cell and its components 

When aerosolized cells are not suspended in water droplets of a cloud or fog they are 

susceptible to desiccation. In addition, they become more vulnerable to ROS as well as to 

ionizing and UV radiation as there is no water to function as a protective layer anymore. 

When water is removed the membrane surface area of the cell decreases as the cell shrink, 

and salt precipitates on the surface of the cell, leading to change in texture, shape and color 

due to oxidation of pigments (Potts, Slaughter et al. 2005).  

In addition, desiccation can also cause DNA damage because desiccated cells can be 

subjected to damage introduced by chemical modifications including alkylation, oxidation, 

cross linking, base removal such as depurination that leaves a deoxyribose residue in the 

DNA backbone or by effects of ionizing and UV radiation (Billi and Potts 2000). Alkylation 

can be caused by both endogenous and exogenous alkylating agents. When an alkylating 

agent react with DNA by alkylation of a double bond it forms a DNA adduct that in some 

cases often is harmless. However in other cases the resulting DNA adducts (like N-3-

methyladenine, O-6-methylguanine and N-7-methylguanosine). These DNA adducts blocks 

the DNA polymerase inhibiting further DNA replication and also serve as premutagenic 
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lesions (Bouziane, Miao et al. 1998). Oxidation, e.g. oxidative stress, is caused when ROS 

reacts with double bonds in the DNA bases and form modified DNA bases. Cross linking can 

occur if an alkylating agent reacts with DNA bases either in the same strand (intrastrand 

crosslink) or in different strands (interstrand crosslink) linking them together. DNA 

crosslinks block the DNA polymerase and cause arrest of DNA replication. Proteins are also 

affected by desiccation due to their transition between a native/folded (wet) and an unfolded 

(dry) state (Jaenicke 1992). When the cell dries out, its cytoplasmic proteins switch to their 

unfolded denatured transition state and in this state modification including damage can occur 

(Billi and Potts 2000). When the cells are rehydrated some of the proteins have been 

permanently damaged and are often scavenged by the cell allowing the cell to reuse their 

components in the biosynthesis of new proteins to replace the damaged proteins. 

During desiccation cells are more vulnerable to indirect induced UV damage. This indirect 

damage is caused by stimulation of ROS formation by UV radiation. 

As a consequence of water loss during desiccation the ROS scavenging enzymes in the cell 

stop functioning as they shift to their unfolded and dysfunctional state and overall the cell 

enters into a dormant state. Without the functional antioxidant enzymes ROS are no longer 

removed. Consequently, ROS will accumulate as atmospheric oxygen reacts with cell 

components and UV radiation with devastating consequences for the cell. Not only the 

cytoplasm but also the cell membrane is affected by desiccation. As the cell dry the 

membrane transitions from a liquid crystalline phase (Lα) to a gel phase (Lβ) due to an 

increase in van der Waals attractions between the hydrophobic fatty acyl chains of the lipid 

molecules (Billi and Potts 2000). The result of the increasing van der Waals attraction is an 

increase in membrane lipid packing, which increases the membrane phase transition 

temperature (Tm), the temperature at which the membrane changes from a crystal phase to a 

gel phase, between Lα and Lβ (Scherber, Schottel et al. 2009) (figure 5).  
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Figure 5. The mechanism by which trehalose stabilizes the phospholipid bilayer during desiccation and 

following rehydration (Crowe and Crowe 1992). When dried in the absence of trehalose (Dry – trehalose) the 

membrane changes to a gel phase. Upon rehydration the membrane returns to the liquid crystalline phase and 

disruption of the membrane and cell leakage can occur. If trehalose is present (dry + trehalose) it lowers the Tm 

and there is no transition of membrane phase. The membrane remains in the liquid crystalline phase preventing 

membrane disruption when rehydrated. 

 

Lipids with a higher Tm will switch to the gel phase first and separate from those with a lower 

Tm creating a lateral separation between membrane components. When the cell is rehydrated 

it becomes possible for regions of Lα and Lβ to coexist side by side. As a consequence 

adequate permeability properties are no longer provided by the cell membrane, which can 

lead to leakage of cell material out of the cell and ultimately death (Crowe, Crowe et al. 

1997).  

To survive long periods of desiccation some organisms (anhydrobiotes) accumulate large 

amounts of the disaccharides trehalose or sucrose (Potts 1994) that in some cases account for 

more than 20% of the cells dry weight. Thus disaccharides are effective protectors of 

enzymes during prolonged desiccation that can be induced both by freeze and air-drying. In 

Saccharomyces cerevisiae cultures cellular trehalose concentrations are low during 

exponential growth and cells are vulnerable to desiccation. During the stationary phase, 

however, the trehalose concentration increases and so does their capacity to survive 

desiccation (Billi and Potts 2000). Soil bacteria like Bradyrhizobium japonicum (Cytryn, 

Sangurdekar et al. 2007) and Rhizobium etli (Reina-Bueno, Argandoña et al. 2012) in 



21 
 

similarity to S. ceresvisiae upregulate the expression of trehalose synthase genes when 

exposed to desiccation. However, Reina-Bueno, Argandoña et al. (2012) argued that the 

desiccation response was more likely a conditioned response to other desiccation related 

factors like high salinity, heat and oxygen stress. 

The synthesis of trehalose and sucrose to protect the cell when subjected to desiccation stress 

is in agreement with the water displacement theory (Crowe and Crowe 1992). According to 

this theory polyhydroxyl compounds, which are compounds that contain more than two or 

three hydroxyl groups e.g. disaccharides, replace the structural water of the cellular 

components and thereby protect them from otherwise lethal damage from desiccation.  

 

Figure 6. The molecular structure of trehalose. The hydroxyl groups (marked in red) can form hydrogen bonds 

with the phosphate of the phospholipids of the membrane. This decreases the Van der Waal interactions in the 

membrane and lowers the Tm. 

 

Experiments with the lobster Homarus anmericanus (Crowe 2002) showed that trehalose 

lowered the Tm temperature of dry lipids to below the hydrated temperature of the same lipid 

up to 80°C. This meant that trehalose could keep the lipids in the Lα transition state at room 

temperature even though they were desiccated and when they were rehydrated there would be 

no transitional change from Lβ to Lα as the lipids already are in the Lα transition state. This 

means trehalose can prevent the formation of regions of coexisting transition phases and the 

leakage of cell material. The decrease in Tm is caused by formation of hydrogen bonds 

between the sugar hydroxyls (figure 6) and the phosphate of the phospholipids that spread the 

headgroups apart. This decreases the Van der Waals’s interactions between the acyl chains of 

the phospholipids and thereby lowering the Tm (Crowe 2002). 

Trehalose does not only protect the cell membrane but also the proteins in the cells during 

desiccation (Crowe, Carpenter et al. 1998). Numerous studies have documented that both 

sucrose and trehalose are effectively inhibiting protein denaturation and inactivation due to 

desiccation (figure 7). Most researchers agree that the protection of proteins, by additives 

such as sucrose and trehalose, during dehydration depends on the formation of an amorphous 
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phase of protein and two nonexclusive mechanisms have been proposed that explain how the 

amorphous phase protects the proteins (figure 7) (Crowe, Carpenter et al. 1998). 

 

Figure 7. “Various theories to explain the “exceptional” properties of trehalose. (A) Vitrification theory 

assumes that trehalose forms a glassy matrix that acts as a cocoon and presumably physically shields the 

protein from abiotic stresses. (B) Preferential exclusion theory, on the other hand, proposes that there is no 

direct interaction between trehalose and the protein or other biomolecules. Instead, as can be seen, addition of 

trehalose to bulk water sequesters water molecules away from the protein, decreasing its hydrated radius and 

increasing its compactness of the protein and consequently its stability. (C) In the third model which is called 

“Water replacement theory” water molecules are substituted by trehalose-forming hydrogen bonds, 

maintaining the three-dimensional structure and stabilizing biomolecules. The figure is depicted from” (Jain 

and Roy 2009). Model 2 based on the “Preferential exclusion theory” is not relevant when it comes to 

desiccation, as it requires excess water. 

 

Many species of bacteria that find their way up into the atmosphere originate from the 

phyllosphere. The bacteria in the phyllosphere are subjected to atmospheric stress factors, 

however often less severe, that affect bacteria in this environment (Lindow and Brandl 2003). 

As such it would be favorable to investigate the genus’ of bacteria that include species that 

can be found in the phyllosphere. Life in the phyllosphere also expose bacteria to a stress 

factor that is not encountered in the atmosphere; antibiotics.  
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1.2 Antibiotics: A weapon in microbial warfare 

Many species bacteria and fungi compete with other microbes over important nutrients in 

their respective environments. In their attempt to win the competition many species use 

naturally derived antimicrobial/bactericidal compounds known as antibiotics.  

In 1940 Waksman and Woodruff described how Pseudomonas aeruginosa and an 

Actinomyces sp., named Actinomyces antibioticus in 1941 (Waksman and Woodruff 1941), 

had an antagonistic effect on Escherichia coli, Aerobacter aerogenes, Sarcina lutea, Brucella 

abortus and Bacillus mycoides and they named the antagonistic substance, excreted by A. 

antibioticus, actinomycin (Waksman and Woodruff 1940). This was however not the first 

time the antagonistic relationship between different species of bacteria had been described 

and actionomycin was not the first antibiotic to be discovered as penicillin was discovered in 

1928 by Alexander Fleming and pyocyanase at the end of the 1890’s by Rudolph Emmerich 

and Oscar Löw. 

What antibiotic compounds have in common is their ability to inhibit growth and/or kill 

microbes in the vicinity of the organism excreting them. However, their methods of action 

can be quite different. Some blocks transpeptidation in peptidoglycan synthesis (like 

penicillin) while others inhibits DNA and RNA synthesis like novobiocin that binds to a 

subunit of DNA gyrase and inhibits the function of it (Staley, Gunsalus et al. 2007).   

In this way the organisms, that were able to produce antibiotics, could reduce the competition 

for important nutrients and insure their own growth. An environment where the production of 

antibiotics could prove favorable was in the phyllosphere where nutrients were scarce 

(Mukerji and Subba Rao 1982) and there would most likely be high competition between 

plant colonizing bacteria like Pseudomonas syringae, Erwinia spp. and Methylobacterium 

spp. and different species of fungi (Lindow and Brandl 2003). Balachandran, Duraipandiyan 

et al. (2012) described the first case of a Methylobacterium strain producing extracellular 

compounds with antimicrobial effects (Balachandran, Duraipandiyan et al. 2012). This 

suggest that there may exist Methylobacterium strains that are able to protect their plant hosts 

by producing extracellular antimicrobial compounds to eliminate plant pathogens such as P. 

syringae and E. amylovora. However with the high competition for the scarce nutrients in the 

phyllosphere it would not be surprising for the bacteria living there to have developed 

resistance to one or more types of antibiotic since it could give them an advantage.  
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1.3 Methylobacterium: Physiology, ecology and adaption to life in stressful 

environments 

The genus Methylobacterium is composed of a still increasing group of pink-pigmented 

facultative methylotrophic (PPFM) bacteria. The first Methylobacterium strain was isolated 

in 1913 (Green 2006) from the content of earthworms and was originally named Bacillus 

extorquens and was in 1985 reclassified, by Bousfield and Green, to the genus 

Methylobacterium as Methylobacterium extorquens (Bousfield and Green 1985). 

It was however not until 1960s and 1970s that the PPFM bacteria became objects of 

extensive studies even though they had previously been found variousenvironments 

suggesting them to be ubiquitous bacteria (Green 2006). With the discovery and isolation of a 

PPFM that could grow by utilizing methane as sole carbon source (Patt, Cole et al. 1974), it 

was suggested there was a need for a new genus to accommodate this new strain leading to 

the creation of the genus Methylobacterium (Patt, Cole et al. 1976) that would later include 

many of the previously isolated PPFM. 
Strains of genus Methylobacterium have been isolated from a wide range of habitats and were 

previously assigned to other genera like Bacillus, Protaminobacter and Vibrio before being 

reassigned to the genus Methylobacterium (Green and Bousfield 1982). These habitats 

include soil, dust, freshwater, lake sediments, leaf surfaces and nodules, rice grains, air, and 

hospital environments, and in various products and processes, e.g., as contaminants in 

pharmaceutical preparations such as face creams (Green 2006). Due to their strict aerobic 

metabolism the PPFM can be found in almost any freshwater source, ranging from lakes, 

rivers and streams to tap water systems. The PPFM are also known to be successful plant 

colonizers (Romanovskaya, Stolyar et al. 2001) and it has been suggested and later approved 

that at some of the observed species live in a mutualistic relationship with their host 

(Lidstrom and Chistoserdova 2002, Lindow and Brandl 2003, Abanda-Nkpwatt, Müsch et al. 

2006). 

They are also quite common in the air and in that way some Methylobacterium spp. can be 

found as contaminants in systems such as air ventilation systems in offices and factories, 

different kinds of storage facilities (e.g. cooling rooms, incubation rooms for bacterial growth 

media and storage rooms), in hospitals and fermentation vessels for productions of different 

industrial products. With this almost ubiquitous presence it is not surprising that 

Methylobacterium spp. ends up in the atmosphere. 
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All strains are rod shaped, mostly occurring as single cells but can sometimes form rosettes 

and are motile by a single polar flagellum. According to Patt, Cole et al (1976) the cells of 

Methylbacterium are all together Gram-negative, catalase positive, and oxidase positive (Patt, 

Cole et al. 1976). Granules of poly-P-hydroxybutyrate accumulate in the cells. 

The colonies formed by the cells are pink colored, the pigment is believed to be a carotenoid, 

and after incubation on GP agar for 7 days at 30°C colonies are mostly1-3 mm in diameter 

(Green 2006). 

All known strains are strict aerobes and are able to grow on C-1 compounds such as 

formaldehyde (at micromolar concentrations), formate and methanol but are not all limited to 

C-1 compounds. In contrast, they can utilize many other compounds with higher carbon 

content such as sugars, amino acids and organic acids. The ability to utilize C-1 compounds 

is very interesting in relation to their presence in the atmosphere as it contains different C-1 

compounds like formate and methanol which is the second most abundant carbon compound 

in the atmosphere. One species (M. organophilum) was at one point able to utilize methane as 

sole carbon source but while growing in the lab this ability was lost. The loss of methane 

utilization was probably because the ability to assimilate methane was plasmid borne (Green 

2006). The ability could easily be lost if the cultures were not contained on an inorganic 

medium with a methane atmosphere which would ensure that the ability would not be lost in 

preference of the assimilation ability of another organic compound. The strains assimilate C-

1 compounds via the serine pathway (assimilated into the cell as formaldehyde) and also have 

a complete tricarboxylic acid cycle (citric acid cycle) (Patt, Cole et al. 1976), which can be 

used for growth on complex organic substrate. The most commonly used compounds as a 

carbon source by strains of Methylobacterium are: glycerol, malonate, succinate, fumarate, α-

ketoglutarate, DL-lactate, DL-malate, acetate, pyruvate, propylene glycol, ethanol, methanol 

and formate (Green 2006). Some species however are able to utilize many other compounds 

as their sole carbon source including L-arabinose, D-xylose, D-fructose, L-aspartate, L-

glutamate, adipate, sebacate, D-tartrate, citrate, citraconate, saccharate, monomethylamine, 

trimethylamine, trimethylamine-N-oxide, beatine, tetramethylammonium chloride, N-N-

dimethylformamide, chloromethane and dichloromethane (Green and Bousfield 1982). 

The optimum temperature for most Methylobacterium strains is between 25°C and 30°C 

(Green 2006) but some strains grow at lower temperatures which are to be expected when 

they are present and active in the atmosphere. Their pH optimum is 6.8 (Patt, Cole et al. 

1976) but some strains can grow at both lower (4) and higher (10) pH (Green 2006). Most of 

the known strains of Methylobacterium are sensitive to aminoglycoside antibiotics like 
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kanamycin, gentamicin and streptomycin; the aminocoumarin antibiotic novobiocin (also 

known as albamycin) and also very sensitive to tetracycline one of the many compounds 

belonging to a group of antibiotics with the same name. 

Most strains are not sensitive to β-lactam antibiotics like penicillin, carbenicillin; the 

polypetide antibiotics colistin sulfate and polymyxin B; the quinolone antibiotic nalidixic 

acid; and the DNA inhibitor nitrofurantoin. This broad resistance would likely be a product of 

many generations of adaptation to life in the soil or in the phyllosphere where the 

Methylobacterium would most likely have been exposed to various kinds of antibiotics 

produced by other bacteria or fungi competing for the nutrients in these environments. 

 

1.4 About this Study  

The aim of this study is to obtain insight into of the adaptation of members of the genus 

Methylobacterium to life in the atmosphere by examining the response of two strains of 

Methylobacterium to factors that are relevant when the bacterium is becoming aerosolized. 

These factors include the ability of the strains to utilize different C-1 compounds as their sole 

carbon source. This is of interest as the C-1 compounds are among the quantitatively most 

important organic molecules in the atmosphere. Likewise it is of interest to investigate if 

these bacteria are able to survive when subjected to the different atmospheric stress factors, 

as there are UV radiation, desiccation and reactive oxygen species (ROS). Therefore the 

strains are exposed to oxidative stress, UV radiation, desiccation and their response is 

evaluated compared to E. coli that is used as a reference. In addition, the ability to resist the 

presence of different antibiotics is tested as to show that Methylobacterium is able to survive 

the microbial competition in the phyllosphere and be aerosolized. Insights into the genetic 

potential of Methylobacterium strains with respect to cope with the above mentioned factors 

and the metabolic capacities were also obtained by mining the newly sequenced genome of 

strain H9.96. Overall, the report summarizes the results of the first study that addresses the 

adaptation of Methylobacteria to life in the atmosphere on strains isolated from the 

atmosphere.  
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2. Materials and methods 

2.1 Microbial strains 

Two pink-pigmented undescribed strains of the genus Methylobacterium, labeled H5.115 and 

H9.96, were used for the experiments. The strains had been isolated from hails collected after 

a thunderstorm discharged over Ljubljana, Slovenia May 25th, 2009 (Santl-Temkiv et al, 

2013). To be able to compare the results of the different experiments with the ability to 

survive the atmospheric stress factors one strain of E. coli was used as reference organism. 

 

2.2 Culture conditions 

Pure cultures were grown on R2A agar plates (DifcoTM) for 2 days at 22°C to insure high cell 

numbers. Before performing any of the experiments, except the absorption spectrum 

experiment, cells were transferred to a liquid phosphate buffer medium (0.2 M, pH 7.4) that 

was used as inoculation and dilution medium. 

 

2.3 Genomic analysis 

16S rRNA sequences (courtesy of Tina Santl-Temkiv) were analyzed using BLASTTM 

software (U.S. National Library of Medicine) to identify strains/species of Methylobacterium 

with high similarity of their 16S rRNA sequence to H5.115 and H9.96. 

To investigate the presence of genes for specific abilities and pathways relevant for adaption 

to life in the atmosphere a draft genome of Methylobacterium H9.96 was generated. The draft 

genome was generated and provided, together with a description of the procedure, to the 

author through the courtesy of Meilee Ling.  

“The genomic DNA of Methylobacterium consisting of 913419 reads totaling 440338902 bp 

was generated using Illumina MiSeq. The sequences were adapter and quality trimmed using 

Trimmomatic version 0.33, de novo assembled using assembled using SPAdes version 3.6.1 

(uniform coverage mode; k-mers 21, 33, 55, 77, 99, 127), and annotated via Prokka version 

1.11 (Bankevich, Nurk et al. 2012, Bolger, Lohse et al. 2014, Seemann 2014). A total of 

797152 paired-end reads were recovered after trimming. The final assembly of the 

Methylobacterium H9.96 included 166 contigs (> 1000bp in size), with a calculated genome 

size 5093722 bp long (largest contig, 218,938bp, N50, 53,817 bp), a GC content of 69.22% 

and an average of 86X fold coverage. Genome completeness was assessed using checkM 

software version 2 and was estimated to be 99.75% complete. (Parks et al, 2014). The 
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genome was annotated with 4764 protein coding sequences, 7 rRNA genes (16S, 23S), 1 

tmRNA gene and 56 tRNA genes” (Meilee Ling, unpublished).  

The whole draft genome of strain H9.96 was analyzed using the bioinformatics software 

platform Geneious and the pathway/genome database software Pathway Tools to identify 

genes for specific abilities and pathways relevant for adaption to life in the atmosphere. 

As only strain H9.96 was used to generate a draft genome to investigate the presence of genes 

of interest for this study because of this all genome data and interpretation of this data can 

only be related to strain H9.96. So all assumptions made, regarding connections between 

genes and enzyme products of the genome data and the results of the various experiments, 

can only be related to strain H9.96. Regarding strain H5.115 it can only be speculated if 

genes, found in the draft genome of strain H9.96, are also present in the genome of strain 

H5.115.  

 

2.4 Investigation of strain morphology, gram group, carbon source utilization and 

chemical/antibiotic sensitivity. 

After two days of growth on R2A agar one colony of each strain was transferred to an object 

glass and a microscopy was performed on each strain to determine their morphology. A Gram 

staining was performed on each strain. One colony of each strain, grown for one day on a 

R2A plate, was transferred to an object glass and fixed in place with heat. The fixed cells 

were then gram-stained according to a standard gram-staining protocol (Seeley, Vandemark 

et al. 1970). After this procedure the excess water was blot off and the cells were examined 

under an oil-immersion objective to determine the result of the Gram tests. 

Carbon source utilization and chemical sensitivity of the strains were investigated by using a 

GEN III MicroplateTM test (from BioLog, referred to as a BioLog test from this point), was 

performed for each strain according to a GEN III MicroplateTM protocol (Biolog 2013). 

Additional antibiotics were tested by plating the two strains on R2A agar plates and the 

placing Neo-Sensitabs™ (containing different antibiotics) on the plates. Antibiotic test plates 

were incubated at 22°C for two days while the BioLog tests were incubated at 22°C for seven 

days checked for positive results and then incubated for another seven days. 
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2.5 Measurement of absorption spectrums 

10-103 dilution series (no further dilutions were needed) of H5.115 and H9.96 were prepared 

in liquid R2A medium (DifcoTM) and 100 μl of each dilution (3 replicates) and a blank (R2A) 

were transferred to a microplate and then loaded into a FLUOstar Omega microplate reader 

(BMG LABTECH) to record the absorption spectrum from 300–1000 nm. The data were 

compiled using Omega plate reader software and then analyzed using Python software. 

 

2.6 Analyzing the response to UV-C radiation 

All colonies from a freshly grown R2A agar plate were transferred to a falcon tube containing 

40 mL of phosphate buffer and mixed, by spinning, to separate aggregating colonies. 

Colonies that still remained aggregated were left to precipitate to the bottom of the falcon 

tube to avoid that the interfered with measurements. Following the precipitation 25 mL was 

transferred to an empty petri dish containing a sterile magnet. The Petri dish was placed in a 

glass container on ice to reduce heating while the suspension was irradiated. The glass 

container was placed on a magnet stirrer and the suspension was exposed to a total of 100 

μW/cm² UV-C light (253.7 nm) from a Philips TUV 11W G11 T5 UV-C light source for 10 

minutes. UV-C light with this wavelength is used because it targets DNA (260 nm) and will 

lead to formation of photoproducts.  

Subsamples (100 μL, 3 replicates) were collected at following time intervals: 0 (control), 1, 3, 

5, 7 and 10 minutes and stored on ice until they were processed further. Finally, dilution 

series (10-105) were prepared from each subsample (20 μL sample mixed with 180 μL 

phosphate buffer) and 100 μL of each dilution were plated on R2A plates and incubated at 

22°C for 7 days.  

 

2.7 Analyzing the response to repeated desiccation and rewetting 

All colonies from a freshly grown R2A agar plate were transferred to a falcon tube containing 

10 mL of phosphate buffer and mixed, by spinning, to separate aggregating colonies. 

Colonies that still remained aggregated were left to precipitate to the bottom of the falcon 

tube to avoid that the interfered with measurements. Following the precipitation 18 sample 

droplets of 20 μL were transferred to an empty petri dish. Three of the samples were removed 

again just after the transfer to the petri dish (control samples) to insure that the control would 
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have lost similar number of cells to that would have attached themselves to the petri dish 

surface. The control samples were stored in a fridge for later use. The petri dish was then 

placed in a freeze dryer and freeze dried for 1 hour. After the freeze drying three more 

samples were removed, by rehydrating them with 20 μL phosphate buffer and stored on ice. 

20 μL phosphate buffer was then added to each of the other dried out samples and the petri 

dish was once again freeze dried for one hour. This procedure was repeated three more times 

to simulate five desiccation/rehydration cycles. When all five cycles had been performed all 

samples were diluted in a 10-105 dilution series (20 μL sample mixed with 180 μL phosphate 

buffer) and 100 μL of each dilution were plated on R2A plates and incubated at 22°C for 7 

days.  

 

2.8 Analyzing the response to oxidative stress 

All colonies of 4 freshly grown R2A agar plate were transferred to 4 falcon tube containing 5 

mL of phosphate buffer and mixed, by spinning, to separate aggregating colonies. Colonies 

that still remained aggregated were left to precipitate to the bottom of the falcon tube to avoid 

that they interfered with measurements. Control samples were taken (20 μl, 3 replicates) and 

stored in a fridge. The 4 falcon tubes were then supplemented with 1, 10, 25, 50 mM of H2O2 

(final concentration). The cultures were then placed in a dark room at 21°C for 90 min. After 

the incubation 3 samples of 20 μl was taken from each of the 4 falcon tubes. Then 10-105 

dilution series were made (20 μl sample mixed with 180 μl phosphate buffer) for each sample 

(12 samples + 3 control) and 100 μl of each dilution was plated on R2A plates and incubated 

at 22°C for 7 days.  

 

2.9 Analysis of experimental data 

After the incubation periods of the different experiments data was collected by plate counting 

and average of triplicate and survival ratios (% CFU’s) were calculated in Excel, t-test was 

used to check statistical significant differences of survival between treatments and SigmaPlot 

software used to visualize the data. 
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3. Results and discussion  

3.1 Carbon pathways encoded by genes of Methylobacterium strain H9.96 

The investigation of the H9.96 draft genome revealed that the strain contained genes 

encoding most of the enzymes involved in the serine pathway and citric acid cycle (table 2). 

These two pathways are associated with members of the genus Methylobacterium (Green 

2006). The presence of genes encoding these enzymes suggests that H9.96 can use both C-1 

compounds and probably also more complex carbon substrates as sole carbon source. The 

ability to utilize C-1 compounds shows that the strain has the potential of utilizing methanol 

in the atmosphere, which would be a clear advantage for the strain as methanol is the second 

most abundant organic chemical in the atmosphere. The genome also contains all the genes of 

the pentose phosphate pathway and almost all the genes of the superpathway of glycolysis 

and Entner-Doudoroff with the exception of the genes encoding glucose-6-phosphate 

isomerase and 6-phosphofructokinase type C (table 3).  

The glycolysis/Entner-Doudoroff pathway and citric acid cycle are also used to generate 

important molecules like ATP and NADH while the pentose phosphate pathway generates 

NADPH. These molecules are important as they supply energy for many metabolic reactions. 

Also intermediate products of the glycolysis and citric acid cycle are used in anabolic 

reactions like the biosynthesis of amino acids, glycogen and glucose. 

These pathways, together with the serine pathway, are however not the only carbon 

utilization pathways encoded by the H9.96 genome. Several incomplete pathways for the 

degradation of aromatic compounds (e.g. protocatechuate and atrazine), amino acids and 

polymer compounds (cellulose, starch and chitin), nucleosides and nucleotides are also 

present in the genome.  

These pathways that enable the utilization of more complex carbon sources could be 

interpreted as an adaption to life in the phyllosphere where carbon sources include e.g. 

cellulose-derived sugars amino acids, and possibly pesticides.  

The role and importance of all the pathways found in the genome will be discussed in a later 

section with the results of the Biolog tests. 

In the genome only genes encoding enzymes of the serine pathway found was serine 

hydroxymethyltransferase, serine--glyoxylate transaminase, hydroxypyruvate reductase, 

phosphoenolpyruvate carboxylase, phosphoglycerate mutase, phosphopyruvate hydratase, 

inosine-5’-monophosphate dehydrogenase and malate—CoA ligase subunit beta while genes 
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encoding glycerate 2-kinaseand malyl-CoA lyase were not found in the genome. Only one 

gene of the citric acid cycle, encoding malate:quinone oxidoreductase, was missing.  

It could be because the proteins, encoded by the missing genes, have not yet been identified 

and that their products are still labeled as “hypothetical proteins” in the genome assembly 

when analyzed in the Geneious and Pathway Tools software. 

 

Serine Pathway 

serine hydroxymethyltransferase 

serine--glyoxylate transaminase 

hydroxypyruvate reductase 

phosphoglycerate mutase 

phosphopyruvate hydratase 

phosphoenolpyruvate carboxylase 

inosine-5’-monophosphate dehydrogenase 

malate—CoA ligase subunit beta 

Citric acid cycle 

citrate synthase 1 

aconitate hydratase 1 

isocitrate dehydrogenase 

2-oxoglutarate dehydrogenase E1 component aconitate hydratase 1 

dihydrolipoamide dehydrogenase 

succinyl-CoA synthetase subunit beta 

succinate dehydrogenase complex, subunit A, flavoprotein subunit 

succinate dehydrogenase and fumarate reductase iron-sulfur protein 

succinate dehydrogenase, cytochrome b556 subunit 

class II fumarate hydratase 

inosine-5’-monophosphate dehydrogenase 

Table 2. Enzymes, of the serine pathway and the citric acid cycle, encoded by genes in the H9.96 genome. 
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Pentose phosphate pathway 

glucose-6-phosphate 1-dehydrogenase 

6-phosphogluconolactonase 

6-phosphogluconate dehydrogenase 

ribulose-phosphate 3-epimerase 

transketolase 

bifunctional transaldolase/phosphoglucose isomerase 

Glycolysis 

glucokinase 

fructose-1,6-bisphosphate aldolase 

triose-phosphate isomerase 

glyceraldehyde-3-phosphate dehydrogenase 

phosphoglycerate kinase 

phosphoglycerate mutase 

phosphopyruvate hydratase (enolase) 

pyruvate kinase 

Entner-Doudoroff pathway 

inositol phosphatase/fructose-16-bisphosphatase 

fructose 1,6-bisphosphatase II 

fructose-1,6-bisphosphate aldolase 

triosephosphate isomerase 

glyceraldehyde-3-phosphate dehydrogenase 

phosphoglycerate kinase 

phosphoglycerate mutase 

phosphopyruvate hydratase (enolase) 

pyruvate kinase 

Table 3. Enzymatic products of genes, found in the genome of strain H9.96, belonging to the pentose phosphate 
pathway, the glycolysis and Entner-Doudoroff pathway. 
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3.2 Defense mechanisms against stress factors, in the atmosphere and phyllosphere, 

encoded by genes of Methylobacterium strain H9.96 

The genome of strain H9.96 contains a variety of genes related to resistance and repair of 

damage induced by stress factors (table 4 and 5). Amongst these are genes encoding enzymes 

involved in detoxification during oxidative stress such as superoxide dismutase and catalase, 

which can facilitate the breakdown of O�
� and H2O2, respectively. Other genes encode 

enzymes involved in the repair of UV induced damage. These are UV damage repair 

endonuclease, that can remove cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidine 

pyrimidones (6-4)PPs from the DNA, and deoxyribodipyrimidine photo-lyase that can 

directly reverse the induced UV damage (photoproducts) by photolysis.  

Resistance to low temperatures can be induced by the gene encoding the DNA-binding cold-

shock protein, which binds to DNA and stabilizes it during cold shock, while genes encoding 

the heat shock protein 90 and heat shock protein Hsp20 could induce resistance to heat shock 

by binding to proteins and thus prevent protein denaturation. Genes like trehalose synthase 

and alpha,alpha-trehalose-phosphate synthase are involved in the biosynthesis of trehalose 

compounds that like the heat shock proteins bind to and protect proteins from denaturation. 

Resistance to antibiotics is encoded by a range of genes encoding genes such as beta-

lactamase and small multidrug resistance protein. 
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Oxidative damage protection UV damage repair 

Catalase UV damage repair endonuclease 

superoxide dismutase deoxyribodipyrimidine photolyase 
Table 4. Enzymes, involved in removal of ROS and repair of UV induced damage, encoded by genes in the 
H9.96 genome 

 

Cold/heat/desiccation 
resistance Pigment biosynthesis Antibiotics resistance 
DNA-binding cold-shock 
protein  

2-C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase  acriflavin resistance protein 

heat shock protein 90 
 
hydroxyneurosporene synthase  small multidrug resistance protein 

heat shock protein Hsp20 phytoene desaturase  
 
arsenical resistance protein ArsH 

 
trehalose synthase 

 
1-deoxy-D-xylulose-5-phosphate 
synthase  

EmrB/QacA family drug 
resistance transporter 

 
Alpha,alpha-trehalose-
phosphate synthase squalene/phytoene synthase  

 
fusaric acid resistance protein 
region 

 
1-deoxy-D-xylulose 5-phosphate 
reductoisomerase  

glyoxalase/bleomycin resistance 
protein/dioxygenase 

4-diphosphocytidyl-2-C-methyl-D-
erythritol kinase 

 
multiple antibiotic resistance 
(MarC)-like protein 

 
2-C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase 

beta-lactamase 
 

 geranylgeranyl reductase  
Table 5. Enzymes/proteins, involved in cold, heat, desiccation and antibiotic resistance and the biosynthesis of 
pigmentation, encoded by genes in the H9.96 genome 
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3.3 Strain characterization and absorption spectrum 

3.3.1 Absorption spectra of the Methylobacterium strains 

Both strains are rod-shaped and non-motile. Colonies formed on R2A agar after 2 days’ 

growth are 0.5-1 mm in diameter and pinkish red. Gram staining confirms that they are 

Gram-negative as all other known members of the genus Methylobacterium. 
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 Figure 8. Absorption spectra of strains H5.115 and H9.96. Three dilution of each strain, marked by brackets: 
10 = tenfold dilution, 100 = 102 dilution and 1000 = 103 dilution 
 

Measurements of the absorption spectra of H5.115 and H9.96 showed that the pigment giving 

the colonies their pink-red color absorbed light at wavelengths between 400 and 500 nm, 

which is the absorption spectrum of carotenoids like β-carotene, zeaxanthin and lutein (figure 

8). This indicates that the pinkish-red pigment molecule of the cells is most likely a 

carotenoid. The genome of strain H9.96 contain genes coding the enzymes, 2-C-methyl-D-

erythritol 2,4-cyclodiphosphate synthase, hydroxyneurosporene synthase, phytoene 

desaturase, 1-deoxy-D-xylulose-5-phosphate synthase, squalene/phytoene synthase, all 

involved in the biosynthesis pathway of β-carotene, lycopene, neurosporene, phytoene and 
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zeaxanthin (table 5). If these genes are compared to the summary of the carotenoid 

biosynthesis pathways in a publication by Van Dien, Marx et al. (2003) it is not possible to 

narrow down which of these five pigments that are the final product of strain H9.96 (Van 

Dien, Marx et al. 2003). It would require an extraction of the pigment from the cells followed 

by a chemical analysis to get a better determination of the exact pigmentation synthesized by 

the strains.  

This suggests that the pigment of strain H9.96 is one of these which also apply for strain 

H5.115. 

The absorption spectra also provide indication for the presence of a second compound that 

absorbs light at wavelengths around 850-900 nm. This absorption is probably due to the cells 

containing bacteriochlorophyll a absorbing light in cells at these wavelength (Rabinowitch et 

al., 1969). The presence of bacteriochlorophyll in Methylobacterium strains have been 

described before (Sato 1978, Sato and Shimizu 1979) when growing the strains under specific 

cultural conditions and it is believed that it suggests a common link in their ancestry with the 

phototrophs. The draft genome of strain H9.96 contain genes for enzymes involved in the 

biosynthesis of bacteriochlorophyll a. Amongst these enzymes were the Mg-protoporphyrin 

IX methyl transferase, the magnesium-protoporphyrin IX monomethyl ester cyclase and the 

light-independent protochlorophyllide reductase subunit B, N and L, all of which are 

enzymes of the chlorophyllide a (the precursor for bacteriochlorophylls) biosynthesis 

pathway.  

Besides these subunits the genome also contained genes encoding two of the three subunits of 

the chlorophyllide reductase, the 2-desacetyl-2-hydroxyethyl 

bacteriochlorophyllide a dehydrogenase and the bacteriochlorophyll a synthase. What all of 

these enzymes have in common is that they are all involved in the biosynthesis of 

bacterioclorophyll a.  

The bacteriochlorophyll a synthase gene of H9.96 has a sequence 76% similar to the 

sequence of a gene cluster in the photosynthetic of Bradyrhizobium sp. ORS278. Hence, 

strain H9.96 and Bradyrhizobium sp. ORS278 may share a common (prototroph) ancestor. It 

would explain the conserved bacteriochlorophyll a pathway in the genome of strain H9.96 

and support the expression of bacteriochlorofyll a under specific conditions as Sato (1978) 

observed.  
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3.3.2 Substrate utilization pattern of the Methylobacterium strains 

The BioLog tests (appendix 1) showed that strain H5.115 could utilize D-aspartic acid, L-

aspartic acid, L-glutamic acid, D-saccharid acid, L-lactid acid, L-malic acid, bromo-succinic 

acid, propionic acid and formatic acid as carbon source while utilization of glucuronamide, α-

keto-glutaric acid, D-malic acid, α-hydroxy-butyric acid, β-hydroxy-D,L-butyric acid, α-keto-

butyric acid and acetic acid was borderline positive. Strain H5.115 showed no utilization of 

D-glucose- 6-PO4 , glycerol, myo-inositol, D-arabitol, D-mannitol, D-sorbitol, inosine, L-

rhamnose, L-fucose, D-fucose, 3-methyl glucose, D-galactose, D-mannose, α-D-glucose, n-

Acetyl neuraminic acid, N-acetyl-D-galactosamine, N-acetyl-β-D-Mannosamine, N-acetyl-D-

glucosamine, D-salicin, β-methyl-D-glucoside, D-melibiose, α-D-lactose, D-raffinose, 

stachyose, D-turanose, sucrose, gentiobiose, D-cellobiose, D-trehalose, D-maltose, dextrin, 

L-arginine, L-alanine, glycyl-L-proline, gelatin, D-serine, D-glucuronic acid, D-gluconic 

acid, L-galactonic acid lactone, D-galacturonic acid, pectin, L-Serine, L-pyroglutamic acid, 

L-histidine, -amino-butryric acid, D-lactic acid methyl ester, methyl pyruvate, p-hydroxy-

phenylacetic acid, D-fructose, D-fructose- 6-PO4, quinic acid, citric acid, tween 40 and 

acetoacetic acid. 

Strain H9.96 could utilize D-fructose, L-aspartic acid, L-glutamic acid, L-histidine, 

glucuronamide, L-lactid acid, α-keto-glutaric acid, D-malic acid, L-malic acid, bromo-

succinic acid, Tween 40, β-hydroxy-D,L-butyric acid, α-keto-butyric acid, Acetoacetic acid, 

propionic acid, Acetic acid and formic acid while the utilization of D-fructose-6-PO4, D-

aspartic acid, Quinic acid, Citric acid and α-hydroxy-butyric acid were only slightly positive. 

Strain H9.96 showed no utilization of D-glucose- 6-PO4 , glycerol, myo-inositol, D-arabitol, 

D-mannitol, D-sorbitol, inosine, L-rhamnose, L-fucose, D-fucose, 3-methyl glucose, D-

galactose, D-mannose, α-D-glucose, n-Acetyl neuraminic acid, N-acetyl-D-galactosamine, N-

acetyl-β-D-Mannosamine, N-acetyl-D-glucosamine, D-salicin, β-methyl-D-glucoside, D-

melibiose, α-D-lactose, D-raffinose, stachyose, D-turanose, sucrose, gentiobiose, D-

cellobiose, D-trehalose, D-maltose, dextrin, L-arginine, L-alanine, glycyl-L-proline, gelatin, 

D-serine, D-glucuronic acid, D-gluconic acid, L-galactonic acid lactone, D-galacturonic acid, 

pectin, L-Serine, L-pyroglutamic acid, L-histidine, -amino-butryric acid, D-lactic acid 

methyl ester, methyl pyruvate, p-hydroxy-phenylacetic acid and D-saccharic acid. 

An earlier study by Lasse K. Andersen (2014) had also shown that both strains were able to 

grow on methanol (Finster and Santl-Temkiv). 
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Methanol is assimilated through the serine pathway forming 3-phosphoglycerate that can be 

utilized for biosynthesis, as well as acetyl CoA that probably can be incorporated in the citric 

acid cycle to generate energy. Other carbon sources utilized by the two strains can undergo 

reactions to form other intermediates, like oxaloacetate, α-ketoglutarate, succinyl-CoA, of the 

citric acid cycle or the gluconeogenesis. It was quite surprising that the genome of H9.96 

contained all genes relevant for glycolysis but did not utilize α-D-glucose or D-glucose- 6-

PO4 and was only borderline positive for utilization of D-fructose-6-PO4.  The genome also 

codes for a maltose/glucose transporter protein suggesting that the strain would have the 

ability to transport glucose through the membrane and utilize it by either the pentose 

phosphate- or the glycolytic pathway. However, this is not the case as the Biolog tests 

showed that none of the two strains could utilize any glucose compounds. Other 

Methylobacterium species can utilize glucose (Green 2006) but it is not an ability that all 

species have shown. Strain H9.96 was positive for fructose and it could be that fructose is 

converted to glucose that is then used in the synthesis of glycogen or converted to compounds 

like oxaloacetate and pyruvate and then used to synthesize amino acids. The test could have 

failed to show glucose utilization. However, it is very unlikely as the tetrazolium dye in the 

wells will be reduced by different dehydrogenases as the cells become metabolic active. 

The ability to utilize glucose would be an advantage for life in the phyllosphere as e.g. plant 

sap is rich in different sugars and could be made available if the plant is damaged by insects. 

However, in relation to life in the atmosphere the ability to utilize glucose would be more of a 

disadvantage than the ability to utilize C-1 compounds such as methanol and formic acid.  

A comparison with Methylobacterium species, with 16S RNA identity 99% similar to strain 

H5.115 and H9.96 (table 6 and 7) showed that the strains could utilize some of the same 

carbon sources as these species. Due to the use of different methods of carbon utilization 

testing, M. adhaesivum and M. gossipiicola were the only species that utilized similar carbon 

sources as strain H5.115 and H9.96. 
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Carbon source Strain H5.115 Strain H9.96 M. adhaesivum M. gossipiicola 

D-fructose - + + + 

D-fructose- 6-PO4 - (+) - ? 

D-aspartic acid + (+) ? ? 

L-aspartic acid + + ? ? 

L-glutamic acid + + + + 

Alucuronamide (+) + ? + 

L-lactic acid + + + + 

Citric acid - (+) ? + 

α-keto-glutaric acid (+) + ? + 

D-malic acid (+) + + ? 

L-malic acid + + + ? 

Bromo-succinic acid + + ? + 
α-hydroxy-butyric 
acid (+) (+) + + 
β-hydroxy-D,L-
butyric acid (+) + + + 

α-keto-butyric acid  (+) + + + 

Propionic acid  + + + + 

Acetic acid  (+) + + ? 

Formic acid  + + ? + 

Table 6. Comparison of carbon utilization of compounds, utilized by either/both H5.115 and H9.96, with species 

with 99% similar 16S rRNA part I(Gallego, García et al. 2006, Madhaiyan, Poonguzhali et al. 2012). Utilized 

(+), not utilized (-), not tested in original characterization (?). 
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Carbon source 
Strain 
H5.115 

Strain 
H9.96 M. goesingense M. marchantiae M. bullatum 

D-fructose - + + + ? 

D-fructose- 6-PO4 - (+) ? ? ? 

D-aspartic acid + (+) ? + ? 

L-aspartic acid + + - ? + 

L-glutamic acid + + - + + 

Alucuronamide (+) + ? ? ? 

L-lactic acid + + ? ? ? 

Citric acid - (+) ? ? ? 

α-keto-glutaric acid (+) + ? ? ? 

D-malic acid (+) + ? ? ? 

L-malic acid + + ? ? ? 

Bromo-succinic acid + + ? ? ? 
α-hydroxy-butyric 
acid (+) (+) ? ? ? 
β-hydroxy-D,L-
butyric acid (+) + ? ? ? 

α-keto-butyric acid  (+) + ? ? ? 

Propionic acid  + + ? ? ? 

Acetic acid  (+) + ? ? ? 

Formic acid  + + ? ? ? 

Table 7. Comparison of carbon utilization of compounds, utilized by either/both H5.115 and H9.96, with species 

with 99% similar 16S rRNA Part II (Idris, Kuffner et al. 2006, Hoppe, Peters et al. 2011, Schauer, Kämpfer et 

al. 2011). Utilized (+), not utilized (-), not tested in original characterization (?). 
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3.3.3 Chemical sensitivity of the Methylobacterium strains 

The Biolog test H5.115 showed activity at pH 6 and in the presence of 1 % NaCl, 1% sodium 

lactate, rifamycine SV, lincomycin, vanomycin, nalidixic acid, potassium tellurite and 

aztreonam while wells with Fusidic acid, D-serine, troleandomycin, minocycline, guanidine 

HCl, teratrazolium violet and sodium butyrate were borderline positive.  

H5.115 did not grow at pH 5, 4% NaCl, 8% NaCl, or in the presence of niaproof 4, 

tetrazolium blue, lithium chloride and sodium bromated (appendix 1).  

H9.96 showed activity at pH 5, pH 6 and in the presence of 1% NaCl, 1% sodium lactate, 

fusidic acid, D-serine, troleandomycin, rifamycin SV, minocycline, linomycin, guanidine 

HCl, Niaproof 4, vanomycin, tetrazolium violet, nalidixic acid, lithium chloride, potassium 

tellurite, aztreonam and sodium butyrate while it had borderline activity in the presence of 

4% NaCl, 8% NaCl, tertazolium blue and sodium bromated (appendix 1). 

The antibiotic tests showed that H5.115 could grow in the presence of penicillin, 

trimethoprim + sulfamethoxazole, oxacillin, fucidin, azetreonam and novobiocin. There was 

no activity in the presence of amoxycillin, teracyclines, rifampicin, bacitracin, polymyxins, 

nalidixan, doxycycline, vanomycin and gentamicin. Tests with ampicillin, streptomycin, 

kanamycin, clindamycin and chloramphenicol gave ambiguous results (appendix 2). 

Strain H9.96 was active in the presence of penicillin, nalidixan, trimethoprim + 

sulfamethoxazole, oxacillin, fucidin, azetreonam, novobiocin and chloramphenicol. No 

activity was observed in the presence of tetracyclines, rifampicin, bacitracin, polymyxins, 

doxycycline, streptomycin, vanomycin, kanamycin and gentamicin while tests for 

clindamycin gave an ambiguous result. 

Both strains were resistant to penicillin and other β-lactam antibiotics such as oxacillin and 

amoxicillin. Resistance to penicillin is attributed to development of a penicillin-binding 

protein, penicillin sensitive protein involved in the synthesis of peptidoglycan, with low or no 

affinity to penicillin thereby rendering penicillin ineffective. However, bacteria can also 

express β-lactamase enzymes that can hydrolyze the peptide bond of the β-lactam ring of the 

antibiotics rendering them ineffective (Majiduddin, Materon et al. 2002). The genome of 

strain H9.96 contains genes coding for such β-lactamase (table 5), which can help explain the 

two strains resistance to these types of antibiotics. Oxacillin was developed as a β-lactamase 

resistant antibiotic so it should be able to inhibit the growth of the two strains. This is not the 

case and may be due to the two strains having a specialized type of β-lactamase or maybe 

another type of enzyme that can inactivate oxacillin. To confirm any of these ideas a more 
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thorough investigation for the presence of   mutated/specialized β-lactamases in the genomes 

of the strains would be necessary. Green (2009) described that most known 

Methylobacterium species were sensitive to novobiocin but strain H5.115 and H9.96 appear 

to be an exception as both could grow in the presence of novobiocin. Novobiocin targets and 

inhibits the DNA gyrase, preventing supercoiling of the bacterial DNA (Gellert, O'Dea et al. 

1976). It is possible that mutations in the DNA gyrase lead to the observed novobiocin 

resistance. This could be investigated by extracting the DNA gyrase from the cells and 

performing a gel western blot on the protein together with a known wildtype DNA gyrase. 

This could show if a mutation had occurred in the DNA gyrase as it would change the size 

and charge of the protein. 

A comparison of the Biolog tests and the antibiotic test showed opposite results in the case of 

vancomycin (both strains) and nalidixic acid/nalidixan (H5.115). The antibiotic test showed 

that both strains could not grow in the presence of vancomycin. This was surprising since 

vancomycin inhibits peptidoglycan biosynthesis (Williams and Bardsley 1999) and is only 

known to be effective against Gram-positive bacteria. 

The BioLog tests showed that both strains were metabolic active, in the presence of 

vancomycin indicated by reduction of the tetrazolium redox dye by different dehydrogenases, 

as expected of gram-negative bacteria. However, it is not possible to distinguish between 

metabolic activity and growth in the BioLog test so it could be that the bacteria were just 

utilizing the nutrients in the medium but not multiplying due to the presence of vancomycin.  
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3.4 Response to different concentrations of H2O2 
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 Figure 9. Survival ratios of E. coli, H5.115 and H9.96 after 90min exposure to H2O2 concentrations ranging 

from 1–50 mM and 7 days incubation at 22°C. Error bars indicate standard error of the average value of the 

triplet replicas. A t-test only showed a significant decrease (p-value < 0.05) in the survival ratio of strain 

H5.115 after exposure to 50 mM H2O2. 

 

The negative effect of elevated H2O2 concentrations (1-10 mM), on the growth of E.coli, 

Methylobacterium strain H5.115 and H9.96 was very low (figure 9). When strain H5.115 was 

exposed to 25 mM of H2O2 the survival ratio dropped to 62.5% and to 30.4% when exposed 

to 50 mM H2O2.The survival fraction of strain H9.96 first began to drop when it was exposed 

to 50 mM H2O2, where it dropped to 80.85%. 

None of the tested H2O2 concentrations had any noticeable negative effect on the survival 

fraction of E. coli but it also known to have both catalase and superoxide dismutase to 

remove 
2O  and H2O2 rather effectively. The genome of strain H9.96 contained genes coding 

for both catalase and superoxide dismutase, a trait common among members of the genus 

Methylobacterium. 
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The catalase test for E. coli, strain H5.115 and strain H9.96 was positive. However, the H2O2 

experiment showed that even though all the tested bacteria expressed catalase there was a 

difference H2O2 tolerance threshold for E. coli, strain H5.115 and strain H9.96. It could be 

caused by a difference in expression or/and effectiveness of the catalase enzyme. Due to the 

drop in the survival fraction of strain H9.96, when exposed to a concentration of 50 mM 

H2O2, to 80.9% while the survival fraction of E. coli did not drop it could be suggested that E. 

coli somehow is either better at expressing the enzymes involved in removal of ROS or that it 

contains a more effective variant of the catalase enzymes. 

On the other hand, the experiment shows that strain H5.115 has less resistance to increasing 

H2O2 concentrations, when compared with E. coli and strain H9.96, suggesting that it has a 

far lower resistance to oxidative stress. The genome of strain H9.96 did not contain any genes 

involved in the possible accumulation of Mn2+ and metabolites capable of forming Mn-

antioxidant complexes. It is possible that genes, involved in this process, exists in the genome 

but they have yet to be identified from the “hypothetical proteins”. In this study no effort has 

been made to investigate the presence of these Mn-antioxidants so it is impossible to rule out 

that there could be a buildup of these Mn-metabolite complexes. The R2A agar used to grow 

the bacteria contain 0.5 g/L of yeast extract, containing trace metals (e.g. Mn2+), so there is 

manganese available for the formation of the Mn-antioxidants. 

The ability to survive at any of the tested H2O2 concentrations suggests that both E. coli, 

strain H5.115 and strain H9.96 would be able to cope with the concentrations of H2O2 in the 

atmosphere as it is much lower than any of the concentrations tested in the experiment. The 

actual concentrations of H2O2 in the atmosphere have been documented to be ranging from 0 

to 3.2 μM at Kleiner Feldberg (825 m.a.s.l., Germany; (Sauer, Schuster et al. 1996)), from 0.1 

to 57.7 μM at the Puy de Dôme (1465 m a.s.l., France; (Amato, Delort et al. 2014)) and get as 

high as 247 μM at Whitetop Mountain (1689 m a.s.l., U.S.A.; (Olszyna, Meagher et al. 

1988)). The study by Joly, Amato et al. (2015) showed that Dioszegia hungarica and 

Arthrobacter sp. could tolerate concentrations higher than 1 mM (the highest concentration 

tested in this study) but lost 50% of viable cells at concentrations of 9.8 mM and 3.3 mM 

respectively (calculated values). Also, 50% of all cells of P. syringae 32b-74, Sphingomonas 

sp. and P. syringae 13b-2 could not survive concentrations over 0.5 mM.  

By comparing strain H5.115 and H9.96 with the results of Joly, Amato et al. (2015) it 

becomes clear that the two Methylobacterium strains can tolerate much higher concentrations 

of H2O2 than the species tested by Joly, Amato et al. (2015). 
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With concentrations, in the atmosphere, as low as presented here, it would be believed that 

oxidative stress induced by naturally occurring ROS would not induce notable stress on the 

two Methylobacterium strains. Hence, it is more likely that another atmospheric factor, or a 

combination of several, induce selective pressure on the two strains.  

 

3.5 Viability after exposure to different dosages of UV-C radiation 
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Figure 10. Survival ratios of E. coli, H5.115 and H9.96 after exposure to UV-C radiation for 10 min (equal to a 

total dose of 600 J/m2) and following 7 days incubation at 22°C. 

 Error bars indicate standard error of the average value of the triplet replicas. A t-test showed a significant 

decrease (p-value < 0.05) in the survival ratio of E. coli and strain H9.96 after all dosages. But there was no 

significant decrease in the survival ratio of strain H5.115 after any of the dosages. 

 

The lethality of UV-C radiation could clearly be observed when exposing E. coli to various 

dosages of radiation. After being exposed to 60 J/m2 radiation only around 10% of the CFU’s 

had survived and after exposure to 180 J/m2 of radiation only 0.01% had survived (figure 10). 

In comparison H5.115 and H9.96 tolerated higher amounts of radiation, 70.03 and 20.78% 

CFU’s of H5.115 and 72.67 and 11.45% CFU’s of H9.96 survived 60 and 180 J/m2 
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respectively, indicating that the two strains are better adapted to surviving in environments 

with UV radiation. The sudden change in the slope of curve of E. coli and H5.115 was very 

perplexing but a repetition of the experiment that yielded similar results. This could suggest 

that the change in the slope was coursed by the survival of the more resistant bacteria (Gates, 

1929) that survive more radiation than the rest. 

The original habitat of a large fraction of, if not most, bacteria in the atmosphere were 

vegetation or aquatic ecosystems and strains of Methylobacterium are known to be successful 

plant colonizers (Romanovskaya, Stolyar et al. 2001, Lindow and Brandl 2003). This strongly 

indicates that the strains originated in an environment where they are regularly subjected to 

solar light (hence UV radiation) and therefore they would be expected to tolerate higher 

amounts of UV radiation than species like E. coli that is commonly found in the intestines of 

humans and animals. Also the fact that the two Methylobacterium strains contain 

pigmentation could explain their higher tolerance for UV radiation as different pigmentation 

molecules are known to relieve UV stress in bacterial cells (Götz et al., 1999; Krinsky 1979). 

By using Synechococcus PCC7942 strain R2-PIM8 with different pigmentation synthesizing 

genes inserted, that increasing amounts of zeaxanthin and β-carotene in the cells resulted in 

increasing protection of photosynthesis against UV-B damage as the pigmentation could 

function as quenchers of the radicals generated in the thylakoid membrane upon UV-B 

radiation (Götz, Windhövel et al. 1999). 

The genome of strain H9.96 also proved to contain genes coding for a UV repair 

endoconulease and one of the earlier described photolyases (table 4), a 

deoxyribodipyrimidine photolyase, that can directly reverse DNA damage. This also supports 

the results of the experiment as it would, together with the presence of the pigmentation, help 

explain that the two Methylobacterium strains are able to tolerate much higher amounts of 

UV radiation before the damage done to the DNA becomes lethal. 

As shown by the miniscule survival of E. coli it could be suggested that the UV radiation in 

the atmosphere functions as a strong selective factor on the composition of the microbial 

community in the atmosphere. However, UV-C radiation cannot penetrate the ozone layer so 

even though the experiment show a better adaptation to UV radiation of strain H5.115 and 

H9.96 in comparison with E.coli do not show the survival fraction after natural occurring UV 

radiation. Bacteria exposed to artificial solar light (2-10h) showed no drop in survival fraction 

in the absence of UV-C radiation (Joly, Amato et al. 2015). Hence, UV radiations do not 

appear be a strong selective factor for bacterial survival in the atmosphere. 
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3.6 Effect of repeated desiccation/rehydration cycles 
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Figure 11. Survival ratios of E. coli, H5.115 and H9.96 after repeated desiccation/rehydration cycles (1 – 5 

cycles) followed by 7 days incubation at 22°C. Error bars indicate standard error of the average value of the 

triplet replicas. A t-test showed a significant decrease (p-value < 0.05) in the survival ratio of E. coli after all 

cycles while there was a significant decrease in the survival ratio of strain H9.96 after all but the first cycle. 

There was no significant decrease in the survival ratio of H5.115 after any number of cycles. 

 

As seen in figure 11 E. coli did not respond well to freeze drying and after only one 

desiccation/rehydration cycle only 34.68% of the cell had survived and this number dropped 

to 5.27% after three cycles. After the fourth and fifth cycle it appeared that there was 

suddenly a little increase in number of cells, which was not expected. The continued 

desiccation-rehydration had been expected to prevent the cells from multiplying but perhaps a 

few cells managed to divide during the 6-7 hours duration of the experiment. If enough of the 

surviving cells managed to divide it could result in an “increase” of surviving cells in the last 

two experiments.  H5.115 had a much higher viability to survive 1 cycle than E. coli as 85% 

of the cells survived but after 3 cycles the number of surviving cells had dropped to 6.64% 

not much higher than the surviving percentage of E. coli. H9.96 on the other hand showed a 
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surprisingly high viability as 97.6% percent of the cells survived one cycle and 34.4% 

survived 3 cycles. Even after all five cycles 24.4% of the cells remained viable which is twice 

as many viable cells as that of H5.115 after three cycles only, indicating that H9.96 was far 

more adapted to dealing with repeating desiccation-rehydration cycles than both E.coli and 

H5.115.  The big difference in adaptation to this kind of stress between H5.115 and H9.96 is 

surprising if one keeps in mind that both of these strains probably originate from the 

phyllosphere where repeated desiccation-rehydration cycles are very likely to occur. Bacteria 

living e.g. on leafs are kept hydrated by moisture emitted through the plants stomata to a 

laminar layer that surrounds the leaf (Lindow et al. 2003). It is possible that during days with 

high temperatures and no cloud coverage that this moisture will evaporate and the bacteria 

will experience desiccation stress. Hence, it would be expected that the bacteria in the 

phyllosphere would have developed some kind of adaption to this type of stress as is evident 

by the high viability of H9.96 during the experiment. Even though H5.115 does not show 

nearly the same adaptation as H9.96 it is still more resistant to at least 1 cycle of desiccation 

that E. coli and it is not clear if the bacteria in the phyllosphere would be exposed to more 

than one desiccation-rehydration cycle during one day which would mean that H5.155 would 

survive almost as well as H9.96.  However, it should not be ignored that it is not only simply 

the removal of the water that damages the cells but the increased vulnerability to UV 

radiation and oxidative damage due to the removal of the water that under a hydrated state 

would increase resistance to these kinds of damage. 

The way the experiment was designed it only tells if the three different bacteria can survive 1 

hour cycles of desiccation with a short rehydration interval in between where during naturally 

occurring desiccation the period could be as long as the sun was up or until it was covered by 

clouds for a prolonged period. It is possible that both H5.115 would have higher surviving 

rates if the desiccation period had been longer or the method of drying had been slower 

giving them time to adapt to the shortage of water thereby increasing their survival during 

rehydration where damage to the cell membrane is known to occur (Crowe et al., 1997). If 

the high viability of H9.96 is due to the buildup of an additive like trehalose in responds to 

desiccation a molecular examination of the strains is needed as it would be able to prove if it 

is indeed an additive that keeps the cells viable during desiccation and rehydration.  

As it was mentioned earlier the freeze drying experiments did not show anything about the 

effect of UV radiation and oxidative damage on the cells while they are desiccated. 

The combined freeze drying and UV-C radiation experiment did show this effect. 
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Figure 12. Survival ratios of strain H5.115 and H9.96 after 3 desiccation-rehydration cycles followed by 5 min 

UV-C radiation (treatment A) and the same treatment just without rehydration before the UV treatment 

(treatment B). Error bars indicate standard error of the average value of the triplet replicas. A t-test showed a 

significant decrease (p-value < 0.05) in the survival ratio of both strain H5.115 and H9.96 after both treatments. 

 

Figure 12 shows that when treating H5.115 and H9.96 to 3 desiccation-rehydration cycles 

and followed 5 min UV-C radiation after the last rehydration (treatment A) and the same 

treatment just without rehydration before the UV treatment (treatment B) it becomes clear 

that the rehydrated cells are more likely to survive UV radiation than desiccated cells. This 

proves that when the cells become desiccated and remains it increases vulnerability to UV 

radiation and oxidative damage (oxidative damage can be an indirect effect of UV radiation).  

Hence, desiccation is not only harmful for the cells but also leave the cells vulnerable to other 

types of damage suggesting that an adaption such as the production of an additive to protect 

cell parts, proteins and membranes could be crucial for survival in an environment like the 

atmosphere where desiccation-rehydration is likely to occur at varying intervals (Amato, 

Demeer et al. 2007). The genome analysis of strain H9.96 showed that the strain had genes 

for trehalose synthase and alpha, alpha-trehalose-phosphate synthase both involved in the 

biosynthesis of trehalose compounds that increase the cell’s resistance to high temperatures. 
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This supports the results of the experiment and the claim that strain H5.115 and H9.96 are 

more resistant to desiccation induced stress than E. coli and likely more adapted to life in the 

atmosphere where desiccation is evident to be a strong selective factor for continued viability 

of aerosolized bacteria.  
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4. Conclusion 

The aim of this study was to obtain insight into the adaptation of members of the genus 

Methylobacterium to life in the atmosphere. The investigation proved that Methylobacterium 

strain H5.115 and H9.96 are better adapted to tolerate atmospheric stress factors when their 

response is evaluated compared to E. coli. The two strains had a lower tolerance threshold for 

H2O2 compared to E. coli but were still able to tolerate H2O2 concentrations exceeding 

natural atmospheric concentrations. Both strains are resistant to a series of antibiotics 

produced by other bacteria and fungi, adaptations advantageous in the competition for space 

and nutrients in the phyllosphere. 

The strains utilize C-1 compounds such as methanol and formic acid as their sole carbon 

source. The ability to utilize these C-1 compounds together with their adaptations to the 

atmospheric stress factors indicates that the strains are able to survive and have the potential 

of being metabolically active in the atmosphere.  For further study it could be of interest to 

sequence the genome of stain H5.115 to investigate the presence of the same genes that were 

found in the genome of strain H9.96. Isolation of the undetermined pigmentation could also 

be done to find out if it is in fact a carotene since carotenes are effective at absorbing UV 

radiation.  
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Appendix 1: BioLog results 

Carbon source  utilization tests H5.115 H9.96 + = positive 
Negative Control - - - = negative 
Dextrin - - (+)= borderline 
D-Maltose - - 

D-Trehalose - - 

D-Cellobiose - - 

Gentiobiose - - 

Sucrose - - 

D-Turanose - - 

Stachyose - - 

D-Raffinose - - 

-D-Lactose - - 

D-Melibiose - - 

-Methyl-DGlucoside - - 

D-Salicin - - 

N-Acetyl-D-Glucosamine - - 

N-Acetyl--DMannosamine - - 

N-Acetyl-D-Galactosamine - - 

N-Acetyl Neuraminic Acid - - 

-D-Glucose - - 

D-Mannose - - 

D-Fructose - + 

D-Galactose - - 

3-Methyl Glucose - - 

D-Fucose - - 

L-Fucose - - 

L-Rhamnose - - 

Inosine - - 

D-Sorbitol - - 

D-Mannitol - - 

D-Arabitol - - 

myo-Inositol - - 

Glycerol - - 



61 
 

D-Glucose- 6-PO4 - - 

D-Fructose- 6-PO4 - (+) 

D-Aspartic Acid + (+) 

D-Serine - - 

Gelatin - - 

Glycyl-L-Proline - - 

L-Alanine - - 

L-Arginine - - 

L-Aspartic Acid + + 

L-Glutamic Acid + + 

L-Histidine - + 

L-Pyroglutamic Acid - - 

L-Serine - - 

Pectin - - 

D-Galacturonic Acid - - 

L-Galactonic Acid Lactone - - 

D-Gluconic Acid - - 

D-Glucuronic Acid - - 

Glucuronamide (+) + 

Mucic Acid - - 

Quinic Acid - (+) 

D-Saccharic Acid + - 

p-Hydroxy-Phenylacetic Acid - - 

Methyl Pyruvate - - 

D-Lactic Acid Methyl Ester - - 

L-Lactic Acid + + 

Citric Acid - (+) 

-Keto-Glutaric Acid (+) + 

D-Malic Acid (+) + 

L-Malic Acid + + 

Bromo-Succinic Acid + + 

Tween 40 - + 

-Amino-Butryric Acid - - 

-Hydroxy-Butyric Acid (+) (+) 

β-Hydroxy-D,L-Butyric Acid (+) + 
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-Keto-Butyric Acid (+) + 

Acetoacetic Acid - + 

Propionic Acid + + 

Acetic Acid (+) + 

Formic Acid + + 

Chemical sensitivity tests   

Positive Control + + 

pH 6 + + 

pH 5 - + 

1 % NaCl + + 

4 % NaCl - (+) 

8 % NaCl - (+) 

1 % Sodium Lactate + + 

Fusidic Acid (+) + 

D-Serine (+) + 

Troleandomycin (+) + 

Rifamycin SV + + 

Minocycline (+) + 

Lincomycin + + 

Guanidine HCl (+) + 

Niaproof 4 - + 

Vancomycin + + 

Tetrazolium Violet (+) + 

Tetrazolium Blue - (+) 

Nalidixic Acid + + 

Lithium Chloride - + 

Potassium Tellurite + + 

Aztreonam + + 

Sodium Butyrate (+) + 

Sodium Bromate - (+) 
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Appendix 2: Antibiotics test results 

Antibiotics H5.115 H9.96 + = resistant 

Penicillin 5 μg + + - = not resistant 

Amoxycillin 30 μg - + 
(+)= 
indeterminable 

Tetracyclines 30 μg - - 

Ampicillin 10 μg (+) + 

Rifampicin 30 μg - - 

Bacitracin 40 U - - 

Polymyxins 150 μg - - 

Nalidixan 130 μg - + 

Trimethoprim 5.2 μg + sulfamethoxazole 240 μg + + 

Doxycycline 80 μg - - 

Streptomycin 10 μg (+) - 

Vancomycin 70 μg - - 

Kanamycin 100 μg (+) - 

Oxacillin 1 μg + + 

Fucidin 100 μg + + 

Clindamycin 25 μg (+) (+) 

Gentamicin 40 μg - - 

Aztreonam 30 μg + + 

Novobiocin 5 μg + + 

Chloramphenicol 60 μg (+) + 
 


